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Preface

Polyphenols comprise an extended number of compounds belonging to groups such as different

flavonoids and hydroxycinnamic acids found mainly in plant foods and derived products, but

they have also been found in trace amounts in animal products after they have consumed such

polyphenol-rich plant products.

Polyphenols have been gaining attention since the 1990s, and although not considered nutrients,

their study in relation to their health implications has produced thousands of scientific publications.

However, it is still difficult to define their implications concerning health maintenance and chronic

disease prevention or even treatment. There are many difficulties in their study, with the first being

the fact that this group of compounds includes such a diverse array of chemical structures and effects

as part of the food products in which they coexist with many other nutrients and non-nutrients.

However, today, it is generally accepted that they exert a vasoprotective effect, that they may

modulate blood pressure and exert a regulatory effect both in lipid and glucidic metabolism, and

that they have an immunomodulatory and gut microbial effect. It is through all these means that

polyphenols might be of use in the prevention and treatment of chronic diseases as prevalent as

obesity and cardiovascular disease or neurocognitive decline.

Sonia de Pascual-Teresa and Luis Goya

Editors
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Editorial

Effects of Polyphenol-Rich Foods on Chronic Diseases

Luis Goya and Sonia de Pascual-Teresa *

Departamento de Metabolismo y Nutrición, Instituto de Ciencia y Tecnología de Alimentos
Nutrición (ICTAN-CSIC), C/José Antonio Novais, 10, 28040 Madrid, Spain; luisgoya@ictan.csic.es
* Correspondence: s.depascualteresa@csic.es

Ever since the French paradox raised the research interest pertaining to the high poten-
tial of certain phytochemicals—until then regarded as anti-nutrients—as positive bioactive
compounds for health, research on the biological and molecular effects of polyphenols
has subsequently been continuously increasing. Epidemiological studies, clinical trials
and interventions, animal experimentation and cell culture models have more recently
benefited from new research tools that have significantly increased information and led
to vast possibilities for future approaches. All these new data are necessary in order to
establish nutritional claims for these compounds that might be validated by international
regulating organizations and help set new healthier dietary patterns for the population as
well as produce more functional foods and nutraceuticals. The present Special Issue of the
journal Nutrients contains 16 of such new studies and reviews, which mostly report that
the beneficial effects of phytochemicals validate their inclusion in a healthy human diet. A
brief summary of each of the studies is offered below.

In their study on the influence of the APOE genotype, docosahexaenoic acid (DHA)
and flavanol intervention on brain DHA and the lipidomics profile in aged transgenic mice,
Martinsen and coworkers [1] establish a correlation between dietary flavanol intake and
brain omega-3 polyunsaturated fatty acid (n3-PUFA) levels in humanized apolipoprotein
E3 (APOE3) and APOE4 targeted replacement transgenic mouse models. Although only
a modest—and interestingly limited to APOE3—effect on brain DHA values is observed
after flavanol administration, the study by the University of East Anglia group points out
the promising connection between the dietary intake of flavanols, lipid profile and brain
availability of n3-PUFA [1].

Jeong-Yeon On and colleagues [2], in their study concerning the effects of fermented
Artemisia annua L. and Salicornia herbacea L. on the inhibition of obesity in vitro in 3T3-L1
adipocytes and in C57BL/6 mice fed a high-fat diet, report the anti-obesity effects of the
metabolites of both plant extracts after fermentation. In addition, the authors describe
the inhibitory effect on adipocyte differentiation and fat accumulation. This study by the
Korean group concluded that biotransformation in vitro displayed significant metabolite
changes that increased the anti-obesity effects of plant extracts in mice [2].

Similarly related to the effect of food fermentation on its biological activity, Lüersen
and colleagues [3], in their German–Japanese collaborative research on the anti-diabetic
properties of a soy extract rich in hydroxylated isoflavones in vitro and in Drosophila
melanogaster in vivo, show that fermentation with Aspergillus evoked produced an enrich-
ment of hydroxy-isoflavones that is accompanied by an enhanced free radical scaveng-
ing activity. Both pre- and post-fermented extracts significantly showed anti-diabetic
properties on oxidative stress and inflammatory markers, and the supplementation of
a high-starch diet with post-fermented hydroxyl-isoflavones-rich extract decreased the
triacylglyceride levels in female D. melanogaster, confirming its anti-diabetic properties in
an in vivo model [3].

In their observational study on the dietary sources of anthocyanins and their as-
sociation with consumption biomarkers and cardiometabolic risk factors, Mostafa and
colleagues [4] reveal the associations between dietary intake, microbial metabolism and

Nutrients 2023, 15, 4134. https://doi.org/10.3390/nu15194134 https://www.mdpi.com/journal/nutrients
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the cardiometabolic health benefits of anthocyanins. A targeted metabolomic analysis of
a subsample of the Diet, Cancer, and Health-Next Generations (DCH-NG MAX) study
with 1351 samples from 624 participants reveals two metabolites, salsolinol sulfate and
4-methylcatechol sulfate, associated with the intake of anthocyanins from berries, and
inversely related to visceral adipose tissue. The group from the University of Barcelona
confirms the strong dependence of plasma metabolome biomarkers of dietary anthocyanins
on the dietary source in order to correlate dietary intake with cardiometabolic health
benefits [4].

On the other hand, Navarro-Masip and coworkers [5] reveal changes in body weight
gain and lipolysis in adipose tissue in their research on the modulation by the grape-seed
proanthocyanidins of adipose tissue adaptation to obesity in rats submitted to different
photoperiods and fed a cafeteria diet for five weeks. Supplementation with grape-seed
proanthocyanidins for four weeks prevented excessive body weight gain under a long
photoperiod, which could be explained by an increased lipolysis in the adipose tissue.
The authors conclude that the impact on obesity in the adipose tissue of flavonoids is
photoperiod dependent [5].

In two intervention studies—one acute and one three weeks long—on the effectiveness
of a combination of green tea catechins and coffee chlorogenic acid on postprandial glycemic
responses in healthy men, Yanagimoto and colleagues [6,7] report that a combined ingestion
of the two phenolic compounds significantly altered the incretin response and reduced
glucose and insulin levels, suggesting an effective minimum dose of 540 mg of green tea
catechins and 150 mg of coffee chlorogenic acid [6]. In addition, the randomized, double-
blinded, placebo-controlled crossover trial shows that the consumption of the combined
phenolics enhanced insulin sensitivity and increased postprandial GLP-1 as compared to
the placebo group [7].

In their research on the modulatory effect of chlorogenic acid and coffee extracts on
Wnt/β-catenin pathway in colorectal cancer cells, Villota and coworkers [8] report that
polyphenol-rich coffee extracts and chlorogenic acid regulate the Wnt pathway on colorectal
cancer SW480 cells, with a reduction in the transcriptional activity of β-catenin. The
Colombian group concludes that the results establish a starting point for the discovery of a
mechanism of action of chlorogenic acid on Wnt pathway and confirm the anti-colorectal
cancer potential of polyphenols present in coffee [8].

In their report on the chemical characterization, antioxidant capacity and anti-oxidative
stress potential of the South American medicinal plant Desmodium tortuosum, Rodríguez
and coworkers [9] report the relevant amount of antioxidant phytochemicals in the plant
and their antioxidant capacity in vitro. Furthermore, the study shows the cytoprotective
capacity of Desmodium tortuosum extract both in endothelial and neuronal-like cell lines
subjected to oxidative stress. The Peruvian–Spanish team suggests that this chemoprotec-
tive effect must be due to the high content of phenolic compounds such as phenolic acids,
flavonoids, carotenoids and other antioxidant compounds, and confirm the medicinal use
of the plant [9].

In their study on the effect of hesperidin supplementation on rat mucosal immu-
nity after an intensive chronic training and an exhausting exercise, Ruiz-Iglesias and
colleagues [10] focused on fecal microbiota and composition and the function of mesen-
teric lymph node lymphocytes and mucosal immunoglobulin A. The authors conclude
that, although hesperidin supplementation did not prevent exercise-induced changes in
the distribution and function of lymphocytes, it was able to enhance immunoglobulin A
synthesis in the intestinal compartment. This effect could be important in enhancing the
immune intestinal barrier in this stressful situation [10].

In a metabolomics approach on the protective role of cocoa in Zucker Diabetic Rats via
1H-NMR-based approach, Fernández-Millán and colleagues [11] identified 14 differential
urinary metabolites in Zucker diabetic fatty rats fed with a 10% cocoa-rich diet for 10 weeks.
A correlation analysis of pathways indicated major associations between some of the urine
metabolites (mainly valine, leucine and isoleucine) and body weight, glycaemia, insulin
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sensitivity and glycated hemoglobin levels. The authors conclude that an untargeted
metabolomics approach provides a clear metabolic fingerprint associated with chronic
cocoa intake that can be used as a marker for the improvement of glucose homeostasis in a
diabetic context [11].

In a randomized, blinded, cross-over, controlled clinical trial carried out in normoc-
holesterolemic and hypercholesterolemic subjects on the effect of olive pomace oil (OPO)
on cardiovascular health and associated pathologies, González-Rámila and colleagues [12]
report a lack of effect on any of the markers related to lipid profile, blood pressure and
endothelial function in both groups. However, a significant decrease in visceral fat in both
groups of subjects was observed after OPO intake, accompanied by an increment of leptin
only in the hypercholesterolemic group. The authors conclude that reducing visceral fat
after prolonged OPO intake might contribute to improving cardiometabolic status, with a
potentially positive effect on the vascular tone [12].

In another intervention trial from the same research group, Seguido and his col-
leagues [13] report that the sustained consumption of a decaffeinated green coffee nu-
traceutical (300 mg hydroxycinnamates twice daily for two months) has limited effects
on phenolic metabolism and bioavailability in overweight/obese subjects. The study of
plasma and urinary pharmacokinetics, and the fecal excretion of phenolic metabolites via
LC-MS-QToF, showed a significant increase in reduced forms of caffeic, ferulic and coumaric
acids, or 3-(3′-hydroxypenyl)propanoic, and 3,4-dihydroxybenzoic acids in feces, and a
decrease in coumaroylquinic and dihydrocoumaroylquinic acids in urine. The authors
conclude that the nutraceutical product shows a small overall effect on the bioavailability
of polyphenols [13].

In a comprehensive overview of in vitro and in vivo animal and human trials of
the anti-diabetic potential of fruits of the rosaceae Maleae tribe, covering 131 articles
published this century, Rutkowska and Olszewska [14] review the anti-diabetic effects
and potential mechanisms of the action of fruits from 46 species. The first part of this
review focuses on the effects on tissue-specific glucose transport and the expression or
activity of proteins in the insulin signaling pathway; whereas the second part covers the
phytocompounds responsible for the activity of particular fruits—primarily polyphenols
(e.g., flavonols, dihydrochalcones, proanthocyanidins, anthocyanins, phenolic acids), but
also polysaccharides, triterpenes and their additive and synergistic effects. The authors
conclude that fruits from the Maleae tribe seem promising as functional foods for diabetes
management [14].

In another overview on the polyphenol avenanthramide, a group of polyphenolic
compounds found abundantly in oat (Avena sativa Linn.), as regulators of PI3K signaling in
the management of neurodegenerative diseases, Wankhede and colleagues [15] report that
these compounds have been shown to modulate PI3K/AKT signaling. Since the dysregula-
tion of PI3K signaling has been implicated in the pathogenesis of various neurodegenerative
diseases such as Alzheimer’s and Parkinson’s, the recovery of regular activity might lead
to increased neuronal survival, reduced oxidative stress, and improved cognitive function.
The authors conclude that Avenanthramides have emerged as promising candidates for
neuroprotection due to their immense antioxidant, anti-inflammatory and anti-apoptotic
properties [15].

Finally, in a review proposing the regular inclusion of pistachio in our diet, Mateos and
coworkers [16] report the healthy nutritional profile of pistachio that, together with its rich
composition in phytochemicals, such as tocopherols, carotenoids and, importantly, phenolic
compounds, make these seeds a powerful food ingredient to explore its involvement in
the prevention of prevalent pathologies. The review gathers recent data regarding the
most beneficial effects of pistachio on lipid and glucose homeostasis, endothelial function,
oxidative stress and inflammation that essentially result in a protective/preventive effect
on the onset of pathological conditions, such as obesity, type 2 diabetes, cardiovascular
disease and cancer [16].
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Abstract: Alcoholic liver disease (ALD) is a growing public health issue with high financial, social,
and medical costs. Lonicera caerulea, which is rich in polyphenolic compounds, has been shown
to exert anti-oxidative and anti–inflammatory effects. This study aimed to explore the effects and
mechanisms of concentrated Lonicera caerulea juice (LCJ) on ALD in mice. ALD was established
in mice via gradient alcohol feeding for 30 days. The mice in the experimental group were given
LCJ by gavage. The reduction of aspartate transaminase (AST) and alanine transaminase (ALT) in
the serum of mice indicated that LCJ has a liver-protective effect. LCJ improved the expression
of AMPK, PPARα, and CPT1b in ALD mice to reduce the liver lipid content. Additionally, LCJ
increased the expression of farnesoid X receptor (FXR), fibroblast growth factor 15 (FGF15), and
fibroblast growth factor receptor 4 (FGFR4), which lowers the expression of cytochrome P450 7A1
(CYP7A1) and lessens bile acid deposition in the liver. In mice, LCJ improved the intestinal barrier by
upregulating the expression of mucins and tight junction proteins in the small intestine. Moreover,
it accelerated the restoration of microbial homeostasis in both the large and small intestines and
increased short–chain fatty acids in the cecum. In conclusion, LCJ alleviates ALD by reducing liver
and serum lipid accumulation and modulating the FXR–FGF15 signaling pathway mediated by
gut microbes.

Keywords: Lonicera caerulea; alcoholic liver damage; gut microbiota; FXR–FGF15 signaling pathways;
short-chain fatty acid

1. Introduction

The chronic daily intake of a specified quantity of alcohol can lead to the development
of alcoholic liver disease (ALD), which comprises a spectrum of ailments ranging from
reversible hepatic steatosis to acute alcoholic hepatitis, chronic fibrosis, cirrhosis, and hepa-
tocellular carcinoma [1]. ALD is a leading cause of morbidity and mortality worldwide [2,3].
Upon entering the body, the majority of alcohol is promptly transported to the intestines,
where over 90% of it is absorbed into the bloodstream [4]. The first-pass metabolism of
alcohol occurs in the stomach; however, compared with the liver, the stomach has a lower
amount of alcohol-metabolizing enzymes. Thus, the liver serves as the primary organ
responsible for alcohol metabolism and breakdown within the body [5]. The intestines and
liver are, thus, the main organs that are damaged by alcohol. The pathogenesis of ALD
is complex, and the existing treatment methods of abstinence, diet, and drug therapy for
ALD have some drawbacks [6–8]. Therefore, exploring the pathogenesis of ALD to identify
a suitable treatment for the disease is essential.

Prior research has demonstrated that edible plants and their bioactive compounds,
such as polyphenols, can safeguard against ALD by modulating the gut microbiota [9,10].
By inhibiting the expression of genes associated with lipid production and encouraging
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the expression of genes linked to lipid breakdown in ALD mice, 200 mg/kg of blueberry
polyphenol extract can help to alleviate liver damage [11]. Grape–leaf extract—which
is rich in phenolic compounds (250–500 mg/kg)—was orally given to ethanol-induced
rats for 12 days, which reduced liver injury by improving antioxidant activity and in-
hibiting nuclear factor kappa B p65 and pro–inflammatory cytokines (tumor necrosis
factor-alpha) [12]. The honeysuckle plant Lonicera caerulea (LC) is classified as a “homology
of medicine and food” fruit due to its high concentration of bioactive compounds [13].
High levels of phenolic chemicals were found in LC, including catechin, procyanidin,
chlorogenic acid, anthocyanin 3–glucoside (C3G), etc. [14]. The total phenolic compound
content of LC reached 1140.06 mg/100 g FW, which is much higher than that of blueberries
(94.60–137.74 mg/100 g FW) [15,16]. In addition, LC polyphenol extract alleviates non-
alcoholic fatty liver by inhibiting proinflammatory cytokine production and lipid perox-
idation. [17]. LC polyphenols can regulate the intestinal epithelial barrier function and
microbiome of Sprague Dawley rats on a high-fat diet to inhibit fat absorption [18].

Herein, we hypothesized that LC—which is high in polyphenols—can alleviate ALD.
We developed a mouse model of ALD to determine if Lonicera caerulea juice (LCJ) can
alleviate the disease and examine potential mechanisms. In addition to promoting the
thorough development and utilization of LC resources, our results may also provide a new
reference for the treatment of ALD.

2. Materials and Methods

2.1. Preparation of LCJ

Pure water and Lonicera caerulea were combined in a colloid mill at a ratio of 1:1 (w/v),
and the pulp was processed repeatedly. The juice was collected after the pulp had been
centrifuged at 3000 rpm for 30 min. Finally, the juice was evaporated by rotation into two
types of LCJ, each with a total phenol content of 9 mg/mL and 18 mg/mL. The Lonicera
caerulea was provided by the Heilongjiang Fengran Agricultural Group Company. The
company certified that the Lonicera caerulea L. was the “Beilei” variety, belonging to the
Lonicerae genus of the Caprifoliaceae family.

2.2. Determination of Phenolic Components in LCJ by Liquid Chromatography–Mass Spectrometry

LCJ with a total phenolic content of 18 mg/mL was diluted by a factor of four, and
then about 100 μL of the sample was transferred to an Eppendorf tube. After the addition of
300 μL of extract solution (methanol), samples were vortexed for 30 s, sonicated for 10 min
in an ice–water bath, and incubated for 2 h at −20 ◦C to precipitate the proteins. Then,
the sample was centrifuged at 12,000 rpm for 15 min at 4 ◦C. The resulting supernatant
was transferred to a fresh glass vial for analysis. A triple quadrupole compound linear ion
trap liquid-mass coupling instrument (Applied Biosystems, Inc, CA, USA) was used to
detect phenols in LCJ [19]. Chromatographic separations were performed in a BEH C18
column (2.1 × 100 mm i.d., 1.7 μm particle diameter). Solvent A was water (0.1% formic
acid aqueous solution), and solvent B was acetonitrile. The column temperature was kept
at 40 ◦C. The program was performed as follows: 0–10 min, 98% A and 2% B; 10–12 min,
2% A and 98% B; and 12–15 min, 98% A and 2% B at a flow rate of 0.30 mL/min. And the
injection volume was 1 μL.

2.3. Animal Experiments

It was reported that the chronic plus—-binge ethanol challenge induced a greater
degree of adipose tissue inflammation and liver injury in female mice than in male
mice [20,21]. Therefore, the choice of female mice as the research subjects in our experiment
was advantageous for successful modeling of alcoholic liver disease in mice as well as for
future population studies on liver damage in the female alcoholic population. Thirty–six
female mice of the C57BL/6N background (10 weeks old, weighing 20 ± 2 g) were pur-
chased from Beijing Vital River Laboratory Animal Technology (Beijing, China) and housed
at a temperature of 22 ± 2 ◦C and a humidity of 50 ± 10% under a 12 h light/dark cycle
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in a specific pathogen-free animal facility. All animal experiments were examined and
authorized by the Laboratory Animal Ethics Committee of Jiangnan University (Ethical
approval number: JN. No20220615c0450803223). Mice had access to water and a normal
diet for five days of the adaptation period.

It has been proven that 200 mg/kg of blueberry polyphenol and grape leaf extract
containing 250 mg/kg of polyphenol can effectively relieve ALD [11,12]. Since pheno-
lic compounds are the main active substances in LC, the test groups were divided into
two groups according to their total phenol intake. After the adaptation period, mice were
randomly divided into 4 groups with 9 mice in each group: the control group (CG), the
alcohol group (AG), the low-dose LCJ group (LG) (total phenol intake: 150 mg/kg), and the
high-dose LCJ group (HG) (total phenol intake: 300 mg/kg). The dosage of concentrated
fruit juice given to mice was 300 mg/kg and 150 mg/kg. This dose was realistic, as it is
equivalent to 100 mL of LCJ (the total phenol concentration is 9 mg/mL or 18 mg/mL) per
day for humans.

To establish a model of chronic intake and single binge drinking, all mice were given
the Lieber-DeCarli control liquid diet for the first 5 days. The model group and the test
group were fed with gradient alcohol adaptation mode for 9 days, which was 1.7% (w/v)
alcohol for 3 days, 2.5% (w/v) alcohol for 3 days, and 3.3% (w/v) alcohol for 3 days. Then,
they were given a Lieber-DeCarli diet containing 5% (w/v) alcohol for 16 days. On the last
day, the experimental group was given a concentration of 31.5% (vol/vol) ethanol solution
by gavage, and the volume of the gavage (μL) = body weight (g) × 20. The control group
was administered with an isocaloric maltodextrin solution. Mice were sacrificed nine hours
after intragastric administration.

2.4. Histopathological Analysis

Specimens of the live large intestine and small intestine were collected for histologi-
cal analysis. They were fixed in 4% paraformaldehyde/phosphate-buffered saline (PBS)
(v/v) and embedded in paraffin. Samples were cut into small sections for staining with
hematoxylin and eosin (HE) and oil red O; sections were then examined using a micro-
scope. According to Osho et al. [22], new large intestine and small intestine tissues were
stained with Alcian blue and periodic acid–Schiff reagent for 30 min for goblet cells. After-
ward, samples were rinsed in tap water for 10 min, exposed to periodic acid (5 g/L) for
5 min, rinsed in lukewarm water for 10 min, and then counter–stained with Coleman’s
Schiff reagent.

2.5. Biochemical Assays of Serum and Tissue

Serum was extracted from blood samples by centrifugation at 4000 g for 15 min at
4 ◦C after being maintained at 4 ◦C for 2 h. Subsequently, serum levels of cholesterol (TC),
alanine transaminase (ALT), aspartate transaminase (AST), triglycerides (TG), and total bile
acid (TBA) were evaluated using a BK–400 automatic biochemical analyzer. In addition,
the kits of serum ALT, AST, TG, TC, and TBA were purchased from Nanjing Jiancheng
Biological Engineering Research Institute (Nanjing, China). Lipopolysaccharides (LPS)
ELISA kits were purchased from SenBeiJia Biological Technology Co., Ltd. (Nanjing, China).

A liver sample weighing 0.1 g was homogenized using a high-speed homogenizer
in 0.9 mL of physiological saline to produce a liver homogenate. The supernatants were
collected by centrifugation at 3000 g for 15 min at 4 ◦C. The levels of TC, TG, and TBA
in the liver were determined using commercial kits obtained from Nanjing Jiancheng
Biological Engineering Research Institute (Nanjing, China). Fecal bile acid levels were
detected according to a method previously described by Guo et al. [23].

2.6. Gut Microbiota Analysis

All the contents of the large and small intestines were scraped and stirred well. Sam-
ples were then divided into 6 groups: SCG, small intestine in the control group; SAG,
small intestine in the alcohol group; SHG, small intestine in the high–dose LCJ group;
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LCG, large intestine in the control group; LAG, large intestine in the alcohol group; LHG,
large intestine in the high–dose LCJ group. The total DNA of microorganisms in intestine
contents was extracted using a fecal DNA extraction kit (MP Biomedicals, Santa Ana, CA,
USA). DNA was successfully separated by agarose gel electrophoresis.

The highly variable region (V3–V4) of bacterial 16S ribosomal DNA was used for
polymerase chain reaction (PCR) amplification. The primers were 341F (5′-ACTCCTACGG
GAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). According to the
instructions of Nanjing Vazyme Biotech Co., Ltd. (Nanjing, China) reagent kit, a PCR
reaction system was prepared by taking a qualified genomic DNA sample of 30 ng and
corresponding fusion primers. The PCR products were purified according to the instruc-
tions of the AxyPrep DNA Gel Extraction Kit (Axygen company, CA, USA) reagent kit. The
Agencourt AMPure XP (Beckman CoulterTM, Brea, CA, USA) magnetic beads were used
to dissolve and purify the PCR amplification products before labeling them to finish the
library construction. An Agilent 2100 bioanalyzer (Agilent, Santa Clara, CA, USA) was
used to analyze libraries for fragment range and concentration. Libraries that passed the
test were selected for sequencing on a HiSeq platform (BGI Genomics Co., Ltd., Shenzhen,
China) according to insert sizes. The data were filtered, and the remaining high-quality,
clean data were used in post-analyses. Sequence splicing was performed using FLASH
software (Fast Length Adjustment of Short reads, v1.2.11), which assembles pairs of reads
from double-end sequences into a single sequence using overlap relationships to obtain tags
for high–variation regions. Amplicon sequence variants (ASVs) were obtained, compared
with the database, and annotated with the species using the DADA2 (divisive amplicon
denoising algorithm) method in QIIME2. Sample species complexity analysis, intergroup
species variation analysis, association analysis, and functional prediction were carried out
based on the results of OTU and annotation. The BGI platform made the bioinformatics
analytic techniques available for free online.

2.7. Determination of Short Chain Fatty Acids (SCFA) in Cecal Contents

About 0.09 g of fecal content homogenate was added to 0.5 mL of saturated sodium
chloride solution precooled to 4 ◦C. Then, 10 μL of a 10% (v/v) sulfuric acid solution
precooled at 4 ◦C was added to extract the fatty acids, followed by the addition of 1 mL of
anhydrous ether (containing 1 mmol/L of internal standard 2–ethylbutyric acid) precooled
at 4 ◦C. The whirlpool was then shaken for 30 s. Samples were centrifuged at 3000 rpm for
15 min at 4 ◦C. Finally, SCFAs in the supernatant were analyzed using gas chromatography–
mass spectrometry. [24].

2.8. Real-Time Quantitative PCR

From the liver, total RNA was extracted, and 1 μg of this RNA underwent reverse
transcription to produce cDNA. Using SYBR Green qPCR Master Mix, quantitative RT-PCR
was carried out on a CFX96 Touch real–time PCR machine. These analyses were carried out
with the corresponding commercial kits from Nanjing Vazyme Biotech Co., Ltd. (Nanjing,
China). The expression level of the liver gene was normalized to the β-actin gene, while
the expression level of the small intestine gene was normalized to the GAPDH gene and
calculated utilizing the 2−ΔΔCt method. Primer sequences are presented in Supplementary
Table S1.

2.9. Western Blotting

Three mice in each group were selected for the Western blot assay. The tissues were
lysed with RIPA buffer (1 mL) containing proteinase inhibitors (Beyotime, Shanghai, China).
The homogenate was centrifuged at 3000 rpm for 5 min at 4 ◦C. The protein content was
determined by the BCA protein concentration assay kit (Beyotime, Shanghai, China) and
diluted to a suitable concentration for the experiment.

The protein sample from each mouse was separated by electrophoresis in SDS-PAGE
(Amresco, Solon, OH, USA) and transferred onto a polyvinylidene difluoride (PVDF) mem-
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brane (Millipore, Schwalbach, Germany). The membrane was incubated with only one
primary antibody every time, then incubated with the secondary antibody and detected.
Then, all the detection reagents from the blot on the same membrane are removed and
reprobed with the other primary antibody for the detection of the second target protein. Spe-
cific operations are as follows: Equal quantities of protein were separated by electrophoresis
in SDS–PAGE and then deposited onto PVDF membranes. After the membranes had been
blocked with 5% nonfat dry milk, the corresponding primary antibodies were incubated
on the membranes overnight at 4 ◦C. After being washed with Tris–buffered saline with
Tween, followed by incubation with secondary antibodies for 1 h at room temperature.
Both a luminescence imaging workstation (Bio–Rad Laboratories, Inc., CA, USA) and an
ECL chemiluminescence kit (Beyotime, Beijing, China) were utilized to create the target
protein. When multiple exposures of the same PVDF membrane were required, Western
blot stripping buffer was shaken at room temperature for 45 min and washed with TBST
3 times. The subsequent steps were the same as before. Image Pro Plus 6.0 software was
used to analyze the optical density value (Tanon Science & Technology Co., Ltd., Shanghai,
China). The following antibodies were used: MUC4 (1:100, Santa Cruz), CYP7A1 (1:5000,
Santa Cruz), FXR (1:1000, Cell Signaling Technology), MUC2 (1:1000, Abcam), FGFR4
(1:1000, Abcam), ZO-1 (1:1000, Abcam), Claudin-1 (1:1000, Abcam), FGF15 (1:1000, Abcam),
GAPDH (1:1000, Abcam), β-actin (1:1000, Abcam), AMPK (1:5000, Abcam), CPT1b (1:1000,
Abcam), PPARα (1:1000, Abcam).

2.10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0 software and SPSS 25.0
software. All the data in this study were expressed as the mean ± standard deviation.
The statistical significance of the results was analyzed by one-way analysis of variance
(ANOVA) based on Duncan’s multiple range test using SPSS. The significance level in the
analyses was considered p < 0.05.

3. Results

3.1. The Content of the Phenolic Components in LCJ

The content of 16 phenolic substances in LCJ was determined (Supplementary Table
S2 and Figure S1), which was consistent with the literature reports on the identification
of LC components [14]. The highest content in LCJ was cyanidin-3-O-glucoside (C3G),
whose content was 394.57 ± 0.06 mg/100 mL. Among the detected chemicals, many
have not been quantitatively reported in LC, such as cyanidin–3–galactoside, phlorizin,
neodiosmin, naringenin, astragalin, and 7-hydroxycoumarin. Since cyanidin–3–galactoside
is an isomer of C3G, its quantitative analysis may have been neglected in previous studies.
The content of cyanidin–3–galactoside in LCJ was 275.48 ± 0.22 mg/100 mL, which is the
same order of magnitude as that of C3G. In addition, the contents of chlorogenic acid,
quercetin, and isochlorogenic acid C were relatively high: 96.44 ± 0.02 mg/100 mL and
16.77 ± 0.31 mg/100 mL, respectively.

3.2. Effects of LCJ Intervention on Body Growth Performance and Hepatocyte Damage in
ALD Mice

Figure 1a shows the changes in the BW. The BW of the AG group was lower than
that of the CG group from the beginning, suggesting that prolonged alcohol intake can
inhibit normal growth in mice. The BW of mice in the LG and HG groups was positively
correlated with the dose of LCJ intragastric administration, which was higher than that in
the AG group, but there was no significant correlation (p > 0.05). These results indicated
that LCJ could increase the BW of ALD mice. Furthermore, alcohol consumption did not
induce any notable alteration in liver weight, and there was no significant difference in
liver weight observed among any of the groups (Figure 1b). The liver index of mice treated
with ethanol was much higher than that of control mice, and a low dose of LCJ did not
significantly lower this proportion, which was significantly lowered by a high dose of LCJ
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(Figure 1c). These findings support the notion that drinking in this manner may negatively
impact the BW and liver index, but high doses of LCJ can alleviate this impact. In addition,
alcohol increased serum AST, ALT, and AST/ALT ratios (Figure 1d–f), which is consistent
with the results of Wu et al. [25], suggesting that this type of alcohol intake can lead to
liver cell damage in ALD mice. Nevertheless, the administration of high–dose LCJ orally
resulted in a substantial reduction in the atypical increases of ALT and AST serum activity
as well as the AST/ALT ratio induced by alcohol, indicating the hepatoprotective potential
of LCJ in ALD mice.

Figure 1. Effects of LCJ intervention on body weight, liver weight, liver index, and lipid accumulation
in mice. (a) Changes in body weight from week 0 to week 5; (b) liver weight; (c) liver to body
weight ratio; (d) serum alanine aminotransferase (ALT); (e) serum aspartate aminotransferase (AST);
(f) ratio of AST/ALT; (g) HE staining (200 primary magnification); (h) oil red O staining (200 primary
magnification); (i) liver triglycerides (TG); (j) liver cholesterol (TC); (k) serum TG; (l) serum TC; n = 6.
ns p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the model group (ANOVA).

3.3. LCJ Improved Liver Fat Accumulation in ALD Mice

The HE staining study revealed that chronic alcohol use resulted in hepatocyte de-
struction and liver cell steatosis in AG groups (Figure 1g). However, both the LG and HG
groups had decreased hepatic steatosis and hepatocyte injury when compared to the model
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group, and the impact was favorably correlated with dose. LCJ can lower hepatic lipid
buildup in ALD mice, according to oil–red O staining (Figure 1h). The increase of serum
TC and TG as well as liver TG and TC in AG group mice was brought on by continuous
alcohol feeding, which was consistent with the results obtained by Zhou et al. in the
alcoholic fatty liver model group [26]. High–dose LCJ could reduce the accumulation
of blood lipids and liver lipids in ALD mice (Figure 1i–l). According to the biochemical
indicators of lipids in the serum and liver, only high–dose LCJ significantly alleviates ALD
in mice. As a result, the subsequent investigation of the effects of LCJ on the expression of
substances involved in lipid synthesis and metabolism pathways using qPCR and Western
blot methods was limited to the CG group, AG group, and HG group. We found that high–
dose LCJ can promote the β oxidation of fatty acids by increasing the protein expression of
AMPK, PPARα, and CPT1b in the liver of ALD mice (Figure 2a–c), thereby reducing the
accumulation of TG and TC in the liver of ALD mice.

Figure 2. Effects of LCJ on bile acid content, proteins involved in bile acid metabolism, and lipid
metabolism in the liver. (a,b) Protein expression of PPARα, CPT1b, AMPK, CYP7A1, and FGFR4 in
the liver of mice (n = 3); (c) mRNA levels of PPARα, CPT1b, AMPK, CYP7A1, and FGFR4; (d) liver
TBA; (e) serum TBA; (f) feces TBA (n = 6). ns p > 0.05, ** p < 0.01, and *** p < 0.001 vs. the model
group (ANOVA).

3.4. LCJ Alleviates Hepatic BA Deposition in ALD Mice by Regulating the FXR-FGF15 Axis

Compared with the CG group, TBA levels in the liver and serum of the AG group
were significantly higher, whereas the TBA levels in the feces were significantly lower.
However, high–dose LCJ reduced TBA in the liver and serum and increased TBA in the
feces of ALD mice, while low–dose LCJ had no significant effect on TBA in the liver, blood,
or feces (Figure 2d–f). Therefore, we determined the content of BA metabolization-related
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genes in the liver and small intestine of the CG, AG, and HG groups by RT–qPCR and
Western blotting. Alcohol reduced the levels of fibroblast growth factor receptor 4 (FGFR4)
in the liver and fibroblast growth factor 15 (FGF15) in the small intestine while raising the
levels of cytochrome P450 7A1 (CYP7A1) in the liver of the AG group. High doses of LCJ,
however, restored these proteins to levels comparable to those in the CG group in ALD
mice (Figures 2a and 3c).

Figure 3. Effects of LCJ on intestinal histological characteristics and the intestinal barrier in mice.
(a) Hematoxylin and eosin staining (200 primary magnification); (b) periodic acid–Schiff and Alcian
blue (AB-PAS) staining (50 primary magnification); (c) serum LPS; (d,e) protein expression of FGF15,
FXR, MUC2, MUC4, ZO–1, and Claudin–1 in the small intestine (n = 3); (f) mRNA levels of FGF15,
FXR, MUC2, MUC4, ZO–1, and Claudin–1 (n = 6). ns p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001
vs. the model group (ANOVA).
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3.5. LCJ Improves the Intestinal Barrier and Reduces LPS Entry into the Bloodstream in ALD Mice

The results of HE staining and Alcian blue–periodic acid–Schiff (AB-PAS) staining
showed that the crypt structure of the small intestinal tissue in the AG group was severely
damaged, with a large number of cell deaths and reduced mucin content. Alcohol had
little effect on the mucin content and large intestine anatomy. This may be because alcohol
is mainly absorbed and metabolized in the small intestine [27]. The effects of alcohol on
intestinal mucus and barrier function were consistent with previous reports [28,29]. The
structure and mucin content of the small and large intestines in the HG group, however,
were restored to levels comparable to those in the CG group following the administration of
LCJ (Figure 3a,b). Intestinal permeability can be reflected in serum LPS [27]. Alcohol intake
led to elevated blood levels of LPS in the AG group. A high dose of LCJ reduced the blood
LPS content of ALD mice (Figure 3c). We believe that low-dose LCJ cannot significantly
alleviate intestinal barrier damage in ALD mice, whereas high-dose LCJ can significantly
improve intestinal barrier damage in ALD mice based on the results of HE and AB-PAS
staining as well as changes in serum LPS. Therefore, we investigated the mechanism by
which LCJ alleviates alcohol-induced intestinal barrier damage in mice, focusing on CG,
AG, and HG group mice.

The results showed that high-dose LCJ increased the expression of tight junction
proteins (ZO–1, claudin–1) and mucins (MUC2 and MUC4) in the small intestinal tract of
ALD mice (Figure 3d–f). The results of intestinal pathological section staining supported
these findings. These data imply that LCJ supplementation to improve intestinal barrier
dysfunction may be an effective treatment for alcoholic liver injury.

3.6. LCJ Increase the Level of SCFAs in the Cecum of ALD Mice

Based on the biochemical indicators of the liver and serum of mice, as well as the
intestinal barrier, intestinal mucin, and bile acid indicators of secondary metabolites of the
microbiota, we believe that only high–dose LCJ can improve ALD in mice. Therefore, our
study is limited to the CG, AG, and HG groups regarding the effect of LCJ on the intestinal
microbiota and its metabolites, short–chain fatty acids, in ALD mice.

SCFAs are acidic byproducts of the fermentation of difficult-to-digest carbohydrates
by bacteria in the gut, which strengthen the intestinal barrier [30]. Ethyl alcohol (EtOH)
liquid diet caused a significant drop in the amounts of acetic acid, propionic acid, butyric
acid, valeric acid, and total SCAFs in the cecum of the AG group (Figure 4a–g). In addition,
alcohol consumption has been shown to reduce SCAFs in the cecum of animals [31,32].
Although not statistically significant, ethanol increased isovaleric acid in the AG group.
Acetic acid, propionic acid, butyric acid, valeric acid, and total SCAF concentrations in the
cecum of mice were significantly higher after administration of high doses of LCJ, while
isovaleric acid contents were significantly lower.

Figure 4. Changes in SCFA levels in the cecum contents of mice. (a) Acetic acid; (b) propionic
acid; (c) butyric acid; (d) isobutyric acid; (e) valeric acid; (f) isovaleric acid; (g) total SCFAs. n = 6.
ns p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the model group (ANOVA).
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3.7. LCJ Mediates Alcohol-Induced Intestinal Flora Disturbance in the Large and Small Intestine

As shown in Figure 5a, the dilution curves of each group tended to be smooth, indi-
cating that there was a sufficient amount of sequencing data. Alcohol consumption had
minimal effects on the species richness and homogeneity of the small and large intestines
in ALD mice. Supplementation with higher doses of LCJ significantly reversed these effects
(Figure 5b).

Figure 5. Effects of LCJ on abundance and homogeneity of small intestinal and large intesti-
nal microflora. (a) Rarefaction of samples; (b) OTU rank curve; (c) Ace index; (d) Chao index;
(e) Shannon index; (f) Sobs index; (g) Simpson index. n = 6. ns p > 0.05, * p < 0.05 and *** p < 0.001 vs.
the model group (ANOVA).

The Sobs, Chao, and Ace indexes describe community richness. The Shannon and
Simpson indices describe community α diversity (Figure 5c–g). Our data showed that
alcohol did not change the diversity of coliforms, but it increased their richness. Besides,
alcohol reduced the richness and diversity of microorganisms in the small intestine. LCJ
decreased the intestinal microbial richness and significantly increased the intestinal micro-
bial richness and diversity of ALD mice. The findings suggested that LCJ exerted distinct
regulatory effects on the α diversity of intestinal flora in ALD mice; however, ultimately, it
facilitated the restoration of α diversity of intestinal flora in ALD mice, which was consis-
tent with that in the CG group. Previous studies found that alcohol reduced the Shannon
index of the cecum [33]. Xu et al. found that alcohol intake increased the α diversity of
mouse feces [34]. This may be because the intestine is highly dynamic; small and large
intestines are regulated differently under external influences to maintain overall intestinal
homeostasis [35].

β diversity analysis was used to show differences in the microbial community compo-
sition among different groups of samples (Figure 6a–e). The large and small intestines of
normal mice had different flora structures. The intestinal flora structure in the AG group
demonstrated significant alterations in both the small and large intestines compared to
that of the CG group. These observations align with the findings of Cao et al.’s study [36];
however, the effect of alcohol on the intestinal flora structure was greater in the small intes-
tine. The structure of the intestinal flora in the small intestine in the HG group recovered to
resemble that in the CG group following the administration of high-dose LCJ. Although
the intestinal flora of the large intestine in the HG group did not recover to resemble that of
the CG group, it was also distinct from that of the AG group.
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Figure 6. LCJ intervention caused inconsistent changes in gut microbial structure. (a) Unweighted
pair–group method with arithmetic means cluster tree (small intestine); (b) unweighted pair–group
method with arithmetic means cluster tree (large intestine); (c) principal coordinate analysis (large in-
testine and small intestine); (d) principal coordinate analysis (large intestine); (e) principal coordinate
analysis (small intestine); n = 6.

Bacteroidetes, Verrucomicrobia, Actinobacteria, Proteobacteria, and Firmicutes were the
dominant phyla in the small and large intestinal contents of normal mice (Figure 7a–d).
Alcohol increased the relative abundance of Proteobacteria in the small intestine and
decreased the relative abundance of Firmicutes and Bacteroidetes in the small intestine and
Staphylococcus in the large intestine. LCJ supplementation restored these levels to those in
the CG groups (Figure 7e).

The small intestine had 16 key genera, while the large intestine contained 14 key
genera (Figure 7f–i). Alcohol intervention considerably increased the relative abundance of
Staphylococcus and Proteus in the small intestine while significantly decreasing the relative
abundance of Allobaculum and Akkermansia. In the large intestine, alcohol intervention
increased the relative abundance of Parabacteroides, Oscillospira, and Proteus and decreased
the relative abundance of Akkermansia. LCJ administration significantly reversed these
intestinal microbiota alterations in ALD mice, restoring them to a level similar to that of the
CG group (Figure 7j,k).
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Figure 7. LCJ supplementation altered the composition of microflora in the large and small intestines
of ALD mice. (a) Large intestine (phylum level); (b) Small intestine (phylum level); (c) Large
intestine and small intestine (phylum level); (d) Species composition heat map (phylum level);
(e) Relative abundance of Proteobacteria, Firmicutes, Bacteroidetes, and Verrucomicrobia (phylum level);
(f) Large intestine (genus level); (g) Small intestine (genus level); (h) Large and small intestine
(genus level); (i) Species composition heat map (genus level); (j) Relative abundance of Allobaculum,
Akkermansia, Proteus, and Staphylococcus (genus level); (k) Relative abundance of Parabacteroides,
Proteus, Oscillospira, and Akkermansia (genus level). n = 6. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs.
the model group (ANOVA).

To explore the effect of LCJ on the microbial structure of the large and small intestines
of mice in each group, microbial markers in the large and small intestines of mice in each
group were determined using linear discriminant analysis (LDA) effect size (LEfSe) analysis
and an LDA analysis score greater than 4. Results are shown in Figure 8a–d. The biomarkers
in the small intestine of the AG group included Enterococcus, Prauseria, and Proteus, whereas
those in the large intestine were Proteus, Ricerysipelorichi, Clostridium, Streptococcus, and
Parabacteroides. The biomarkers in the small intestine of HG mice included Allobaculum,
Akkermansia, Bilophila, and Sutterella, whereas those in the large intestine were Defluviitalea,
Bacteroides, Akkermansia, Bilophila, and Alistipes.
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Figure 8. Effect of LCJ on microbial markers (genus level) and metabolic functional pathways.
(a) Linear discriminant analysis effect size (LEfSe) analysis (small intestine); (b) linear discriminant
analysis effect size (LEfSe) analysis (large intestine); (c) linear discriminant analysis (LDA) in the
small intestine; (d) linear discriminant analysis (LDA) in the large intestine. n = 6.

4. Discussion

ALD is associated with high morbidity and mortality worldwide, which calls for
investigations into its pathogenesis to find better treatments. Alcohol consumption can
disrupt the composition of the gut microbiota, and resolving the disruption of the gut
microbiota caused by alcohol can alleviate ALD. Previous studies have shown that plant
natural products and polyphenolic compounds exert beneficial effects on several metabolic
disorders associated with ALD via the gut–liver axis [35]. LC is rich in polyphenols such
as C3G and can ameliorate non-alcoholic fatty liver disease. We speculate that LC can
improve ALD. Meanwhile, the relationship between the modulating effects of LC on the
gut microbiota and its protective effects on ALD has not been well studied. Interestingly,
LC reduced alcohol-induced liver injury by regulating the FXR–FGF15 signaling pathway
mediated by intestinal microbes and inhibiting lipid and bile acid accumulation in our
study (Figure 9).
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Figure 9. Combination of existing research conclusions and the results of this study. Potential
protective mechanism of LCJ against alcohol-induced intestinal injury (Supplementary Table S3). The
upward arrow represents an increase, while the downward arrow represents a decrease.

The changes in mouse liver index and serum ALT, AST, and AST/ALT ratio indicated
that this alcohol feeding mode affected the normal growth of mice and damaged their
liver cells. However, high–dose LCJ can effectively slow down alcohol–induced liver
cell damage. The damage to ALD mouse liver cells may be due to the accumulation of
liver lipids or inflammatory cell infiltration caused by alcohol metabolism, or bile acid
accumulation and peroxidation [5]. This indicates that the protective effect of LCJ on the
liver of ALD mice may be mediated through these aspects.

In our study, we observed that LCJ treatment significantly reduced the increase in
serum TG and TC as well as the accretion of fat granules in the liver while increasing the
protein expression of AMPK, PPARα, and CPT1b in the liver in ALD mice [37]. AMPK
is a key upstream factor that regulates lipid synthesis and catabolism. After AMPK is
activated, it can upregulate the expression of PPAR and CPT1. Some scholars believe that
AMPK regulates PPAR by activating extracellular signal–regulated kinase (ERK) and the
p38 pathway [38]. CPT1 is a rate–limiting enzyme during fatty acid β oxidation, including
three subtypes: CPT1A, CPT1B, and CPT1C. PPAR can enhance mitochondrial utilization
and the oxidation of fatty acids by promoting the transcriptional expression of CPT1 in
the liver. Therefore, we believe that high–dose LCJ can promote the β oxidation of fatty
acids by increasing the protein expression of AMPK, PPARα, and CPT1b in the liver of
ALD mice, thereby reducing the accumulation of TG and TC in the liver of ALD mice.
Studies have also shown that LC extract can actively improve nonalcoholic fatty liver
disease by increasing CPT–1, which is involved in fatty acid oxidation, and ACC [5], which
supports our conclusion. Polyphenol–rich LC has strong antioxidant activity [39], and
dietary polyphenols can activate AMPK in the liver [40]. Hence, LCJ may improve lipid
peroxidation in the liver by reducing the production of reactive oxygen species.

Long–term ethanol feeding has been found to reduce intestinal FXR activity. This
may be because prolonged alcohol exposure increases FXR acetylation and interferes with
FXR’s ability to bind with the retinoid X receptor alpha (RXR), leading to the inactivation
of FXR [41]. FXR is a nuclear receptor for bile acids (BAs) and affects the transport and
homeostasis of BA. The natural inhibitors of FXR are T–MCA, T–MCA, and UDCA. The
strength of the natural activators of FXR follows the order of CDCA > DCA > CA >
LCA. GCDCA, TCA, and TDCA are weak FXR activators. Unconjugated BAs have a
greater capacity to activate FXR than conjugated BAs [42]. So, the type and amount
of BA produced in the intestine may regulate the expression of FXR. Long–term heavy
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drinking can lead to an imbalance in the gut microbiota that produces bile salt hydrolase
(BSH), which is responsible for dehydroxylation reactions. If it leads to a decrease in
bile acids with a strong ability to activate FXR in the intestine, it will further promote
liver bile acid synthesis by weakening the expression of intestinal FXR. When intestinal
FXR activity decreases, it will cause feedback inhibition of the expression of intestinal
FGF15, which then increases the expression of the bile acid synthesis gene CYP7A1 in
the liver by binding to FGFR4 in the liver, forming a negative feedback loop to increase
bile acid synthesis in the liver [43]. This is consistent with the research results of our AG
group. However, high-dose LCJ supplementation can increase the expression of FXR,
FGF15, and FGFR4 in the ileum and decrease the expression of CYP7A1 to ameliorate liver
damage induced by alcohol–induced bile acid accumulation in the liver. Hesperidin is a
flavanone glycoside that can prevent cholestatic liver injury and reduce bile acid toxicity in
HepaRG cells by activating FXR [44]. Proanthocyanidins can also activate the transcription
activity of FXR and reduce triglyceridemia in vivo in an FXR–dependent manner [45].
Chokeberry polyphenols can reduce the relative contents of CA and DCA by altering the
composition of the intestinal flora and can increase the relative content of CDCA [46].
Phenolic compounds can be decomposed and utilized by the intestinal flora, which can
regulate the intestinal flora. Therefore, we speculate that LCJ rich in phenols may directly
activate the activity of intestinal FXR, or it may also activate FXR activity by regulating the
content of unconjugated bile acids by regulating the intestinal flora involved in bile acid
metabolism. Thus, it alleviates cholestasis by regulating the FXR-FGF15 axis and reducing
the expression of CYP7A1 in the liver.

Due to the fact that more than 90% of alcohol is absorbed in the gut after ingestion,
excessive alcohol consumption can cause damage to the intestinal barrier. Intestinal barrier
damage increases intestinal permeability, which allows the blood to carry LPS, a byproduct
of bacteria found in the intestine, into the liver [27]. After LPS is delivered to the liver
through the portal vein, as a central mediator of inflammation, it can activate Kupffer cells
and macrophages in the liver, which in turn forces these cells to produce inflammatory
cytokines such as TNF–α, IL–6, or ROS [1]. HE staining and mucin AB–PAS staining of
intestinal sections revealed that alcohol consumption would have a more detrimental effect
on the small intestine’s barrier and mucin content than it would on the large intestine.
This may be because alcohol is mainly absorbed and metabolized in the small intestine,
so the impact on the large intestine is less [7]. Interestingly, high–dose LCJ has the po-
tential to restore alcohol-induced small intestinal barrier damage. Supplementation of
LCJ significantly improved alcohol–induced intestinal barrier dysfunction, including the
increase of MUC2, MUC4, ZO–1, claudin–1, and the decrease of serum endotoxin levels.
These findings supported the findings of the intestinal pathological section staining. These
findings imply that supplementing LCJ to improve intestinal barrier function impairments
may be an effective way to treat alcohol–induced liver damage.

A high dose of LCJ had different effects on the microbial composition between the
large and small intestines. Notably, LCJ increased the relative abundance of Verrucomicrobia
and Akkermansia in the large intestine of ALD mice but decreased the relative abundance of
Parabacteroides, Oscillospira, and Proteus. In the small intestine of ALD mice, LCJ treatment
increased the relative abundance of Firmicutes, Bacteroidetes, Allobaculum, and Akkermansia
while reducing the relative abundance of Proteobacteria, Staphylococcus, and Proteus. A
previous study reported that Proteobacteria contributes to inflammation [47]. In our study,
the abundance of Gram–negative bacteria, Proteobacteria, was reduced in the HG group,
which was consistent with the reduction in the Gram–negative bacteria product LPS.
Furthermore, impairment of the intestinal barrier increases the likelihood of LPS entering
the bloodstream, while LCJ has been shown to enhance intestinal barrier function. This
suggests that LCJ can improve the intestinal barrier and regulate intestinal flora to decrease
the production of LPS, thereby reducing blood LPS to improve alcohol-induced liver injury.

Akkermansia [48] and Allobaculum [49] play important roles in the prevention of alcohol–
induced liver damage by increasing intestinal mucus and enhancing gut barrier function.
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In our study, results showed that the relative richness of Akkermansia and Allobaculum,
the mucin content, and intestinal barrier function in the small intestine of the AG group
were significantly reduced, but treatment with LCJ reversed these changes. Moreover, the
cecal levels of SCFAs, including acetic acid, propionic acid, butyric acid, and valeric acid,
significantly increased in mice with ALD following LCJ intervention. Notably, acetic acid is
the most abundant SCFA produced by the gut microbiota and has been shown to improve
the function of the intestinal mucosal immune barrier [50]. Butyrate enhances intestinal
barrier function by increasing colon mucin and the production of compact junction protein
to protect the intestinal mucosal cells from LPS–induced damage [51]. These findings
support our results that acetic acid and butyric acid levels in the AG and HG groups
were consistent with changes in intestinal compact junction protein levels. Akkermansia can
produce propionic acid by increasing mucin degradation [52]. Allobaculum is physiologically
capable of generating butyric acid from carbohydrates [53]. In conclusion, we think that
LCJ can increase the abundance of intestinal SCAF–producing bacteria (Akkermansia and
Allobaculum), resulting in high intestinal SCFA production. In this way, it strengthens the
intestinal barrier by increasing the expression of intestinal compact junction protein and
mucin content to alleviate alcohol–induced liver injury. Oscillospira was strongly correlated
with the proportion of secondary bile acids in the stool, suggesting that it may contribute
to the formation of secondary bile acids in the stool [54]. In the study by Sun et al., it was
reported that Parabacteroides hydrolyzes a variety of binding cholic acids into secondary
cholic acids (stone cholic acid, ursodeoxycholic acid, etc.) through multiple pathways such
as bile brine hydrolysase (BSH) [55]. In light of this and the findings of our experiments, we
postulate that LCJ, which is abundant in powerful substances like anthocyanins, flavonoids,
phenolic acids, and other active polyphenols, can regulate bile acid content as well as FXR
and CYP7A1 expression levels in the HG group by improving the abundance of Oscillospira
and Parabacteroides in the intestine. These results demonstrate that LCJ can reduce liver bile
acid levels and further ameliorate alcohol-induced liver injury by regulating gut flora via
the FXR–FGF15 axis.

Combined with this study, human treatment of ALD needs to pay attention not only
to how to reduce the damage to liver cells but also to the changes in intestinal flora and the
intestinal barrier. Plant extracts and probiotics with the impact of enhancing the intestinal
barrier and improving intestinal flora are substances worthy of further investigation in the
treatment of ALD in the future. This is because ALD can also be relieved by improving the
intestinal flora. Additionally, LCJ has no side effects, which helps to maintain a healthy
intestinal structure and qualifies it as an ingredient in functional foods for relieving alcoholic
liver disease. It also raises public awareness of the health advantages and economic value
of LC.

5. Conclusions

In conclusion, LCJ can reduce the accumulation of lipids and bile acids in the liver by
reducing the levels of serum AST and ALT, thus producing hepatoprotective effects. More-
over, LCJ significantly improved the harm to the intestinal barrier caused by alcohol as well
as the imbalance of short–chain fatty acids in the cecum. LCJ was found to reduce alcohol–
induced liver injury by regulating gut microbes and its mediated FXR–FGF15 signaling
pathway, based on intestinal flora analysis and related gene expression measurements.
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Abstract: Avenanthramides (Avns) and their derivatives, a group of polyphenolic compounds found
abundantly in oats (Avena sativa Linn.), have emerged as promising candidates for neuroprotection
due to their immense antioxidant, anti-inflammatory, and anti-apoptotic properties. Neurodegenera-
tive diseases (NDDs), characterized by the progressive degeneration of neurons, present a significant
global health burden with limited therapeutic options. The phosphoinositide 3-kinase (PI3K) signal-
ing pathway plays a crucial role in cell survival, growth, and metabolism, making it an attractive
target for therapeutic intervention. The dysregulation of PI3K signaling has been implicated in the
pathogenesis of various NDDs including Alzheimer’s and Parkinson’s disease. Avns have been
shown to modulate PI3K/AKT signaling, leading to increased neuronal survival, reduced oxidative
stress, and improved cognitive function. This review explores the potential of Avn polyphenols as
modulators of the PI3K signaling pathway, focusing on their beneficial effects against NDDs. Further,
we outline the need for clinical exploration to elucidate the specific mechanisms of Avn action on
the PI3K/AKT pathway and its potential interactions with other signaling cascades involved in
neurodegeneration. Based on the available literature, using relevant keywords from Google Scholar,
PubMed, Scopus, Science Direct, and Web of Science, our review emphasizes the potential of using
Avns as a therapeutic strategy for NDDs and warrants further investigation and clinical exploration.

Keywords: avenanthramide; AKT-protein kinase B; Alzheimer’s disease; Parkinson’s disease; oxidative
stress; neuroprotection

1. Introduction

Since ancient times, cultivated oats have been an important cereal crop for human
consumption worldwide. Recently, interest in oats has been increased due to their nutri-
tional properties and associated health benefits [1]. In the world grain ranking, oats were
placed sixth for their nutritional values and regarded as most suitable for cultivation under
variable climatic and soil conditions [2,3]. Cereal oats contain numerous bioactive com-
pounds with high nutritive values including cellulose, arabinoxylan, β-glucans, proteins,
unsaturated fatty acids, vitamins, minerals, phenols, and dietary fiber [4,5]. Studies suggest
that the regular consumption of oat grains is associated with a lower risk of various chronic
diseases [6,7]. Meta-analysis studies also revealed that regular oat intake lowers blood
cholesterol and improves insulin sensitivity and post-prandial glycemic control [6,7]. The
water-soluble β-glucan contained in oat seeds mainly lowers cholesterol levels, leading to a
reduced risk of heart disease in humans [8,9]. Further, pharmacological studies indicate that
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the polyphenolic active constituents in oats exhibit strong anti-inflammatory, anti-bacterial,
anti-carcinogenic, cytotoxic, and anti-proliferative properties [4,10]. For this reason, the
human demand for oat consumption has been drastically increased.

In the central nervous system (CNS), different signaling pathways regulate various
cellular activities and physiological functions. In particular, the protective roles of the
phosphoinositide 3-kinase (PI3K) signaling pathway and protein kinase B (AKT) have been
widely reported in neurodegenerative conditions. The PI3K/AKT signaling pathway is
functional in many CNS processes such as synaptic plasticity, neurogenesis, proliferation
and differentiation, aging, and neuronal autophagy [11]. In addition, PI3K also plays a
predominant role in molecular trafficking [12]. The PI3K/AKT pathway constitutes a major
signaling cascade, which consists of PI3K, a multifaceted protein, and its downstream
molecules including glycogen synthase kinase-3 beta (GSK-3β), the mammalian target of
rapamycin (mTOR), and the nuclear factor erythroid 2–related factor (Nrf) [13].

In a growing number of studies, neuroprotective agents from natural products are
involved in targeting PI3K/AKT signaling, thus contributing to the prevention and treat-
ment of neurodegenerative diseases (NDDs) including Alzheimer’s disease (AD) and
Parkinson’s disease (PD) [14,15]. Although great efforts have been made to understand the
pathogenesis of NDDs and the design of an effective treatment to delay progression, there
is still no potential therapy available. Thus, the interest in derived natural compounds with
potential benefits in CNS disorders has been substantially growing. The mechanisms of
action of natural compounds are variable, suggesting that they could be highly effective
and specific in improving neuroprotective capacity.

Avenanthramides (Avns, Figure 1) are the major water-soluble phenolamides obtained
exclusively from oats. Several chronic conditions, including cardiovascular disease, cancer,
diabetes, and neurological and skin disorders, are among those for which the therapeutic
potential of Avns has been widely reported [1,7]. Recently, Avns and their derivatives were
reported to possess neuroprotective effects in experimental models and also improve AD
and PD pathologies including memory and behavioral impairments [16–19].

Figure 1. Structure of avenanthramides.

Among the 25 polyphenolic Avns identified, avenanthramide c (Avn-c), an amide
conjugate of anthranilic acid and hydroxycinnamic acid, was found to be protective in
experimental models of cerebral ischemia [10,20,21]. However, the roles of Avns and their
derivatives against NDDs and their mechanistic basis have not been fully understood.
In the present review, we highlight the potential of Avns as novel therapeutics for the
treatment of NDDs and the influence of Avns on the regulation of the PI3K signaling
pathway in the pathophysiology of NDDs including AD and PD. The relevant literature,
using the keywords “avenanthramide”, “PI3K/AKT”, “neurodegenerative diseases”, “AD”,
and “PD” from Google Scholar, PubMed, Scopus, Science Direct, and Web of Science were
selected. The most appropriate and recent articles were prioritized based on the purpose of
this review.

2. Modulation of PI3K Signaling Pathway in NDDs

It is well documented that the dysregulation of PI3K signal transduction significantly
contributes in the pathogenesis of various NDDs including AD, PD, and Huntington’s
disease [22]. Further, signal transduction involving AKT along with PI3K is known to
mediate neuronal survival. Therefore, understanding the role and regulatory aspects of
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the PI3K and AKT pathways might help in the development of suitable therapeutic agents
against NDDs targeting PI3K/AKT signaling. Although the roles of PI3K/Akt and the
mechanisms involved in NDDs were thoroughly reviewed (Rai et al. 2019) [23], in the
following sections, the key aspects of PI3K/AKT activation and other related signaling
molecular pathways in relation to NDDs are discussed.

2.1. PI3K

According to the structure, regulation, and substrate specificity, PI3Ks have been di-
vided into three subcategories: classes I, II, and III [24]. Among these, the class I isoform has
been studied extensively, which is activated by surface receptors composed of regulatory
and catalytic subunits. These are further subcategorized into class IA and class IB based on
the mode of regulation. Class II PI3K enzymes require an additional signal for activation,
whereas class III PI3K enzymes are vacuolar protein sorting 34 (Vps34) required mainly for
membrane trafficking [25].

2.2. AKT-Protein Kinase B (PKB)

AKT has been considered as a core effector of the PI3K downstream signaling path-
way. AKT is a serine/threonine kinase, categorized into three homologous isoforms,
AKT1/PKBα, AKT2/PKBβ, and AKT3 [14,23]. It consists of three different domains, in-
cluding the pleckstrin homology (PH) domain at the N-terminal, which is responsible for
membrane translocation after activation by PI3K; the central fragment; and the regulatory
domain at C-terminal, which contains the phosphorylation site required for the activation
of AKT. Among the isoforms, AKT3/PKBγ is crucial for the development of the brain and
microglial survival.

2.3. Activation of PI3K/AKT Pathway

The signaling pathway begins with the interaction between the ligand and transmem-
brane receptor, mainly tyrosine kinase (RTK), which results in receptor dimerization and
the autophosphorylation of the intracellular tyrosine domain, leading to the recruitment of
PI3. The P85, a regulatory domain in class I PI3K, binds to the phosphorylated tyrosine
residue following the recruitment of p110, a catalytic domain on PI3K that is responsible
for the complete activation of the PI3K enzyme. The p110 also recruits the inactive AKT
and phosphatidylinositol-dependent protein kinase 1 (PDK1) from the cytoplasm on the
cell membrane that brings conformational changes in the AKT, exposing the phosphory-
lation site on serine (473) and threonine (308). The activated PI3K also phosphorylates
phosphatidylinositol 4,5 biphosphate (PtdIns,4,5, P2) to phosphatidylinositol 3,4,5 triphos-
phate (PtdIns,3,4,5, P3), which becomes dephosphorylated with phosphatase and tensin
homologue on chromosome 10 (PTEN), which regulates the inactivation of AKT [26].

The phosphorylated PI3K/AKT-Ser473 forms are complex with a wide range of down-
stream signaling molecules including GSK-3β, mTOR, ERK, NF-κB, Hsp, etc., to execute
diverse cellular activities [14,27]. The downstream target mTOR regulates the metabolism.
The activation of PI3K/AKT also inhibits the process of apoptosis by interacting with
different signaling molecules including the Bcl2 antagonist of cell death (Bad), the bcl-2-like
protein 11 (BIM), and caspase-9. NF-κB, one of the downstream modulators of PI3K/AKT,
regulates the inflammatory response by modulating the expression of inflammatory mark-
ers IL-1β, IL-6, TNF-α, iNOS, and COX-2. At the resting state, the activity of NF-κB is
repressed by inhibitory kappa B (IκB). The PI3K/AKT interacts with nuclear factor ery-
throcyte two related factors (Nrf2) to regulate oxidative stress [14]. In NDDs including AD
and PD, the PI3K/AKT signaling is altered, resulting in the disruption of cellular function
including autophagy and synaptic plasticity, thus indicating that targeting the PI3K/AKT
pathway or its downstream regulator could be a novel strategy to treat NDDs.
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3. PI3K/AKT Pathway in Neurodegeneration

NDDs are the category of conditions with the selective and progressive loss of struc-
ture or function of neurons. These disorders are characterized by the gradual degeneration
of neurons, resulting in behavioral, learning, emotional, and cognitive abnormalities [28].
The prevalence report suggests a steady increase in the number of people suffering from
neurodegenerative conditions. The treatment is targeted to alleviate symptoms and to
prevent progression to improve the quality of life. Many studies have been carried out
to understand the pathophysiological cause of the progressive neurodegeneration asso-
ciated with AD and PD, which highlighted several possible targets for the development
of neuroprotective strategies for effective treatment [29]. In this section, we discuss the
evidence for the involvement of PI3K/AKT downstream targets in AD and PD. In addition,
we highlight the potential targets of the PI3K/AKT pathway for the treatment of NDDs.

Reactive oxygen species (ROS) are produced in normal physiological settings as a
bioproduct of cellular metabolism. However, ROS levels are firmly regulated via redox
homeostasis. The production of ROS is increased in certain pathophysiological conditions
due to several risk factors, including environmental stress, mutation, or genetic factors.
Failing to regulate the excessive production of ROS causes structural and functional prob-
lems and the loss of cellular function. Neurons are particularly vulnerable to oxidative
stress conditions due to a high consumption of oxygen, low antioxidant levels, high polyun-
saturated membrane fatty acids, as well as a post-mitotic high accumulation of oxidized
molecules [30]. In NDDs such as AD and PD in particular, oxidative stress has been con-
sidered to be a crucial risk factor. Thus, increased oxidative stress markers as well as
deficient antioxidant defense systems are considered to be the common hallmarks in these
conditions [30–33].

One of the main neuroprotective factors that regulate antioxidant and anti-inflammatory
genes is Nrf2. Nrf2 modulates oxidative stress by regulating the synthesis of antioxidant
enzymes through binding with the antioxidant response element (ARE). Under a physiolog-
ical setting, the activity of Nrf2 is repressed by a protein, Kelch-like ECH-associated protein
1 (Keap1), which is an adaptor for the E3 ligase in the ubiquitin-proteasome pathway [34,35].
However, under stressful conditions, Keap1 is inactivated due to post-translational mod-
ification, leading to migration and the accumulation of active Nrf2 inside the nucleus,
leading to heterodimerization with small protein designated as sMaf, which stimulates
the expression of antioxidants through binding at ARE on the target gene [33,36]. Besides
Keap1, the activation of the PI3K/AKT pathway can also indirectly regulate Nrf2-ARE
signaling through a serine/threonine protein kinase designated as glycogen synthase ki-
nase 3β (GSK-3β) via phosphorylating Nrf2 [37,38]. Mounting evidence suggests that the
negative regulation of GSK-3β via PI3K/AKT signaling can regulate the activity of Nrf2
through stabilizing and regulating the gene expression of Nrf2 [39–41]. Under physiologi-
cal conditions, the activation of PI3K/AKT inhibits GSK-3β through phosphorylation at
Ser21-GSK-3α or Ser9-GSK-3β [42].

Several studies investigated that the PI3K/AKT/Nrf2/GSK-3β pathway has been
impaired in AD patients and pre-clinical mouse models [43–46]. Oxidative stress in AD
causes the downregulation of phosphorylated PI3K, which results in the inactivation of
the PI3K/AKT pathway, leading to GSK-3β activation, which translocates Nrf2 from the
nucleus into cytosol, resulting in low levels of antioxidant enzymes [47–50]. In addition,
amyloid-β oligomers were found to activate GSK-3β, blocking PI3K/AKT/mTOR signaling,
which increases the phosphorylation of Tau, inducing neurofibrillary tangle formation,
which is a pathophysiological hallmark in AD. These findings suggest the involvement of
different downstream molecules of PI3K/AKT in the pathophysiology of AD.

Oxidative stress-induced neuronal death also contributes to the pathology of PD.
PI3K/AKT signaling influences oxidative stress by modulating downstream molecules
such as GSK-3β and mTOR. The abnormal expression of GSK-3β has been reported in
PD. Several findings indicate that Nrf2 signaling is compromised with age; thus, reduced
Nrf2 expression in different brain regions has been associated with increased age [51,52],
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though the expression of Nrf2 has been suggested to be restricted in astrocytes in substan-
tia nigra (SN), which is still sufficient to protect neurons from 1-Methyl-4-phenyl1,2,3,6-
tetrahydropyridine (MPTP)-induced neurotoxicity [53]. In addition, data from post-mortem
brains indicated Nrf2 dysfunction in PD [52,54]. Also, the levels of downstream targets in
PI3K/AKT/mTOR signaling were found to be significantly reduced in PD patients. In PD,
the imbalance of oxidative stress has been reported due to disrupted FoxO3a, a downstream
target of mTOR [55,56]. Thus, the molecules that activate the PI3K/AKT pathway through
activation of p-GSK-3β (Ser9) or mTOR can prevent oxidative-stress-induced neuronal
death, which can be beneficial in preserving neuronal structure and function.

4. Neuroprotective Role of Avns

Avns derived from oats have been shown to exert neuroprotective effects by modu-
lating signaling pathways involved in cell survival, neuronal growth, synaptic plasticity,
apoptosis, and neuroinflammation. These mechanisms can enhance neuronal resilience and
support the maintenance of cognitive function. Oat polyphenols have been well reported
for their pharmacological benefits including antioxidant activities. The polyphenolic com-
bination with different groups such as phenolamide tends to potentiate its action [57–59].
Avns have been found to exhibit antioxidant and anti-inflammatory effects in the CNS,
which can be beneficial for reducing stress and neuroinflammation associated with various
neurological conditions.

In a preclinical study, Avns was found to reduce the area of tissue damage and im-
proved the neurological outcomes following stroke in the middle cerebral artery occlusion
(MCAO) in mice models [17]. These effects were attributed to the ability of Avns to en-
hance blood flow, inhibit inflammatory responses, and protect against oxidative damage.
Furthermore, Avns have been found to promote neurogenesis and enhance synaptic plas-
ticity, which are crucial for brain repair and functional recovery after stroke [16]. While
the research on Avns in neurological conditions is still emerging, the available evidence
suggests their potential as neuroprotective agents. In the following sections, we discuss the
beneficial roles of Avns against NDDs including AD and PD pathology.

4.1. Alzheimer’s Disease

Globally, most geriatric people are suffering from this common condition, which is
associated with dementia, memory loss, and cognition impairment [60]. According to the
annual report of the Alzheimer’s Association, about 6 million Americans belonging to the
age group of 65–75 years most commonly have AD, and the incidence will increase day
by day. Nerve cell destruction, extracellular amyloid plaques, and neurofibrillary tangles
(NFTs) within the cell seem to be the markers of this complex NDD. These plaques are
composed of amyloid beta (Aβ), a cleavage by-product of the amyloid precursor protein
(APP) [61]. Moreover, the gradual formation of oligomers, fibrils, and insoluble amyloid
plaques from Aβ monomers results in a reduction in the plasticity of neurons in the synaptic
domain [62]. In addition, tau protein has been hyperphosphorylated, which forms NFTs.
In healthy conditions, tau encourages microtubule stabilization. But as paired helical
filaments connect, hyperphosphorylated tau builds up and eventually produces NFTs. The
accumulation of Aβ leads to the dysregulation of synaptic and neuronal activities, which
further generates intracellular conditions for NFT production and ultimately results in
neuronal death and the disruption of neurotransmitter functions [63].

The antioxidant potential of Avns has been confirmed through a variety of in vivo
and in vitro studies. The hydroxy and amide group in its structure are mainly responsible
for scavenging free radical species formed during a variety of physiological as well as
pathological conditions. This phenolamide is also able to induce the synthesis of a variety
of cytoprotective enzymes. In addition, Avn contains an unsaturated amide group, which
mainly interacts with the cysteine residue in Keap1, thus effectively preventing the phos-
phorylation and accumulation of Nrf2 in the cytosol and promoting the upregulation of the
transcriptive action of Nrf2 [64,65].
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Synaptic dysfunction has a major contribution to memory deficits in AD pathophysi-
ology. Thus, molecules that strengthen the synapse could be beneficial for the treatment
of AD. Alteration in synaptic plasticity due to the accumulation of amyloid-β, leading
to memory loss and dementia, is a key feature of AD. The methanolic extract of Avns
was found to restore and alter long-term potentiation in CA3 to the CA1 region of the
hippocampus in the Tg2576 AD mouse brain [19]. In AD, amyloid-β aggregates were found
to act through activating GSK3β of the PI3K/AKT pathway [66,67]. The study revealed that
Avn-C, in particular, modulates the S9-GSKβ, leading to an improvement in brain function
that was altered due to amyloid-β accumulation. The inhibition of S9-GSKβ effectively
upregulates Nrf2-ARE activity, which may be responsible for the neuroprotective action of
Avn-C in Tg2576 mice [19].

In addition, it was also reported that Avn-C acts as an amyloid inhibitor, thereby
preventing Aβ protein aggregation [68]. The study showed that Avn-C improved the mem-
ory deficits associated with the Aβ and was reported to strengthen the synapse indicated
via an improvement in LTP. The study also revealed that Avn-C effectively reduced the
caspase-3 concentration and thereby inhibited the activation of pro-inflammatory mark-
ers, and in contrast, increased the levels of anti-inflammatory markers. Further, Avn-C
activated the S9GSK3β and improved the antioxidant defense through the activation of
Nrf2 in a different model of AD [69]. A possible role of Avn in the modulation of the
PI3K/AKT/Nrf2/GSK-3β signaling pathways is shown in Figure 2.

Figure 2. Modulation of PI3K/AKT/Nrf2/GSK-3β signaling pathways by Avn. PI3K:
Phosphatidylinositol-3-kinases (PI3Ks); AKT: Ak strain transforming-Phosphokinase B; GSK3β:
Glycogen synthase kinase 3β; Nrf2: Nuclear factor erythroid 2-related factor 2; ARE: Antioxidant
response element; Keap1: Kelch-like ECH-associated protein 1; RTK: Receptor tyrosine kinase. Ox-
idative stress limits the action of PI3K/AKT, and thereby activates GSK3β, thus inhibiting Nrf2
translocation into the nucleus, leading to downregulation of expression of cytoprotective enzymes.
Avn-C acts as an electrophile that interacts with Keap, resulting in loss of inhibitory control and
translocation of Nrf2 into the nucleus and activating ARE for transcription of the antioxidant enzyme.
Avn-C can also activate Nrf2 indirectly by inhibiting GSK3β.
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4.2. Parkinson’s Disease

PD is the second most common neurodegenerative condition, affecting 1% of the old
age population. Clinical presentation in PD is associated with motor disturbances including
bradykinesia, rigidity, and tremors [70]. Majorly, PD is characterized by a progressive loss
of dopaminergic neurons in SN, but the neuropathology indicates a widespread association
between different regions of the brain, where the involvement of SN occurs in the middle
stage of the disease. The pathological hallmark of the disease involves the deposition of
Lewy bodies, which are round eosinophilic protein aggregates composed of α-synuclein
(α-syn) and synphililin-1 [71,72]. A variety of factors are responsible for the alteration in
transcription in the sporadic form of PD such as environmental factors, oxidative stress,
exposures, and aging [73,74], whereas the familial type of PD is associated with a mutation
in genes encoding α-syn [73–77]. Studies have suggested that among the list of factors,
oxidative stress and ROS are mainly responsible for neuronal loss in the SN region in the PD
pathophysiology [78,79]. Further, previous reports also indicated that several flavonoids
and polyphenolic compounds that form natural products exhibited neuroprotective effects
by suppressing neuroinflammation, oxidative stress, and improved cognition by regulating
the PI3K/AKT signaling pathways in PD models [80–82].

In a recent study, Bisavenanthramide-B (Bis-B), a synthetic analog of Avn-C, appears
to protect from oxidative stress [83]. The molecule was discovered as a product formed
during the reaction of Avn with ROS. Bis-B contains an electrophilic group designated
as a Michael acceptor, which is capable of covalently conjugating with cysteine residues
of Keap1, thereby inducing conformational changes and leading to the translocation of
Nrf2 in the nucleus, which results in cytoprotective gene expression through Nrf2-ARE
interaction [83].

The oxidative stress induced via dysfunctional mitochondria has been a well-known
pathology in NDDs. These synthetic Avns have also shown neuroprotective effects against
rotenone/oligomycin-induced oxidative damage, which was considerably similar to the
PD pathology. Thus, Bis-Avns could be the effective therapeutic approach in preventing se-
lective SN dopaminergic degeneration in PD. Further, the same study revealed that Avn has
excellent neuroprotective action through directly and indirectly scavenging ROS via Nrf2
stimulation against okadaic-acid-induced Tau hyperphosphorylation and oxidative stress
in SH-SY5Y cells, which has been linked critically with the neurodegenerative tauopathies
in AD and PD [84,85]. In addition, Avn-C can directly protect from oxidative stress through
the activation of Nrf2-ARE [18]. The Avn-2c isoform efficiently translocates Nrf2 into the
nucleus in PC12 cells and thereby stimulates the expression of cytoprotective enzymes, and
thus could be beneficial in the treatment of NDDs including PD. The available literature on
the therapeutic potential of Avn and its derivatives are shown in Table 1.

Table 1. Therapeutic potential of avenanthramides in neurodegenerative disease.

No. Study Design Mechanism Methodology Reference

1
Electrophysiological study on
hippocampal LTP in Tg2576
male mice

Alteration in p-GSK-3β-S9 levels
and reduction in Caspase 3

Avn-C extracted from germinated
oats using column chromatography [19]

2

Evaluation of
neuropathologies and
behavioral impairments
associated with AD

Modulates p-GSK-3β-S9
Reduced caspase 3 and
neuroinflammation
Binds to α1A adrenergic
receptors to stimulate
phospho-AMPK levels

For electrophysiological studies on
the hippocampal slices of WT,
Tg2576 and 5XFAD mice were
treated with Aβ42 oligomers in the
presence of Avn-C (10, 25, and
50 μM)

[16]

Tg2576 and 5XFAD mice were
administered with Avn-C (2, 4, and
6 mg/kg. p.o.) for evaluation of
long-term potentiation
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Table 1. Cont.

No. Study Design Mechanism Methodology Reference

3 Effect on protein aggregation
using spectroscopy techniques

Inhibition of BSA
oligomerization showing
anti-amyloid effect

Protein aggregation in bovine serum
albumin was initiated by incubating
the protein monomer at an elevated
temperature and the
aggregation kinetics
was monitored by incubating with
Avn-C (100, 250, and 500 μM) and
was analyzed using
ThT-fluorescence assay

[68]

4

Evaluation of
bisavenanthramide analogues
of Nrf2 inductors and
neuroprotectors in
in vitro models

Nrf2-ARE-dependent
protein expression

The antioxidant activity was
measured using DPPH scavenging
assay and FRAP method, and AChE
inhibition assay was performed.
Neuroprotection potential against
tau hyperphosphorylation was
evaluated using SH-SY5Y cell line

[83]

5

Evaluation of cytoprotective
activity against
oxidative-stress-induced PC12
cell injuries

Activating Nrf2-ARE pathway

Rat PC12 were used to study
antioxidant effect of Avns. The
antioxidant and cytoprotective
activities of Avn-2c, Avn-2f, and
Avn-2p were measured in vitro
using the ABTS•+ and DPPH
scavenging assay, MTT, and LDH
release assay

[18]

6
Cognitive dysfunction induced
by repeated propofol
anesthesia in aging rats

Activating Nrf2/ARE pathway
Aging rat model was established by
continuous 200 mg/kg propofol
anesthesia

[69]

7
Protective effect on titanium
dioxide nanoparticles induced
neurotoxicity in SD rats

Decreases oxidative stress and
TNF-α
Increases the total antioxidant
and GSH levels

TiO2 NPs (150 mg/kg b.w.) was
administered orally for six weeks
and Avn was administered daily at a
dose of 20 mg/kg via gastric tube

[86]

Abbreviations: Avns, Avenanthramides; LTP, Long-term potentiation; AMPK, AMP-activated protein kinase; GSK-
3β, Glycogen synthase kinase 3 beta; TNF-α, Tumor necrosis factor alpha; WT, Wild type; SD, Sprague Dawley;
GSH, Glutathione; Nrf2/ARE, NF-E2-related factor 2/antioxidant response element; TiO2 NPs, Titanium dioxide
nanoparticles; BSA, Bovine serum albumin; PC12, Pheochromocytoma cells; DPPH, 2,2-diphenylpicrylhydrazyl;
MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide; LDH, Lactate dehydrogenase; SH-SY5Y,
Neuroblastoma cell line; ABTS, 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid; AChE, Acetylcholinesterase;
FRAP, Ferric reducing antioxidant power; ThT, Thioflavin T fluorescence.

5. Modulation of Other Targets by Avns

Phytochemicals are mainly associated with neuroprotective benefits against numerous
risk factors including chemical toxicity and oxidative stress in neurodegenerative condi-
tions. Oat extract enriched with Avns possesses a neuroprotective role against toxicity
and oxidative stress induced by titanium dioxide nanoparticles (Tio2NPs) in rats [86].
Biochemical and histopathological studies revealed that the combination of Avns with
thymoquinone exerts antioxidant and anti-inflammatory action, thus preventing neuronal
degeneration induced with Tio2NPs [86]. The Avns improved the deleterious effect by
altering the oxidative stress and improving antioxidant concentration.

Numerous studies suggested that the levels of pro-inflammatory markers including
TNF-α, IL-1β, and IL-6 were significantly increased in the cerebrospinal fluid of AD patients
and were correlated with impairment in LTP in animal models of AD [87–89]. Thus,
the inhibition of the inflammatory pathway would be an effective approach to improve
memory impairment. Ramasamy et al. reported that treatment with Avn-C significantly
improved memory impairment in Tg2576 and 5XFAD mice brains [16]. In addition, the
study also reported that Avn-C reduced the level of inflammatory markers, which could be
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a potential mechanism of action. Several studies also suggested that the levels of TNF-α
were significantly reduced with Avn-c treatment [90–92].

In addition, Avns were found to reduce inflammation via altering the TNF-α con-
centration. The Avns were found to limit the TNF-α-induced neurogenic inflammation
via modulating the NF-κB signaling and IL-8 levels [90,93]. Thus, the anti-inflammatory
mechanism of Avn-c could be beneficial in the treatment of neurodegenerative conditions
(Figure 3). The levels of the neurotransmitter acetylcholine are reduced due to hydrolysis
due to the overstimulation of acetylcholinesterase in AD patients. Thus, targeting acetyl-
cholinesterase could be beneficial in AD treatment [94]. Avn was also found to inhibit
acetylcholinesterase and can thus improve memory in neurodegenerative conditions like
AD [83,95].

Figure 3. Modulation of PI3K/AKT/NF-κB signaling pathway by Avn-c. PI3K: Phosphatidylinositol-
3-kinases (PI3Ks); AKT: Ak strain transforming-Phosphokinase B; RTK: Receptor tyrosine kinase;
NF-κB: Nuclear factor kappa B; IKK: Inhibitor of NF-κB kinase; IκB: Inhibitor of nuclear factor-κB;
TNFα: Tumor necrosis factor; IL-1β: Interleukin 1β; IL6: Interleukin 6. Avn-C downregulates the
expression of inflammatory cytokines by inhibiting NF-κB and prevents its translocation into the
nucleus thereby. Avn-C can directly inhibit the action of inflammatory mediators including TNFα,
IL6, and IL1β.

6. Future Perspectives

Oats are a useful grain with distinct constituents and a unique source of Avns pos-
sessing abundant nutritional benefits. Recently, focus has been given to the biological
activities of naturally produced Avns as well as their derivatives in the treatment of NDDs.
Avenanthramides’ anti-inflammatory effects make them attractive candidates for mitigat-
ing neuroinflammation and its detrimental impact on the progression of these diseases.
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Future studies could focus on investigating their specific anti-inflammatory mechanisms
and assessing their effectiveness in reducing neuroinflammation. Further, the antioxidant
properties of Avns make them potential candidates for managing oxidative stress and
preventing neuronal damage. Research could explore their potential in slowing or halting
the progression of NDDs including AD and PD.

While Avns show promise, it is important to note that further research is necessary
to fully understand their mechanisms of action, optimal dosages, and long-term effects in
the context of NDDs. Further, the beneficial effects of Avns using synthetic Avn analogs
and Avns obtained via recombinant techniques should also be explored in the treatments
of NDDs. For this purpose, collaboration between researchers and clinicians will be crucial
in translating the potential of Avns into effective therapeutic interventions for NDDs.

7. Conclusions

The PI3K/AKT signaling pathway in NDDs has been proven to be a successful hypoth-
esis for the development of an effective treatment approach and more detailed research is
being conducted to understand the involvement of downstream targets for the treatment of
NDDs. Avn holds potential as a treatment for NDDs caused by oxidative stress. The protec-
tive effects of Avns are mediated mainly through the activation of the Nrf2, a downstream
target of PI3K/AKT, which upregulates transcription genes encoding antioxidant enzymes.
Avn-C and its synthetic analog were also found to modulate other targets PI3K/AKT
including GSKβ and NF-κB in CNS. The molecule also possesses anti-inflammatory and
anti-apoptotic action in wide pathological states including cancer and skin inflammation,
indicating that its mechanism could be beneficial for the treatment of NDDs. In conclusion,
the need for in depth pre-clinical studies in various models of neurodegeneration and
clinical exploration to elucidate the specific mechanisms of Avn action and its potential
interactions with other signaling cascades involved in neurodegeneration is quite essential.
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Abstract: The Maleae tribe consists of over one thousand species, including many well-known
polyphenol-containing fruit crops with wide-ranging biological properties, e.g., apples (Malus),
chokeberries (Aronia), pears (Pyrus), quinces (Cydonia, Chaenomeles), saskatoon (Amelanchier), loquats
(Eriobotrya), medlars (Mespilus), rowans (Sorbus), and hawthorns (Crataegus). Considering the current
interest in the concept of functional foods and the still-insufficient methods of diabetes management,
the anti-diabetic potential of fruits has been studied intensively, including those of the Maleae tribe.
This paper is the first comprehensive overview of this selected topic, covering articles published from
2000 to 2023 (131 articles in total). The first part of this review focuses on the potential mechanisms
of action of fruits investigated so far (46 species), including their effects on tissue-specific glucose
transport and the expression or activity of proteins in the insulin signalling pathway. The second
part covers the phytocompounds responsible for particular fruits’ activity—primarily polyphenols
(e.g., flavonols, dihydrochalcones, proanthocyanidins, anthocyanins, phenolic acids), but also polysac-
charides, triterpenes, and their additive and synergistic effects. In summary, fruits from the Maleae
tribe seem promising as functional foods and anti-diabetic agents; however, their prospects for more
expansive pro-health application require further research, especially more profound in vivo trials.

Keywords: Maleae fruits; diabetes; glucose transport; insulin signalling pathway; carbohydrate
digestion; polyphenols; polysaccharides; triterpenes

1. Introduction

Diabetes is a chronic, progressive disorder characterised by raised blood glucose levels
due to insufficient production of the hormone insulin or decreased effectiveness of the
insulin that the body produces [1,2]. Long-term hyperglycaemia has become a significant
healthcare burden worldwide, leading to life-threatening damage to the blood vessels,
heart, nerves, and kidneys [2]. It was estimated that 353 million patients suffered from
diabetes in 2021, and it is projected that by 2030 there will be about 643 million people
diagnosed with this disorder [1]. Therefore, diabetes has been recognised as one of four
non-communicable diseases targeted as a priority by the world’s public health leaders [2].

The pharmacotherapy of diabetes includes insulin (when insulin deficiency is seen) or
oral hypoglycaemic drugs that exert anti-diabetic effects through different mechanisms.
These mechanisms comprise, i.a., stimulation of endogenous insulin secretion from pan-
creatic β-cells by sulfonylureas, glucagon-like peptide 1 (GLP-1) analogues, or dipeptidyl
peptidase-4 (DPP IV) inhibitors; the increase in the insulin sensitivity, the boost of periph-
eral absorption of glucose, and the reduction in hepatic gluconeogenesis by peroxisome
proliferator-activated receptor γ (PPARγ) activators or biguanides; the delay in the ab-
sorption of carbohydrates from the intestine by α-glucosidase inhibitors; or the increase
in glucose elimination via the kidneys by sodium–glucose cotransporter-2 (SGLT2) in-
hibitors [3–5]. However, the conventional treatment of diabetes often fails due to drug
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resistance (reduction in efficiency over time) and, perhaps even more critically, various
side effects and, thus, noncompliant behaviour of patients. Therefore, a constant search is
underway for better diabetes management, including lifestyle modifications, proper diet,
and the use of medicinal plants [2–4].

The anti-diabetic potential of fruits and vegetables has been widely studied, as the
concept of functional foods (i.e., dietary products that offer health benefits beyond their
nutritional value) has gained importance [6,7]. Research on the anti-hyperglycaemic effects
of fruits has revealed their involvement in glucose transport and metabolism through mech-
anisms of action that seem analogous to synthetic anti-diabetic drugs. These mechanisms
include, e.g., the modulation of glucose transporters’ activity, the inhibition of carbohy-
drate digestion, or multiple effects on glycolysis, gluconeogenesis, glycogen synthesis, and
glycogenolysis by affecting the activity or expression of proteins in the insulin signalling
pathway [7]. Thus, it has been suggested that many dietary fruits might be used not only
in the prevention of diabetes, but also as a potential source of new anti-diabetic agents for
mono- or combination therapy, enabling the reduction in synthetic drug doses and, thus,
the side effects of conventional diabetes treatment [6].

The Maleae tribe comprises over one thousand species, mainly from the Northern
Hemisphere [8]. It includes many well-known fruit crops, e.g., apples (Malus Mill. sp.),
pears (Pyrus L. sp.), black chokeberry (Aronia melanocarpa (Michx.) Elliott), quince (Cydonia
oblonga Mill.) and Japanese quince (Chaenomeles japonica (Thunb.) Lindl. ex Spach), saska-
toon berry (Amelanchier alnifolia Nutt.), loquat (Eriobotrya japonica (Thunb.) Lindl.), medlar
(Mespilus germanica L.), rowans (Sorbus L. sp.), and hawthorns (Crataegus L. sp.). Fruits
from Maleae species are widely consumed both unprocessed and as jams, juices, alcoholic
beverages (e.g., wines, liqueurs), etc. [9]. According to the United States Department of
Agriculture [10], the global annual consumption of only fresh apples and pears was 81.6
and 23.5 Mt in 2021, respectively, making them some of the most willingly consumed fruits
in the world. Consequently, the pro-health properties of fruit consumption have been
intensively studied in recent decades [6], including their anti-hyperglycaemic activity.

This paper presents the first comprehensive overview of the anti-diabetic potential
of the fruits of the Maleae tribe. It covers articles published from 2000 to 2023, including
in vitro research, in vivo tests on animal models, and in vivo human trials. The main focus
of this review was to indicate the biological effectiveness of the fruits investigated so far,
discuss the potential mechanisms of action behind the observed effects, and point out
the phytocompounds that may be responsible for the anti-diabetic properties of different
Maleae fruits. Apart from summarising the current knowledge and challenges, we discuss
the further research directions required for a deeper understanding of the biological proper-
ties and potential of Maleae fruits for their wider use as functional products or anti-diabetic
phytotherapeutics.

2. Materials and Methods

The literature selection was performed based on the Scopus, Web of Science, and
Google Scholar databases, searching for original articles written in English and published
(at least electronically) between January 2000 and June 2023. The search was conducted
using the following keyword combination pattern: (1) the genus Latin or common nomen-
clature (i.e., “Amelanchier” or “Amelasorbus” or “Aronia” or “Chaenomeles” or “Chamaemeles”
or “Cotoneaster” or “Crataegus” or “Crataemespilus” or “Cydonia” or “Dichotomanthes” or
“Docynia” or “Eriobotrya” or “Eriolobus” or “Hesperomeles” or “Heteromeles” or “Kageneckia”
or “Lindleya” or “Malacomeles” or “Malus” or “Mespilus” or “Osteomeles” or “Peraphyllum”
or “Photinia” or “Pseudocydonia” or “Pyracantha” or “Pyrus” or “Rhaphiolepis” or “Sorbus”
or “Sorbaronia” or “Sorbocotoneaster” or “Stranvaesia” or “Vauquelinia” or “saskatoon” or
“chokeberry” or “hawthorn” or “quince” or “apple” or “crabapple” or “medlar” or “pear”
or “loquat” or “rowan” or “service tree” or “whitebeam” or “toyon”); (2) description of the
plant part/product (i.e., “fruit/-s” or “berry/-ies” or “juice/-s” or “extract/-s”); (3) activity
descriptor (i.e., “diabetes” or “diabetic” or “anti-diabetic” or “glucose” or “insulin” or

40



Nutrients 2023, 15, 3756

“glycaemia/glycemia”). Only articles covering the topic of fruits’ effects on carbohydrate
bioavailability/metabolism and direct toxic effects of hyperglycaemia (e.g., AGE formation)
were included. Consequently, the studies on the conditions accompanying or resulting from
diabetes as an outcome of complex mechanisms (e.g., inflammation, neurodegenerative
diseases or cardiovascular complications of diabetes) were not reviewed. Moreover, if
the paper included the analysis of both diabetic and diabetes comorbid-disorder-related
parameters (e.g., lipid profiles, cytokine levels, etc.), only the first part was included in this
review. The further exclusion criteria were as follows: papers covering only ethnobotanical
research on plants used in diabetes (without activity studies), the effects of a complex
diet or combination of plants/drugs (making it impossible to indicate which component
determines the activity), and studies of single, isolated compounds of plant origin, not
covering the activity or health impact of whole fruits. The inclusion or exclusion of the
articles was validated manually by reading the entire item. The binomial names of the
reviewed species were checked and revised according to World Flora Online [11].

3. Results and Discussion

As a result of an in-depth analysis of the literature data covering articles published
from 2000 to 2023, 131 studies were included in the present review. The majority of them
covered only in vitro tests (67 papers); then, there were in vivo studies on animal models
(51 items, including some mixed in vitro/in vivo tests) and human in vivo trials (14 papers,
including one in vivo animal and human study) (Figure 1). The selected documents were
based on the activity testing of fruits from 46 species belonging to the genera Amelanchier,
Aronia, Chaenomeles, Cotoneaster, Crataegus, Cydonia, Malus, Mespilus, Pyracantha, Pyrus,
Sorbus, and Vauquelinia. The most widely studied taxa among this group were Aronia
melanocarpa (26 studies, including 13 animal and 5 human trials) and Malus domestica
(26 studies, including 6 animal and 5 human trials) (Figure 1).

3.1. In Vitro Studies

Most in vitro studies of the anti-diabetic effects of Maleae fruits are based on testing
their impact on α-glucosidase or α-amylase (Table 1). While these enzymes are involved
in the chain reactions of carbohydrates’ breakdown to glucose (or fructose), inhibiting
one or two of them may reduce the intestinal absorption of saccharides and, thus, lower
postprandial hyperglycaemia. The reviewed data suggest that extracts or juices of fruit
origin are relatively weak inhibitors of α-amylase; on the other hand, they can strongly
inhibit α-glucosidase. For instance, the inhibitory effects of fruit extracts/juices of Aronia
melanocarpa [12–14], Aronia prunifolia [13], Cotoneaster integerrimus, Cotoneaster zabelii, Co-
toneaster bullatus [15], Crataegus laevigata [16], Crataegus pinnatifida [17], Malus domestica [18],
Pyracantha fortuneana [19,20], Pyrus pashia [21], Sorbus alnifolia, Sorbus folgneri, Sorbus minima,
Sorbus norvegica, Sorbus hybrid, Sorbus aucuparia, Sorbus meinichii, Sorbus torminalis [22,23],
and Vauquelinia corymbosa [24] towards α-glucosidase were many times higher than that
observed for acarbose—a known anti-diabetic drug and α-glucosidase inhibitor. The syner-
gistic effects of the Malus domestica juice and Sorbus aucuparia extracts with acarbose were
also suggested [25–27].

The second most frequent type of in vitro research into Maleae fruits involves cellular
studies on glucose transport and metabolism (Table 1). Stimulating glucose uptake through
skeletal muscle or hepatic cells is one of the mechanisms that may lead to the enhance-
ment of glucose metabolism and reduction in blood sugar levels. This effect, associated
with the increased expression of insulin-dependent glucose transporter 4 (GLUT-4), has
been observed for Aronia melanocarpa [28], Chaenomeles japonica [29], Malus pumila [30],
and Pyrus pyrifolia [31]. Moreover, the inhibition of intestinal glucose absorption (i.e.,
transport from the intestinal lumen into enterocytes) via, e.g., the modulation of SGLT1
(sodium–glucose transport protein-1) and GLUT-2 (glucose transporter 2) levels or activity,
has been proposed for Malus domestica [32–34]. As for the metabolic part, the effects on
the expression or activity of the PI3K/Akt pathway proteins (Figure 2a) were observed
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for Aronia melanocarpa [28,35], Chaenomeles japonica [29,36], Crataegus pinnatifida [17], Malus
domestica [37,38], Malus pumila [30], and Pyrus pyrifolia [31,39]. Considering the complex-
ity of the processes involved in insulin and glucose regulation, the results of the studies
mentioned above may indicate the ability of the tested extracts to stimulate glycolysis and
glycogen synthesis, inhibit gluconeogenesis and glycogenolysis, and lower blood glucose
levels. Moreover, fruits from Amelanchier alnifolia [40], Crataegus pinnatifida [17], Malus
domestica [41], Malus sieversii [42], Sorbus aucuparia [43], and Sorbus domestica [44] have been
suggested to inhibit enzymes involved in the polyol pathway of glucose metabolism, such
as aldose reductase (ALR) and sorbitol dehydrogenase (SDH), and to impair the production
of advanced glycation end products (AGEs). Thus, they may prevent diabetic complica-
tions, primarily oxidative-stress-related damage to the microvascular systems, caused by
pathological glucose metabolism (Figure 2b). Furthermore, one of the investigated species,
i.e., Chaenomeles japonica [36], was proven to have cytoprotective effects on βTC3 pancreatic
β-cells (model of induced toxicity), enabling their viability and normal proliferation to be
preserved. Detailed information on the accumulated research can be found in Table 1.

78 papers 51 papers 14 papers

Amelanchier sp. (8)
A. alnifolia (8)
Aronia sp. (14)
A. melanocarpa (14) 
Chaenomeles sp. (1)
C. sinensis (1)
Crataegus sp. (11)
C. azarolus (1); C. laevigata (1)
C. monogyna (1); C. orientalis (1)
C. pinnatifida (4); C. meyeri (1)

Malus sp. (9)*
M. domestica (6)*; M. pumila (2)*

Pyrus sp. (4)*
P. bretschnrideri (1)*
P. communis (1); P. pyrifolia (2)*

Sorbus sp. (2)*
S. aucuparia (1); S. norvegica (1)*

Aronia sp. (5)
A. melanocarpa (5) 
Malus sp. (9)*
M. domestica (5)*; M. pumila (2)
M. sylvestris (1)
Pyrus sp. (1)
P. pyrifolia (1)

Amelanchier sp. (3)
A. alnifolia (2)
Aronia sp. (8)
A. melanocarpa (8) 
A. prunifolia (1) 
Chaenomeles sp. (9)
C. japonica (4); C. speciosa (6)
C. sinensis (2); C. × superba (1)

C. azarolus (1); C. microphylla (1)
C. laevigata (2); C. pinnatifida (4)

Malus sp. (26)*
M. domestica (21)*
M. sieversii (1); M. pumila (2)*

Pyrus sp. (11)*
P. betulifolia (1); P. bretschneideri (2)*; P. pashia (1) 
P. communis (5); P. pyrifolia (4); P. ussuriensis (1)

Sorbus sp. (9)*

Crataegus sp. (8)

Cydonia sp. (3)
C. oblonga (3)

In total 131 papers*

* Included mixed type of 
studies: 

Aronia melanocarpa:
- in vitro + in vivo animal (1)

Malus domestica:
- in vitro + in vivo animal (1);
- in vitro + in vivo human (3); 
- in vitro + in vivo animal and
human (1);

Malus pumila:
- in vitro + in vivo animal (1); 

Pyrus bretschnrideri:
- in vitro + in vivo animal (1); 

Pyrus pyrifolia: 
- in vitro + in vivo animal (2);

Sorbus norvegica:
- in vitro + in vivo animal (1).  

Mespilus sp. (3)
M. germanica (3)
Pyracantha sp. (2)
P. fortuneana (2)

S. alnifolia (1); S. aucuparia (6); S. commixta (1)
S. decora (2); S. discolour (1); S. domestica (2)
S. folgneri (1); S. hybrid (1); S koehneana (1)     
S. meinichii (1); S. minima (1); S. norvegica (1)* 
S. splendida (1); S. torminalis (1); S. vilmorinii (1)

Vauquelinia sp. (1)
V. corymbosa (1)

Cydonia sp. (1)
C. oblonga (1)

Cotoneaster sp. (1)
C. bullatus (1); C. zabelii (1)
C. Integerrimus (1)

Figure 1. The list of species included in the review, divided into those tested in vitro, in vivo on
animal models, and in vivo on human participants. Numbers in parentheses indicate the number of
papers on the relevant genus/species (some papers discussed different species, and in some cases
there was no indication of the exact species).
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Gluconeogenesis
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PEPCKG6Pase

PGC-1
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GK/HKGlycolysis
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GLP-1

DPP IV

PPAR

PP1

GP Glucose

Glycogenolysis
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PK
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Glucose
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Sorbitol

SDH
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AGEs
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oxidative stress
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haemostatic disorders

endotelial dysfunction
tissue injury

b)

G6PD (PP 
pathway)

GPC-4

Figure 2. The diagram of glucose metabolism (a) associated with the insulin signalling pathway
and (b) associated with the polyol pathway. The gripping points of the activity tested for different
Maleae fruits are described in the manuscript body and tables. The diagram is based on data from
the literature [45–54]; blue arrows indicate activation, red Ts indicate inhibition, “P” indicates phos-
phorylation. Abbreviations: AGEs, advanced glycation end products; AKT, protein kinase B; ALR,
aldose reductase; AMPK, AMP-activated protein kinase; AS160, AKT substrate of 160 kDa; DPP
IV, dipeptidyl peptidase IV; ERK, extracellular signal-regulated kinases; FOXO1, forkhead box G1;
G6Pase, glucose-6-phosphatase; G6PD, glucose-6-phosphate dehydrogenase; GIP, glucose-dependent
insulinotropic polypeptide; GK, glucokinase; GLP-1, glucagon-like peptide 1; GLUT-4, glucose
transporter-4; GP, glycogen phosphorylase; GPC-4, glypican-4; GSK-3, glycogen synthase kinase 3;
GYS2, glycogen synthase 2; HK, hexokinase; IRS-1, insulin receptor substrate 1; IRS-2, insulin receptor
substrate 2; PDK1, phosphoinositide-dependent kinase 1; PEPCK, phosphoenolpyruvate carboxyk-
inase; PFK1, phosphofructokinase 1; PGC-1α, peroxisome proliferator-activated receptor gamma,
coactivator 1 alpha; PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol 4,5-bisphoshate;
PIP3, phosphatidylinositol 3,4,5-triphoshate; PK, pyruvate kinase; PP pathway, pentose phosphate
pathway; PP1, protein phosphatase 1; PPARγ, peroxisome proliferator-activated receptor gamma;
PTEN, phosphatase and tensin homolog; PTP1B, protein tyrosine phosphatase 1B; RAGE receptor,
receptor for advanced glycation end products; SDH, sorbitol dehydrogenase; SOCS3, suppressor of
cytokine signalling 3; TRAP, mediator of RNA polymerase II transcription subunit.
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3.2. In Vivo Animal Studies

The animal studies included different mouse, rat, or lamb models of diabetes, in-
duced in vivo either chemically (e.g., streptozotocin, alloxan, dexamethasone) or by diet
(for detailed information, see Table 2). The results suggested that fruits from Amelanchier
alnifolia, Aronia melanocarpa, Chaenomeles sinensis, Crataegus azarolus, Crataegus laevigata,
Crataegus meyeri, Crataegus monogyna, Crataegus orientalis, Crataegus pinnatifida, Malus do-
mestica, Malus pumila, Pyrus bretschneideri, Pyrus communis, Pyrus pyrifolia, Sorbus aucu-
paria, and Sorbus norvegica can reduce blood/plasma glucose levels to varying degrees,
depending on the animal model, plant species, and fruit preparation (e.g., berry pow-
der, pomace, juices, extracts based on water, ethanol–water, or acetone–water, or their
organic fractions). In the case of Aronia melanocarpa acidified 80% ethanol extract at
300 mg/kg/day [100], Crataegus laevigata 70% ethanol extract at 1200 mg/kg/day [101],
Crataegus pinnatifida acidified 70% ethanol extract at 300 mg/kg/day [102], Pyrus communis
80% ethanol and ethyl acetate extracts at 200 mg/kg/day [103], and Sorbus norvegica 80%
acetone extract at 900–1250 mg/kg/day [22], the blood glucose levels after extract supple-
mentation were comparable with the effects of the reference anti-diabetic drugs, i.e., met-
formin (150–200 mg/kg/day), glipizide (10 mg/kg/day), glibenclamide (5 mg/kg/day),
and acarbose (25 mg/kg/day). Moreover, the HOMA-IR index (homeostatic model assess-
ment for insulin resistance, calculated based on glucose and insulin measurements) and
QUICKI (quantitative insulin sensitivity check index) observed for Amelanchier
alnifolia [104–107], Cydonia oblonga [108], Malus domestica [82,109], and Pyrus pyrifolia [31]
suggested that the hypoglycaemic effects of fruits are driven by the improvement of in-
sulin sensitivity rather than stimulation of insulin secretion. This was consistent with
the blood/plasma insulin levels, which were reduced for all species and studies men-
tioned above, as well as for Aronia melanocarpa [100] and Crataegus pinnatifida [102,110].
Moreover, the ability of Aronia melanocarpa [100,111], Crataegus monogyna [112], Crataegus
pinnatifida [102,110], and Malus pumila [113] fruits to ameliorate histological changes in
pancreatic or liver cells, like hypertrophy or degradation, was also evidenced.

There were several mechanisms behind the activity observed in vivo that were tested
for Maleae fruits (Table 2), including the following:

(1) The effects on intestinal absorption of glucose;
(2) The effects on skeletal, hepatic, or adipose transport of glucose;
(3) The changes in the expression of proteins involved in the insulin signalling pathway;
(4) The modulation of the activity of enzymes involved in glucose metabolism;
(5) The inhibition of glucose-derived protein damage.

(1) The impairment of intestinal glucose transporter (SGLT-1), which may decrease the
absorption of sugars consumed with foods, was proven for Malus domestica [75]. Moreover,
modification of the gut microbiota’s function was also reported to be involved in reducing
intestinal sugar absorption. This effect was observed for fruits from Amelanchier alnifolia,
which were able to, i.a., alter the α-diversity and β-diversity of gut microbiota and reduce
the ratio of Firmicutes/Bacteroidetes, which was negatively correlated with carbohydrate
digestion [104–106]. Finally, the inhibition of mucosal enzymes’ activity, i.e., sucrase and
maltase (α-glucosidases that catalyse the hydrolysis of sucrose and maltose O-glycosidic
bonds), was observed for the Aronia melanocarpa juice and extract and proposed as another
mechanism of lowering the blood/plasma glucose levels by inhibiting the digestion and
absorption of sugars [114,115].

(2) The intensification of hepatic (GLUT-2, GLUT-4), muscle (GLUT-4), and adipose
(GLUT-1, GLUT-4) glucose transport was suggested for Aronia melanocarpa [35,100,116,117],
Crataegus pinnatifida [102,118], and Pyrus pyrifolia [31] hydroalcoholic fruit extracts. Thus,
these may increase tissue glucose uptake for further metabolism and lower the sugar level
in the bloodstream.

(3) The homeostasis of glucose metabolism depends on several simultaneous ongoing
processes under the control of insulin. The binding of insulin to its receptor leads to a cas-
cade of reactions that promote glucose usage and storage by different tissues (liver, muscle,
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or adipose), e.g., the stimulation of glycogen synthesis (i.e., the transformation of glucose
to glycogen) and glycolysis (i.e., the conversion of glucose to pyruvate and production
of ATP energy). At the same time, de novo synthesis of glucose (gluconeogenesis) and
glycogenolysis (metabolism of glycogen to glucose) are suppressed [50]. However, insulin
secretion is only the beginning of the chain reactions, and these processes can be controlled
at multiple stages (see Figure 2). As mentioned earlier, the results of the hypoglycaemic
activity studies of Maleae fruits suggested that the reduction in blood/plasma glucose
levels was driven by the improvement of insulin sensitivity rather than the stimulation
of insulin secretion. Thus, the effects on the expression of different proteins in the insulin
signalling pathway were tested for some species. Depending on the studies, the Aronia
melanocarpa juices or extracts were able to increase the expression of p-PI3K (phosphory-
lated phosphoinositide 3-kinase), p-Akt (phosphorylated protein kinase B), GYS (glycogen
synthase), and GLP-1 (glucagon-like peptide 1), as well as the ratios of p-IRS-1(2)/IRS-
1(2) (phosphorylated insulin receptor substrate 1(2)/ insulin receptor substrate 1(2)) and
p-GSK-3β/GSK-3β (phosphorylated glycogen synthase kinase 3 beta/ glycogen synthase
kinase 3 beta); they were also documented to decrease the levels of PTEN (phosphatase
and tensin homolog) and SOCS3 (suppressor of cytokine signalling 3), which may re-
sult in the enhancement of glycolysis and glycogen synthesis, as well as the inhibition
of gluconeogenesis and glycogenolysis [100,115–117,119]. Similar effects were observed
for Crataegus pinnatifida—by increasing p-Akt, p-AMPK (phosphorylated AMP-activated
protein kinase), p-IRS-1, and p-PI3K, and decreasing PEPCK (phosphoenolpyruvate car-
boxykinase) levels [102,118]; various Crataegus spp.—by increasing the GPC-4 (glypican-4)
level [120]; Cydonia oblonga—by increasing p-AMPK and decreasing PPARγ levels [108];
and Malus pumila—by increasing the p-Akt level [113]. On the other hand, the results of
gene expression studies in Amelanchier alnifolia berry powder suggested the enhancement
of opposing processes of glycolysis and gluconeogenesis, but the final effect on glucose
metabolism was still positive, i.e., oral glucose tolerance test parameters were improved in
comparison to diabetic controls [121]. In this case, the answer may be not in the levels of
particular enzymes, but rather in their activity, which needs further investigation.

(4) Therefore, in addition to protein expression studies, some of the reviewed papers
include alternative enzyme activity tests. According to these examinations, the juice or
acidified 60% ethanol extracts from Aronia melanocarpa [115,116,119] were able to increase
the activity of glucokinase (GK) and pyruvate kinase (PK) (which may enhance the gly-
colysis process), inhibit the activity of enzymes involved in gluconeogenesis (e.g., PEPCK,
phosphoenolpyruvate carboxykinase; G6Pase, glucose-6-phosphatase), and regulate glu-
cose homeostasis through enzymatic termination of incretin action (DPP IV inhibition). The
inhibition of G6Pase was also observed for 70% methanol macerate from Malus sp. [122].

(5) Finally, some mechanisms that may prevent the impairment of the function of
various proteins caused by high glucose levels were also revealed. For example, it was
observed that the fruit extract from Chaenomeles sinensis [123] decreased the levels of
intermediate products of glycation, i.e., glyoxal (GO) and methylglyoxal (MG). Moreover,
the extract from Crataegus orientalis [112] was able to inhibit the activity of the ALR enzyme,
which may prevent the development of diabetic complications caused by pathological
glucose metabolism (polyol pathway).

The detailed information on the summarised research results can be found in Table 2.
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3.3. Human Studies

The in vivo human studies on the anti-diabetic potential of fruits from the Maleae
tribe referred to five species, i.e., Aronia melanocarpa, Malus domestica, Malus sylvestris, Malus
pumila, and Pyrus pyrifolia (Table 3).

The 1–3-month Aronia melanocarpa juice or extract supplementation resulted in reduced
fasting blood glucose and glycated haemoglobin (HbA1c) levels in diabetic patients [143–145].
Moreover, the study of Simeonov et al. [143] showed that 60 min after ingestion of Aronia
juice, the blood glucose levels in diabetic patients were reduced; however, this effect was
statistically insignificant when the Aronia supplementation was combined with the meal.
On the other hand, it was suggested that one-time Aronia juice supplementation decreased
the postprandial blood glucose excursion in healthy people [146].

The anti-diabetic potential of Malus domestica fruits was tested only on healthy adults
during one-time consumption of the apple powder or commercial apple extracts with the
carbohydrate meal (postprandial response tests) or glucose (oral glucose tolerance test
(OGTT)) [32,34,73,75,147]. These trials indicated the delay time (Tmax) and the lower or
unchanged maximal glucose and insulin levels (Cmax), as well as the reduction in the total
glucose concentration during the time of the study (iAUC, incremental area under the
curve of glycaemic excursion). Moreover, a significant decrease in the glucose-dependent
insulinotropic peptide (GIP) and C-peptide (an indicator of pancreatic β-cell function) was
observed. The urinary glucose excretion was increased or unchanged.

The positive effects on the OGTT parameters (decreased iAUC and glucose levels after
30 min) [148,149] or postprandial response to carbohydrate meals (decreased iAUC and
Cmax) [148,149] were also observed for Malus pumila and Pyrus pyrifolia. In the first study,
the effect was significant in the patients with high–normal or borderline glucose levels
(100–125 mg/dL) who were regularly supplemented with the apple extract for 12 weeks. In
the second study, the participants with normal glucose levels received a single apple or pear
preload combined with specialised carbohydrate meals. Finally, the fasting blood glucose
levels were significantly reduced in diabetes mellitus type II patients who consumed Malus
sylvestris fruits for 14 days [150].
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3.4. Polyphenols and Other Chemical Contributors to the Anti-Diabetic Activity of Maleae Fruits

The Maleae fruits contain different bioactive substances, primarily polyphenols
(e.g., anthocyanins, flavonoids, proanthocyanidins, phenolic acids), but also terpenoids,
proteins, carbohydrates, vitamins, and minerals. In this review, we do not present the
detailed chemical composition of all species, since their profiles are highly complex and
described in detail in other reviews [153–155], but we discuss the suggestions from the liter-
ature on the chemical constituents that might be responsible for the observed anti-diabetic
effects of fruits. To this end, we focused not on the hypothetical indication of active markers
based only on fruit composition (i.e., the presence of particular components), but on activity
confirmation by testing pure compounds or their purified fractions (issued in 26 papers).
The details, i.a., the chemical structures in question and the brief chemical profiles of the
fruits (if covered in the reviewed articles), are shown in Tables 1–3. In addition, the impacts
of various compounds on the anti-diabetic potential of Maleae fruits are discussed below,
and summarised in the form of Figures 3 and 4. All in all, as the leading phytochemical
constituents of Maleae fruits, polyphenols were most often tested for biological effects and
confirmed as being responsible for the anti-diabetic activity of different species through
various mechanisms. In addition, some papers pointed out the contribution of polysaccha-
rides or triterpenes to the biological effects of, e.g., Chaenomeles or Sorbus species, as well as
their synergy with polyphenols.

 

Figure 3. The chemical structures of compounds studied as constituents responsible for the anti-
diabetic effects of Malea fruits.
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Figure 4. Summarising the contributions of phenolic and non-phenolic compounds to the anti-
diabetic effects of Maleae fruits, based on activity studies of pure compounds and their contributions
to the fruit samples’ composition and activity [12,14,15,17,20,22,24,27,33,37,42,43,58,59,62–64,68,75,
79,90,94,100,104,110,113,119]. AGEs, advanced glycation end products; DPP IV, dipeptidyl peptidase-
4; GLUT-4, glucose transporter 4; GLP-1, glucagon-like peptide 1; HbA1c, glycated haemoglobin;
HOMA-IR, homeostatic model assessment for insulin resistance; OGTT, oral glucose tolerance test;
p-AKT, phosphorylated protein kinase B; p-IRS-2, phosphorylated insulin receptor substrate 2; p-
FOXO1, phosphorylated forkhead box G1; p-GSK-3β, phosphorylated glycogen synthase kinase 3
beta; PTP1B, protein tyrosine phosphatase 1B; SOCS3, suppressor of cytokine signalling 3.
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3.4.1. Anthocyanins’ Contribution to the Amelanchier and Aronia Fruits’ Activity

Anthocyanins were studied as active constituents of Amelanchier alnifolia [104–107] and
Aronia melanocarpa [12,58,119]. Cyanidin 3-O-glucoside (7.2 mg/kg/day) was revealed to re-
duce the fasting plasma glucose levels in the mice fed a high-fat, high-sucrose diet, reaching
levels similar to those observed for Amelanchier berry powder containing an equal amount of
cyanidin glucoside [104]. Cyanidin monoglycosides isolated from Aronia melanocarpa fruits
(986.48 mg of cyanidin galactoside, glucoside, arabinoside, and xyloside per g of fraction;
150–300 mg/kg/day) reduced blood glucose and HbA1c serum levels, increased the glyco-
gen levels in the liver, and modulated hepatic protein expression (↑ p-GSK-3β, ↑ GLUT-4,
↓ SOCS3) in the diabetic mice [100]. Moreover, the in vitro studies of the α-glucosidase-
inhibitory potential of individual anthocyanins from Aronia fruits suggested the higher
anti-diabetic potential of cyanidin arabinoside and glucoside (IC50 = 0.37–0.87 μg/mL)
compared to cyanidin galactoside and xyloside (IC50 = 1.54–5.5 μg/mL). Still, all cyanidin
monoglycosides were considered to be co-responsible for the anti-glucosidase activity of
the chokeberry 50% ethanol extract (IC50 = 3.5 μg/mL) [12]. The in vivo (animal model)
anti-diabetic potential was also tested for cyanidin 3,5-diglucoside (10 μg/mL solution),
but its effectiveness was weaker than that of Aronia juice [119]. The contribution of antho-
cyanins to the anti-diabetic potential of fruits may explain the higher activity observed for
extracts from peel than from the flesh of Amelanchier, as well as that of acidified alcoholic
extracts from Aronia fruits compared with non-acidified extracts (higher extraction potential
and content of anthocyanins) [13,55].

3.4.2. Dihydrochalcone’s Contribution to the Malus Fruits’ Activity

Phlorizin intake (1.96 mg/kg) significantly reduced the iAUC (in vivo animal studies,
OGTT) to levels comparable to those achieved by Malus domestica commercial extract
(12.24 mg/kg) containing the same amount of phlorizin [75]. This observation may be due
to the inhibition of intestinal glucose absorption that was reported for phlorizin, e.g., it
was calculated that phlorizin contributed to 52% of the glucose transport reduction (Caco-2
cells) noted for Malus domestica extract [33]. Phlorizin was also able to inhibit α-glucosidase
activity (IC50 = 0.01 mg/mL, with significantly stronger effectiveness than extracts from
different Malus sp. cultivars IC50 = 7–256 mg/mL) [42]. Moreover, phlorizin stimulated the
glucose uptake by hepatic cells and modified the protein levels in the insulin signalling
pathway in vitro, with effects comparable to those achieved with Malus domestica 80%
ethanolic extract [37].

3.4.3. Flavonols’ Contribution to the Chaenomeles, Cotoneaster, Malus, Pyrus, Sorbus, and
Vauquelinia Fruits’ Activity

A contribution to the anti-diabetic potential of Maleae fruits was also suggested for
flavonols. Hyperoside was found to inhibit α-glucosidase and/or DPP-IV activity, as well
as AGE formation, and the activity was higher than or comparable to that observed for
corresponding fruit extracts from Chaenomeles speciosa, Chaenomeles sinensis, Cotoneaster inte-
gerrimus, Cotoneaster zabelii, Cotoneaster bullatus, Crataegus pinnatifida, Malus domestica, and
Malus sieversii [15,42,63,68]. Moreover, rutin and quercetin-3-O-(6′ ′-benzoyl)-β-galactoside
were suggested to be α-glucosidase inhibitors from Pyrus bretschneideri [90] and Vauquelinia
corymbose [24], respectively, while quercetin 3-(2”-xylosyl)galactoside and quercetin 3-O-β-
sophoroside contributed to the inhibition of AGE formation observed for Cotoneaster sp. [15]
and Sorbus aucuparia extracts [43], respectively. Finally, it was calculated that quercetin-3-O-
rhamnoside contributed to the reduction in intestinal glucose transport (in vitro cellular
studies on Caco-2 cells) by Malus domestica methanol extract, to the extent of 26% [33].

3.4.4. Proanthocyanidins’ Contribution to the Aronia, Crataegus, Chaenomeles, Cotoneaster,
Malus, Pyracantha, Pyrus, and Sorbus Fruits’ Activity

The influence of proanthocyanidins on the anti-diabetic activity of fruits was tested
with the use of both purified fractions (composed of monomeric-to-polymeric flavan-3-ols)
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and individual compounds (i.e., monomers, dimers, and trimers of flavan-3-ols). The four-
week supplementation of the procyanidin fraction from Malus pumila juice (purified from
other active components, like phlorizin and chlorogenic acid, administered without restric-
tion in drinking water, with 0.5 g of procyanidin fraction per 100 mL of water) resulted in a
significant improvement in the OGTT parameters and a reduction in HOMA-IR, pancreatic
cell hypertrophy, and hepatic gluconeogenesis in insulin-resistant mice [113]. Moreover,
the procyanidin fraction from Crataegus pinnatifida (epicatechin and procyanidins B2, B5,
and C1; 200 mg/kg) reduced blood glucose levels (OGTT) and alleviated histopathological
changes to the liver in high-fat-diet rats [110]. Furthermore, different flavan-3-ols isolated
from numerous Maleae fruits were proven to inhibit α-glucosidase/α-amylase activity and,
thus, suggested to contribute to the fruits’ anti-diabetic activity based on this mechanism;
these were (−)-epicatechin/(+)-catechin (Chaenomeles sp., Cotoneaster sp., Malus sp.), pro-
cyanidin B2 (Aronia melanocarpa, Cotoneaster sp., Malus sp., Sorbus aucuparia), procyanidin C1
(Aronia melanocarpa), oligomeric and polymeric proanthocyanidin fractions (Pyrus pyrifolia,
Sorbus aucuparia), the sum of (+)-catechin, (−)-epicatechin, A-type and B-type procyanidins,
and procyanidin glycosides (Pyracantha fortuneana) [12,15,20,27,42,43,63,64,79,96]. In addi-
tion, (−)-epicatechin and procyanidin B2 were demonstrated to inhibit AGE formation,
and their effectiveness was a dozen to several dozen times higher than that observed for
corresponding fruit extracts from Cotoneaster sp. and Sorbus aucuparia [15,43].

3.4.5. Phenolic Acids’ Contribution to the Aronia, Chaenomeles, Malus, Mespilus, Pyrus, and
Sorbus Fruits’ Activity

Regarding phenolic acids, their contribution to the anti-diabetic activity of Maleae
fruits was best documented for chlorogenic acid. It was reported that chlorogenic acid
contributed to the inhibition of intestinal glucose transport (observed for the Malus domestica
extract, 12% share [33]), the inhibition of α-glucosidase activity (Aronia melanocarpa wines,
Chaenomeles sp. extracts, and Malus sp. extracts [14,42,63]), the inhibition of hepatic glucose
uptake and DPP-IV activity (Malus sp. extracts [37,42]), and the inhibition of AGE formation
(Sorbus aucuparia extracts [43]). Moreover, the reduction in α-glucosidase activity was also
observed for protocatechuic, ferulic, and vanillic acids from Chaenomeles sp., Mespilus
germanica, and Pyrus bretschneideri extracts [63,87,90].

3.4.6. Contribution of Non-Phenolic Compounds to the Crataegus, Chaenomeles, and Sorbus
Fruits’ Activity, and Their Synergy with Polyphenols

Apart from polyphenols, some triterpenes were also suggested as anti-diabetic agents.
For instance, 3-epicorosolic acid isolated from Crataegus pinnatifida inhibited protein tyrosine
phosphatase 1B (PTP1B) and α-glucosidase to comparable or higher extents than the
respective crude methanol extract and its organic fractions [17]. In addition, α-glucosidase-
inhibitory activity was observed for oleanolic acid from Chaenomeles sp. [59,63].

Last, but not least, the anti-diabetic potential has been confirmed for polysaccharides.
The α-glucosidase inhibition observed for the polysaccharide fraction from Chaenomeles
speciosa fruits was potent (100% inhibition at 0.5 mg/mL) and significantly higher com-
pared to all other compounds isolated from the fruits, including various polyphenols
and triterpenes. However, there was no clear relationship between activity parameters
and polyphenol/polysaccharide/triterpene concentrations in different Chaenomeles ex-
tracts/fractions. Consequently, statistical analysis performed using composition data of the
tested extracts/fractions and activity of pure compounds suggested that α-glucosidase inhi-
bition of the fruits seems additive or synergic and depends on various chemical constituents
and proportions between them [59]. The synergy of polysaccharides with polyphenols in
the context of anti-diabetic potential was also confirmed for Sorbus norvegica. In this case,
the inhibition of α-amylase activity was significantly higher for the whole-fruit extract
(IC50 = 2.5 μg/mL) than for its two fractions, i.e., polysaccharides (IC50 = 48 μg/mL) and
polyphenols (IC50 = 20 μg/mL) [22]. The structures of both tested polymers were not
analysed. Still, another study on the carbohydrates from Chaenomeles and Sorbus species
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suggested that galacturonic acid, arabinose, and galactose may be the primary components
of these active polysaccharides [156,157].

3.4.7. Impact of Monosaccharides on Fruits’ Anti-Diabetic Potential

Considering the possibility of using fruits as potential herbal drug candidates for the
prevention or treatment of diabetes, it is worth paying attention to the presence of simple
sugars and the related glycaemic index (GI). The GI expresses the capacity of the organism
to deal with carbohydrates in foods as a percentage of the response to an equal weight
of glucose. Since all fruits from the Maleae tribe are classified as having a low GI (<55),
their consumption by diabetic patients is considered to be safe [158–160]. This is especially
important for ingesting the whole, fresh fruits or juices, while supplementation of fruit
extracts with concentrated contents of only selected compounds is all the more secure.

3.5. The Anti-Diabetic Potential of the Most Promising Maleae Fruits—Concluding Thoughts

Considering all studies on the anti-diabetic effects of Maleae fruits, their number, and
the results presented above, the most promising species for more expansive pro-health
applications today seem to be Aronia melanocarpa and Malus domestica, which are among
the few that have been tested in human trials. Therefore, in this chapter, we sum up the
currently available data on these two species and discuss the potential outcomes for future
diabetes management using fruit products. At the same time, we do not forget about
other species, research on which is less advanced but still promising and worthy of further
attention, e.g., Amelanchier sp., Chaenomeles sp., Crataegus sp., Pyrus sp., Sorbus sp., and
other Aronia sp., and Malus sp.

3.5.1. The Anti-Diabetic Potential of Aronia melanocarpa Fruits

The anti-diabetic potential of Aronia melanocarpa seems to be mainly due to the in-
crease in insulin sensitivity and the boost in the peripheral absorption of glucose (likewise,
e.g., metformin), as well as the delay in the absorption of carbohydrates from the intestine
(likewise, e.g., acarbose).

According to Chen and Meng [100], the five-week supplementation of acidified 80%
ethanol Aronia melanocarpa fruit extract, at 300 mg/kg/day, resulted in about 1.6-fold lower
glucose levels, about 2-fold lower insulin levels, and about 1.8-fold lower HbA1c levels in
comparison to diabetic mice, while the effect of metformin (200 mg/kg/day) was about
2-fold lower glucose levels, about 2.2-fold lower insulin levels, and about 2.3-fold lower
HbA1c levels. The effectiveness of Aronia extract relative to the synthetic anti-diabetic drug
was also observed in the enhancement of GLUT-4 and p-GSK-3β expression, resulting
in higher glucose uptake by hepatic cells and stimulating glycogen synthesis [100]. The
increased tissue-specific glucose uptake and glycogen levels, as well as the modulation of
different proteins’ expression in the insulin signalling pathway, which led to a decrease in
glucose levels, was confirmed by many in vitro and in vivo studies (Tables 1–3). What is
essential in this metformin-like mechanism of action is that the sensitisation of tissues to
the action of insulin occurs without increasing the insulin level, which reduces the risk of
hypoglycaemia as the main disadvantage of sulfonylurea drugs (e.g., glipizide).

The delay in the absorption of carbohydrates from the intestine observed for Aronia
melanocarpa fruit products relies on glucosidase inhibition, which is therefore another
verified mechanism of action of the fruit. According to different studies [114,115], Aronia
juices and extracts significantly inhibited α-glucosidase, maltase, and sucrase activity
in the intestine (in vivo animal models). The effectiveness of Aronia extracts towards α-
glucosidase compared to acarbose (in vitro studies) was measured as 37–186 times higher,
depending on the fruit cultivar, the origin of the sample, and the type of extract (and,
thus, chemical composition). It is also advantageous that synthetic glucosidase inhibitors
are associated with some slight gastrointestinal side effects, of which fruits seem to be
devoid [143,144].
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Finally, as mentioned above, the activity of fruit products is closely related to their
composition. From the whole chemical pool of Aronia melanocarpa fruits (over one hundred
phenolic compounds identified), only a few have been tested as contributors to the anti-
diabetic potential of fruit. These were mainly anthocyanins (i.e., cyanidin 3-arabinoside,
cyanidin 3-glucoside, cyanidin 3-galactoside, cyanidin 3-xyloside, cyanidin 3,5-diglucoside),
which accounted for about 10–25% (or 98% in case of the purified fraction) of extracts/juice
dry mass (Tables 1–3). Like Aronia fruits, these compounds were able to lower blood
glucose, HbA1c, and GLP-1 levels, inhibit DPP IV and α-glucosidase activity, increase
glycogen levels in the liver, and modulate hepatic protein expression (in vitro and in vivo
models) [12,58,100,119]. The contribution to the α-glucosidase-inhibitory activity was also
noticed for procyanidin dimers, trimers, and some phenolic acids (i.e., chlorogenic and
caffeic acids) [12,14,58]. Moreover, considering the contents of individual compounds
and their activity, as well as the activity of relevant plant samples, the synergistic and
additive effects of different constituents were suggested [119,131]. Synergy with synthetic
anti-diabetic drugs is also possible, but this matter has not been studied so far.

3.5.2. The Anti-Diabetic Potential of Malus domestica Fruits

In the case of Malus domestica fruits, their effectiveness is suggested to be mainly due
to the inhibition of both sodium-dependent and sodium-independent glucose transporters
in the intestine (SGLT-1 and GLUT-2), which results in a delay in the absorption of carbo-
hydrates [32,34]. SGLT-1 inhibitors are currently an eagerly studied group of anti-diabetic
drugs (synthetic and plant-derived) whose potential is due not only to their glucose-
lowering ability but also to their cardioprotective effects. One of the leading natural SGLT-1
inhibitors is phlorizin—a dihydrochalcone isolated from apples [147]. Indeed, the phlorizin-
containing apple products were also confirmed to reduce glucose-derived protein damage
by inhibiting the activity of ALR and SDH enzymes and the formation of AGEs (polyol
pathway); thus, they may prevent the development of diabetic complications [41,74,80].

The second type of Malus domestica fruit activity related to the content of phlorizin
(5–16%) was suggested to be the increased insulin sensitivity resulting from the enhanced
hepatic glucose uptake and expression of proteins involved in glycogen synthesis and
glycolysis (e.g., ↑ p-GSK3β/GSK3β, ↑ p-FOXO1/FOXO1) [147]. Therefore, Malus domestica
is another species with a metformin-like mechanism of action, i.e., the sensitisation of tissues
to the action of insulin without increasing the insulin level. Indeed, the in vivo studies
confirmed the Malus extracts’/juices’ ability to lower both glucose and insulin in diabetic
animals to levels comparable to those observed in healthy subjects, as well as to normalise
the postprandial and OGTT parameters in healthy people [32,34,73,75,109,139,140,143].

As for anti-diabetic bioactive compounds, aside from phlorizin, there has also been
research on the contributions of chlorogenic acid, procyanidins, and quercetin deriva-
tives to hepatic and intestinal glucose transport, as well as AGEs and α-glucosidase
inhibition [33,37,42,79]. Interestingly, while the inhibitory potential of apples towards
α-glucosidase seems to be less evident (i.e., only extracts with increased contents of
polyphenols—about 40–80%—were able to inhibit glucosidase more strongly than acar-
bose), the synergistic anti-glucosidase activity with acarbose was confirmed for apple juice.
Thus, this is another beneficial aspect of using fruit products in combinatory therapy for
diabetes.

4. Conclusions

The data reported in this review show that many Maleae fruits indeed have anti-
diabetic potential and may be recommended for the prevention and treatment of diabetes.
However, from over 1000 species belonging to the Maleae tribe, only 46 have been inves-
tigated so far in the context of diabetes. The majority of the conducted studies covered
only in vitro tests (67 papers); then, there are in vivo studies on animal models (51 reports,
including some mixed in vitro/in vivo tests), as well as in vivo human studies (14 trials
on Aronia melanocarpa, Malus sp., and Pyrus pyrifolia). The species most thoroughly stud-
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ied in terms of anti-diabetic effects and mechanisms were Amelanchier alnifolia, Aronia
melanocarpa, Chaenomeles japonica, Crataegus pinnatifida, Malus domestica, Malus pumila, and
Pyrus pyrifolia. The reviewed papers indicated the ability of Maleae fruits, e.g., to modulate
the expression and activity of the proteins in the insulin-mediated PI3K/Akt pathway,
induce incretin-based effects (e.g., GLP-1 and GIP agonism, DPP IV inhibition), regulate
the intestinal glucose absorption and tissue-specific glucose uptake by affecting the glucose
transporters (GLUTs and SGLT1), and inhibit enzymes involved in carbohydrate digestion
(α-glucosidase) or in the polyol pathway of glucose metabolism (ALR, SDH). As for phyto-
chemicals responsible for the anti-diabetic effectiveness of Maleae fruits, some reviewed
papers suggested contributions of various compounds to the observed effects—primarily
polyphenols (e.g., flavonols, dihydrochalcones, proanthocyanidins, anthocyanins, phenolic
acids), but also triterpenes and polysaccharides. Thanks to the additive and synergistic
actions of individual phytochemicals, the biological effects of fruits/juices/extracts are sig-
nificantly higher than those of pure compounds. Therefore, various fruits from the Maleae
tribe seem to be advantageous anti-diabetic agents. Still, their potential for functional
application depends on various factors, in addition to the obvious plant species/variety, all
of affect the composition of fruit products and, thus, may explain some discrepancies in the
results of different studies. These include variations in climatic growth conditions, maturity
stage, type of sample (i.e., the part of the fruit, like peel or flesh), processing conditions,
or ingested form, e.g., if consumed as fresh fruits, juices, or specific extracts with high
concentrations of selected active compounds. The latter form seems especially promising,
as it reduces excessive intake of ballast constituents, primarily diabetes-promoting free
monosaccharides. Finally, the prospects of different fruits and their extracts for more ex-
pansive pro-health applications require further research, especially more profound in vivo
trials with the establishment of effective doses, and formulation and toxicity studies on the
fruit extracts as potential herbal drug candidates.
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Abstract: Plant extracts including secondary metabolites have anti-inflammatory and anti-obesity activi-
ties. This study was conducted to investigate the anti-obesity properties of fermented Artemisia annua
(AW) and Salicornia herbacea (GW) in vitro and in mice. The metabolite profiling of AW and GW
extracts was performed using UHPLC−LTQ−Orbitrap–MS/MS, and gene expression was analyzed
using real-time PCR for adipocyte difference factors. The anti-obesity effects in mice were measured
using serum AST, ALT, glucose, TG, and cholesterol levels. Metabolites of the plant extracts after
fermentation showed distinct differences with increasing anti-obesity active substances. The efficacy
of inhibitory differentiation adipogenesis of 3T3-L1 adipocytes was better for GW than AW in a
concentration-dependent manner. RT-PCR showed that the GW extract significantly reduced the
expression of genes involved in adipocyte differentiation and fat accumulation (C/EBPα, PPARγ,
and Fas). In C57BL/6 mice fed the HFD, the group supplemented with AW and GW showed reduced
liver weight, NAS value, and fatty liver by suppressing liver fat accumulation. The GW group signifi-
cantly reduced ALT, blood glucose, TG, total cholesterol, and LDL-cholesterol. This study displayed
significant metabolite changes through biotransformation in vitro and the increasing anti-obesity
effects of GW and AW in mice. GW may be applicable as functional additives for the prevention and
treatment of obesity.

Keywords: annual wormwood; glasswort; metabolites; fermentation; anti-obesity; mouse

1. Introduction

Obesity, which is considered a major public health problem, ranks as the fifth leading
cause of death worldwide and has tripled in the last 40 years [1]. The World Obesity Atlas
published in 2022 predicts that one billion people worldwide will live with obesity by
2030 [2]. The main cause of obesity is the increase in body fat storage efficiency because of
a high-fat diet and the accumulation of fat due to adipogenesis by the differentiation of
adipocytes [3]. Increased fat accumulation accompanies various diseases such as obesity,
insulin resistance, type 2 diabetes, hyperglycemia, dyslipidemia, and metabolic syndrome
due to changes in body weight, increased fasting blood sugar, and cholesterol [4,5]. In
addition, mRNA expression of genes, such as peroxisome proliferator-activated receptor-γ
(PPARγ), CCAAT/enhancer-binding protein-α (C/EBPα), and leptin, is known increase in
obesity [6]. Adipose tissue plays an important role in the immune response, contributing to
a chronic low-grade inflammation process linked to tumor development through adipokine
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secretion molecules, hormone (leptin), growth factors, and proinflammatory cytokines,
proliferation, angiogenesis, and expression process [7]. Leptin participates in endocrine
metabolism as well as the regulation of appetite and energy expenditure. Recent data
have emphasized the brain’s ability to control the complex mechanisms of food intake and
storage [8]. The highlight is the value of adipocyte-secreted hormones in obesity and cancer
prevention through risk reduction and specific adapted therapies [9]. Recently, in order
to prevent and treat obesity, methods such as diet and exercise, as well as next-generation
anti-obesity drugs, are being developed [10]. Traditionally, various medicinal plants have
been used as treatments for diseases, and various medicinal plants were known to have
an effect on obesity [11]. Many studies have scientifically proven that plant extracts can
be potential preventive and therapeutic agents for obesity because physiologically active
compounds in plant extracts possess anti-obesity effects [12]. Medicinal plants with an-
tioxidant and anti-obesity effects include Moringa oleifera, Solenostemma argel, and Salvia
species [13]. The use of natural therapies for weight loss has increased based on their relia-
bility, safety, and cost, compared to synthetic drugs or surgical procedures that have side
effects [14]. Among many medicinal plants, annual wormwood (AW: Artemisia annua L.) is
an annual plant belonging to the Asteraceae family that is known for its anti-inflammatory,
anti-cancer, antibacterial, and anti-obesity effects and can be found in some parts of Asia,
including Korea and China [15]. Compounds, such as ketone, camphor, and 1,8-cineole,
exist in AW essential oil [16], and extracts of AW are reported to have excellent antioxidant
capacity [17]. In addition, AW has been reported to contribute to the prevention of obesity,
including compounds with various anti-obesity activities, such as artemisinic acid, rham-
netin, myricetin, and sabinene [18–20]. AW is used as livestock feed and raw material for
medicine and cosmetics [21,22].

Glasswort (GW: Salicornia europaea) is a halophyte belonging to the pemphigus family
Chenopodiaceae, which grows on the coasts of temperate and subtropical regions [23]. GW is known
to have various functionalities such as antioxidant, anti-cancer, and anti-obesity [24,25]. Chemical
constituents such as sterols, quinic acid derivatives, flavonoid derivatives, triterpenoid
saponins, and pentadecyl ferulate are present in GW, and some of them have antioxidant
activity [26]. In addition, there are various anti-obesity compounds such as trans-ferulic
acid (TFA) and isorhamnetin 3-O-β-D-glucopyranoside in GW, which are known to regulate
adipogenesis and differentiation inhibition [27,28]. GW is applied as a sodium substitute to
various foods such as in baking and sausage making [29,30]. Some of the medicinal herbs
used in traditional medicine were biologically activated through the biotransformation of
bacteria through fermentation [31]. It is known that fermentation induces the structural
destruction of plant cell walls in plant foods and induces the release or synthesis of various
antioxidant compounds, especially increasing the amount of phenols and flavonoids due
to microbial hydrolysis [32]. As such, AW and GW have been studied for their various
physiological activities, but most of them focused on antioxidant and anti-cancer effects. In
particular, there are fewer studies on the anti-obesity effects of fermented natural products,
and studies comparing anti-obesity effects, physiological activities, and metabolomes before
and after fermentation have not been reported.

This study was conducted to elucidate the prospective substances for anti-obesity
and to investigate the effects of these medicinal plants as functional additives, as well as
natural medicaments. Therefore, the metabolome changes in the medicinal plants AW and
GW before and after fermentation, and the differentiation inhibitory ability using 3T3-L1
adipocytes in vitro, were confirmed. In addition, to evaluate the possibility of obesity
prevention, male C57BL/6 mice were fed the HFD supplemented with AW and GW.

2. Materials and Methods

2.1. Preparation of Medicinal Plants

Annual wormwood (AW) and glasswort (GW) were purchased in powder form from a
Korean food company and stored in a refrigerator at 4 ◦C before use (AW: Ingreen Co., Ltd.,

100



Nutrients 2023, 15, 2022

Gangwha-do, Republic of Korea; GW: Suncheon Bay Hamcho Agricultural Cooperative
Corporation, Suncheon-si, Jeollanam-do, Republic of Korea).

2.2. Fermentation of Medicinal Plants

The medicinal plant powder, 5% (w/v) of AW and GW was added separately to one-
fifth diluted Man Rogosa Sharpe (MRS) broth and Bacillus minimal medium (BMM) for the
fermentation. Then, pH was adjusted to 7.0 ± 0.5 and sterilized at 121 ◦C for 15 min. For
fermentation, 1% (v/v) of Lactobacillus plantarum SK3494 and Enterococcus faecium SK4369,
which was isolated from natural extract of each plant [33,34], was inoculated into the
respective medium. The AW and GW were fermented for 16 h at 37 ◦C using a shaking
incubator (BF-60SIRL, Biofree, Seoul, Republic of Korea) under shaking of 100 rpm.

2.3. Extraction of Fermented Plants

Before and after fermentation, solution was collected at each time point (0 and 16 h)
and stored at −20 ◦C. After fermentation, ultra-pure water was added to each solution at
a rate of 70% and then boiled at 100 ◦C for 15 min using a water bath (Wise Bath, Seoul,
Republic of Korea). Extracted solutions were cooled to room temperature and centrifuged
at 14,500 rpm for 15 min (Mega 17R; Hanil, Seoul, Republic of Korea). The collected
supernatants were freeze-dried using a freeze dryer (UniFreeze FD-8, Daihan Scientific Ltd.,
Seoul, Republic of Korea) and stored in a deep freezer at −80 ◦C for future experiments.

2.4. Chemicals and Reagents

The HPLC-grade water and methanol were purchased from Fisher Scientific (Pitts-
burgh, PA, USA). Formic acid was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.5. Preparation of Metabolic Extracts

The freeze-dried supernatants of non-fermented and fermented samples from AW
and GW were extracted using 75% methanol (50 mg/mL). The mixtures were sonicated
for 30 min and incubated for 24 h under deep-freezing (−20 ◦C) conditions. Each of the
samples was centrifuged at 11,000 rpm for 10 min, and the collected supernatant was
filtered through a 0.22 μm polytetrafluoroethylene filter and dried using a speed vacuum
concentrator (Biotron, Seoul, Republic of Korea). The dried samples were reconstituted
with 75% methanol to a final concentration of 20 mg/mL, to be used for instrument analysis.

2.6. UHPLC–LTQ–Orbitrap–MS Profiling

Metabolite profiling of non-fermented and fermented extracts of AW and GW was
preformed using UHPLC–LTQ–Orbitrap–MS/MS. The 2-chloro-phenylalanine (1.5 μg/mL)
was used as an internal standard (IS). A sample of 5 μL was injected into a UHPLC system
equipped with a Vanquish binary pump H system (Thermo Fisher Scientific, Waltham, MA,
USA) coupled with auto-sampler and column compartment at the flow rate of 3 mL/min.
Chromatographic separation was performed on a Phenomenex KINETEX® C18 column
(100 mm × 2.1 mm, 1.7 μm particle size: Torrance, CA, USA). The mobile phase, 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B), was used in ESI negative mode.
The gradient parameters were set as follows: 5% solvent B was maintained initially for
1 min, followed by a linear increase to 100% solvent B over 9 min and then sustained at
100% solvent B for 1 min, with a gradual decrease to 5% solvent B over 3 min. The total run
time was 14 min. The column temperature was set to 40 ◦C, the flow rate was 0.3 mL/min,
and the injection volume was 5 μL. The MS data were collected in the range of 100–1000 m/z
(under negative- and positive-ion modes) using an Orbitrap Velos ProTM system, which
was combined with an ion trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) coupled with an HESI-II probe. The probe heater and capillary temperatures were
set to 300 ◦C and 350 ◦C, respectively. The capillary voltage was set to 2.5 kV in negative
mode (positive mode: 3.7 Kv).
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2.7. Cell Viability Assay

Cell viability of the plant extracts in 3T3-L1 preadipocytes was measured using cell
count kit-8 (WST-8/CCK8, Abcam, ab228554), according to the manufacturer’s instructions.
The 3T3-L1 preadipocytes were seeded at 1 × 104 cells in a 96-well plate (SPL, SPL30096) and
cultured overnight in a CO2 incubator at 37 ◦C. After incubation, the cells were treated with
various concentrations (0.2~50 μg/mL) of plant extracts dissolved in 10 mg/mL DMSO
solution and cultured for 72 h. Then, 10 μL of cell count kit-8 (WST-8/CCK8, Abcam,
ab228554) reagent was added, and after 30 min, absorbance was measured at 460 nm using
a microplate reader. The cell viability was calculated using the following equation:

Cell viability (%) = (OD Sample − OD Media)/(OD DMSO solution − OD Media) × 100

2.8. Oil Red O Staining

Oil Red O [35] staining was performed to confirm intracellular lipid droplet production.
Differentiated 3T3-L1 cells were washed with PBS and fixed with 10% formalin for 30 min.
After washing, 60% isopropanol and 0.5% ORO solution (Sigma-Aldrich, St. Louis, MO,
USA) were added to the fixed cells and stained for 20 min at room temperature. Then, the
cell was washed with distilled water, dried at 37 ◦C, and added to 200 μL of isopropanol to
dissolve intracellular ORO solution; then, 100 μL of each was transferred to a 96-well plate,
and absorbance was measured at 540 nm using a microplate reader (Synergy 2, BioTek
Instruments Inc., Winooski, VT, USA). The ability to inhibit adipocyte differentiation of
fermented AW and GW was confirmed for each concentration of 3.1~50 μg/mL.

2.9. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Reverse transcription-polymerase chain reaction (RT-PCR) was performed to confirm
the expression of regulators in fat metabolism using test substances in differentiated 3T3-L1
cells. Changes in mRNA levels of CCAAT/enhancer-binding protein-alpha (C/EBPα),
peroxisome proliferator-activated receptor-γ (PPARγ), leptin, and Fas, regulators involved
in fat metabolism, were analyzed using RT-PCR and shown in Table 1. Total RNA was iso-
lated using TRI reagent (Sigma, St. Louis, MO, USA), cDNA was synthesized using Power
cDNA synthesis kit (iNtRON, Seoul, Republic of Korea), according to the manufacturer’s
instructions, and real-time PCR was performed using SYBR green and each primer. PCR
was performed using a real-time PCR machine (Corbett, Mortlake, Australia), and gene
expression was quantified and analyzed using Rotor-Gene Q Series Software 2.3.1. (Qiagen,
Hilden, Germany).

Table 1. Primer sequences of target genes used in the PCR.

Gene Name Primer Sequence Tm (◦C)

C/EBPα
mC/EBPα_F CAA GAA GTC GGT GGA CAA G 55.2
mC/EBPα_R GCT TTA TCT CGG CTC TTG C 55.2

PPARγ
mPPARγ_F GAC ATC CAA GAC AAC CTG CT 55.4
mPPARγ_R TGT CAT CTT CTG GAG CAC CT 55.4

Leptin mLeptin_F TGA CAC CAA AAC CCT CAT CA 53.4
mLeptin_R AGC CCA GGA ATG AAG TCC A 55.2

Fas
mFas_F AGA GAT CCC GAG ACG CTT CT 57.4

mFas_R GCT TGG TCC TTT GAA GTC GAA
GA 58.2

2.10. Animals and Diet

The animal experimentation was approved by the NDIC Co., Ltd. Institutional Ani-
mal Care and Use Committee (IACUC), Gyeonggi-do, Republic of Korea, in accordance
with the guidelines of IACUC (N2021001). Six-week-old male C57BL/6 mice (20~21 g)
were obtained from ORIENTBIO Inc., Republic of Korea. The animals were housed in
a polycarbonate breeding box under a controlled environment (temperature: 21 ± 2 ◦C;
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humidity: 50 ± 20%; lighting time: 12 h/day) and were freely fed food and water. Mice
were placed into 6 groups of 8 mice each: normal diet (ND, TEKLAD Certified Global
18% Protein Rodent DIET 2918C, Harlan TEKLAD, Madison, WI, USA); high-fat diet (HFD,
D12492; 5.24 kcal/g with 60% of fat-, 20% of protein-, and 20% of carbohydrate-derived
calories, Research DIETS Inc., New Brunswick, NJ, USA); HFD supplemented with fer-
mented 100 mg/kg AW extract (AW 100); HFD supplemented with fermented 300 mg/kg
AW extract (AW 300); HFD supplemented with fermented 100 mg/kg GW extract (GW
100); and HFD supplemented with fermented 300 mg/kg GW extract (GW 300). Oral ad-
ministration was performed once a day, and the body weight of the experimental animals
was measured once a week for 12 weeks. Feed intake was measured once a week after the
test substance was administered. The food efficiency ratio was calculated as FER = total
body weight gain (g)/total food intake (g).

2.11. Sample Preparation and Treatment

For autopsy, after the inhalational anesthesia with isoflurane, blood was collected
through the abdominal vena cava and the liver was removed. The extracted liver was
washed with physiological saline, dried with a filter paper, and then the absolute weight
was measured using an electronic balance. After calculating the absolute weights, a portion
of liver was fixed in 10% neutral buffered formalin for histological examination. The
remaining liver was rapidly frozen for hepatic triglyceride (Hepatic TG) analysis and
placed in deep freezer (Model 706, Thermo Fisher Scientific Inc., Clevelang, OH, USA)
below −70 ◦C. Blood collected from the abdominal vena cava was placed in a 0.6 mL SST
tube (Microtainer, BD, USA), completely solidified, centrifuged at 4 ◦C at 5000 rpm for
15 min, put into a 1.5 mL tube, and stored in deep freezer (Model 706, Thermo Fisher
Scientific Inc., USA) below −70 ◦C.

2.12. Histological Analysis

For histological analysis, liver was fixed in 10% neutral buffered formalin. The fixed
tissue was prepared as a paraffin block through a general tissue-processing process and
sectioned. The remaining tissues were stored in 10% neutral buffered formalin solution.
Hematoxylin and Eosin (H&E) staining was performed on thin slices of liver tissue. The
accumulation of lipid droplets in the liver tissue and the degree of adipose inflammation
were analyzed using the evaluation method used in the non-alcoholic steatosis model.
Non-alcoholic fatty liver disease activity score [13] evaluation, which is a synthesis of five
broad categories (steatosis, inflammation, hepatocellular injury, fibrosis, and miscellaneous
features), was evaluated on H&E-stained liver tissue slides using the method described in
a previous study [36].

2.13. Serum and Hepatic Triglyceride Analysis

At the time of autopsy, serum was collected from the abdominal vena cava. Aspartate
aminotransferase (AST), alanine aminotransferase (ALT), glucose [24], total cholesterol
(T-Chol), triglycerides (TGs), HDL-cholesterol (HDL-C), and LDL-cholesterol (LDL-C)
were analyzed using a blood chemistry analyzer (AU480, Beckman Coulter, Germany)
using serum stored in deep freezer. Fasting blood insulin levels were measured using
the Rat/Mouse Insulin ELISA Kit (EZRMI-13K, Millipore, MA, USA), according to the
manufacturer’s instructions, with the separated serum collected from the abdominal vena
cava during autopsy and placed in a 0.6 mL SST tube (Microtainer, BD, USA). The remaining
serum was stored in deep freezer. At necropsy, 200 mg of liver tissue collected was weighed
and washed with normal physiological saline. After adding 1 mL of PBS containing
1% Triton X-100 per 200 mg of liver tissue, homogenization was performed. The liver
homogenate was centrifuged at 10,000 rpm at 4 ◦C for 10 min to separate the supernatant,
and then the TG content in the liver tissue was measured with a microplate reader (570 nm)
using a TG quantification kit (Cell Biolabs, STA-396, San Diego, CA, USA).
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2.14. Data Processing and Statistical Analysis

UHPLC–LTQ–Orbitrap–MS raw data files were converted to NetCDF (*.cdf) using Thermo
X caliber software (version 2.1, Thermo Fisher Scientific). Retention time correction, peak de-
tection, and alignment were processed using the Metalign software package (http://www.
metalign.nl, accessed on 15 November 2021). Metabolites were tentatively identified based
on various data comparing mass fragment patterns, retention time, and MS analysis data
with standard compounds under identical conditions and in commercial databases, such
as the National Institutes of Standards and Technology Library (version 2.0, 2011, Fair-
Com, Gaithersburg, MD, USA), pubchem (https://pubchem.ncbi.nlm.nih.gov/accessed on
1 December 2021), chemspider (http://www.chemspider.com/ on 1 December 2021), and
the Human Metabolome Database (HMDB; https://hmdb.ca/ accessed on 1 December
2021). Statistical analysis was performed using SIMCA-P+ software (version 12.0, Umetrics,
Umea, Sweden) based on partial least squares discriminant analysis (PLS-DA) modeling
to determine metabolite differences between different incubation times. The peaks were
selected based on variable importance in the projection (VIP) values and significant differ-
ences were determined using analysis of variance (ANOVA). In cell, experiment results
were expressed as the mean values ± standard deviations, and significance was tested
using the paired-comparison t-test of IBM SPSS Statistics 25 for Windows (IBM, New York,
NY, USA) (p < 0.05). For multiple comparison, Duncan’s multiple range test was used after
comparison test with one-way ANOVA, and significance was verified at p < 0.05 level. All
results obtained in the mouse experiment were expressed as mean values ± SD, and body
weight and weight gain were tested using one-way ANOVA using IBM SPSS Statistics 25
for Windows (IBM, New York, NY, USA), and Fisher’s Least Significant Difference (LSD)
test was performed (p ≤ 0.05; p ≤ 0.01).

3. Results

3.1. Multivariate Analysis in Annual Wormwood and Glasswort with LAB-Mediated Fermentation

Non-fermented and fermented extracts of AW and GW were analyzed with UHPLC–
MS/MS combined with multivariate analysis on the ingredients to investigate the metabolic
change using LAB-mediated fermentation. As a result of principal component analysis
(PCA), PC1 (43.4%) and PC2 (17.4%) showed a clear separation of four kinds of extracts,
reflecting a metabolic difference between plant species and fermentation (Figure 1A).
Similar cluster patterns were also observed in the partial least squares discriminant analysis
(PLS-DA) model with a high predictive ability (Q2 = 0.976) as well as a considerable
significance metric (p = 1.87 × 10−5) (Figure 1B).

Based on the PLS-DA model for profiling the dataset, we selected the significantly
discriminant metabolites using variable importance in projection (VIP) values > 1.0 and
p > 0.05. A total of forty-two significantly discriminant metabolites were selected, and
thirty-nine of them were tentatively identified including three peptides, two organic acids,
six fatty acids, eight phenolic acids and derivatives, seven quinic acids and derivatives,
seven benzoic acids and derivatives, and four flavonoids, among two others (Table 2). Plant
extracts are rich sources of volatile terpenoids and phenolic compounds with complex
mixtures of organic framework-added functional groups including alcohol, aldehydes,
esters, ethers, ketones, and phenols. It is used as an analgesic, antibacterial, antidepressant,
antimicrobial, and antioxidant agent [22,26]. Polyphenolic compounds are one of the most
critical ingredients related to free radical scavenging activity in medicinal plants. They
exhibit various biological properties, such as antioxidant, cardioprotective, anti-mutagenic,
antibacterial, and anti-inflammatory activities [24].
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Figure 1. (A) PCA score plot and (B) PLS-DA score plot derived from UHPLC–LTQ–Orbitrap–MS/MS
datasets for non-fermented and fermented extracts of annual wormwood (AW) and glasswort (GW).
(�: AN, non-fermentation of AW; �: AF, fermentation of AW with L. plantarum; •: GN, non-
fermentation of GW; and �: GF, fermentation of GW with Ec. Faecium).

Table 2. Tentatively identified metabolites in non-fermented and fermented extracts of AW and GW
based on the UHPLC–LTQ–Orbitrap–MS/MS analyses.

No. Tentative Metabolite VIP a 1 VIP 2
RT

(min) b MW

Measured Mass
MS/MS Fragments Molecular

Formula
Delta
ppmNegative Mode

c (m/z)

Peptides
1 Pyroglutamyl-valine 1.47 1.12 2.18 228 227.1046 227 > 183 > 155,

127, 82 C10H15O4N2 3.698
2 Pyroglutamyl-leucine 1.43 1.15 4.17 242 241.1202 241 > 197 > 169, 141 C11H17O4N2 3.441
3 Lactoyl-tryptophan 1.45 1.13 4.53 276 275.1049 275 > 231, 127 > 109 C14H15O4N2 4.325

Organic acid
4 Hydroxyglutaric acid 0.97 1.46 1.06 148 147.0307 147 > 129 > 101, 85 C5H7O5 5.124
5 Succinic Acid 1.17 1.35 1.06 118 117.0200 117 > 99, 73 C4H5O4 6.307

Fatty acid
6 Hydroxyisocaproic acid 0.91 1.50 4.02 132 131.0722 131 > 113, 85 C6H11O3 6.275
7 9,12,13-TriHOME 1.09 0.79 6.59 330 329.2343 329 > 229 > 211, 125 C18H33O5 2.742
8 9-DiHODE 0.96 1.42 7.29 312 311.2241 311 > 293 > 275, 185 C18H31O4 4.297
9 9,10-DHOME 1.36 0.97 7.99 314 313.2393 313 > 295 > 277, 195 C18H33O4 2.737
10 Hydroxymyristic acid 0.92 1.13 8.99 244 243.1974 243 > 225 > 207, 181 C14H27O3 3.257
11 Hydroxystearic acid 0.18 1.03 9.64 300 299.2598 299 > 281, 253

> 249, 225 C18H35O3 2.211
Phenolic acids and deriatives

12 Hydroxyphenyllactic acid 0.89 1.51 2.37 182 181.0522 181 > 163 > 119 C9H9O4 4.462
13 Dihydrocaffeic acid 0.90 1.50 3.54 182 181.0515 181 > 137 > 119, 109 C9H9O4 4.849
14 Caffeic acid 0.60 1.61 4.02 180 179.0360 179 > 135 > 107, 91 C9H7O4 5.574
15 Phenyllactic acid 0.91 1.50 4.56 166 165.0571 165 > 147 > 121,97 C9H9O3 5.226
16 Coumaric acid 0.60 1.60 4.69 164 163.0409 163 > 119 > 91 C9H7O3 5.168
17 Scopoletin 1.42 1.16 4.89 192 191.0358 191 > 177 > 104 C10H7O4 4.177
18 Ferulic acid 1.42 1.01 4.96 194 193.0516 193 > 178, 149 > 134 C10H9O4 5.117
19 Phloretic acid 1.08 1.41 4.97 166 165.0564 165 > 147, 121

> 106, 93 C9H9O3 4.68
Quinic acid and deriatives

20 Quinic acid 1.29 1.26 0.85 192 191.0569 191 > 173, 127,
111, 85 C7 H11O6 4.128

21 3-caffeoylquinic acid 1.50 1.08 2.29 354 353.0894 353 > 191 > 173,
127, 85 C16H17O9 2.222

22 5-caffeoylquinic acid 1.51 1.07 3.85 354 353.0894 353 > 191 > 173,
127, 85 C16H17O9 4.573

23 3,4-di-O-caffeoylquinic
acid 1.50 1.08 4.39 516 515.1215 515 > 353 > 191, 179 C25H23O12 3.923

24
3-feruloyl-4-

caffeoylquinic
acid

1.50 1.09 4.78 530 529.1362 529 > 367 > 193 C26H25O12 4.688
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Table 2. Cont.

No. Tentative Metabolite VIP a 1 VIP 2
RT

(min) b MW

Measured Mass
MS/MS Fragments Molecular

Formula
Delta
ppmNegative Mode

c (m/z)

25 3,5-di-O-caffeoylquinic
acid 1.18 0.83 5.03 516 515.1213 515 > 353 > 191,

179, 135 C25H23O12 2.389

26
3-feruloyl-5-

caffeoylquinic
acid

1.44 1.15 5.48 530 529.1367 529 > 367 > 191, 173 C26H25O12 2.855

Benzoic acid and derivatives
27 Protocatechuic

acid-O-glucoside 0.77 1.56 1.51 316 315.0735 315 > 153 > 123, 109 C13H15O9 4.332
28 Vanillic acid 0.11 1.66 1.61 168 167.0359 167 > 152, 149 > 121 C8H7O4 5.675
29 Protocatechuic acid 1.13 1.37 1.96 154 153.0201 153 > 138, 109 > 81 C7H5O4 5.281
30 Hydroxybenzoic acid 1.42 1.15 2.83 138 137.0251 137 > 93 C7H5O3 5.201
31 4-vinylcatechol 1.14 1.36 5.29 136 135.0452 135 > 107, 91 C8H7O2 5.163
32 4-ethylcatechol 0.88 1.50 5.56 138 137.0615 137 > 93 C8H9O2 4.721
33 Syringic aldehyde 1.05 1.43 6.09 182 181.0513 181 > 166 > 138 C9H9O4 3.689

Flavonoids
34 Rutin 0.84 1.09 4.81 610 609.1485 609 > 301 > 271, 179 C27H29O16 3.73
35 Quercetin-3-glycoside 1.47 1.09 4.95 464 463.0905 463 > 301 > 271,

179, 151 C21H19O12 5.012

36 Isorhamnetin
3-O-β-d-glucoside 0.57 1.61 5.23 478 477.1061 477 > 314 > 300, 285 C22H21O12 4.613

37 Casticin 1.44 1.15 7.42 374 373.0937 375 > 358 > 343
> 328 C19H17O8 2.142

Etc
38 Shikimic acid 1.17 1.34 1.31 174 173.0463 173 > 155, 129 C7H9O5 4.238
39 Pantothenic acid 1.37 1.21 1.46 219 218.1044 218 > 187 > 143, 130 C9H16O5N 4.604
N.I
40 N.I 1 1.51 1.08 6.63 174 173.1190 173 > 127 > 123, 97 - -
41 N.I 2 1.50 1.06 6.86 926 925.4467 939 > 808 > 645 - -
42 N.I 3 1.51 1.07 6.90 216 215.1298 215 > 173 > 127 - -

a VIP: variable in projection; b RT: retention time; c mass to charge ratio for [M − H]−.

3.2. Relative Metabolite Abundance in Annual Wormwood and Glasswort with
LAB-Mediated Fermentation

The relative abundance of the significantly discriminant metabolites are shown in
the box-and-whisker plots (Figure 2). We observed distinct metabolic change from LAB-
mediated fermentation in AW and GW. Several metabolites showed increased or decreased
patterns from fermentation in both AF and GF.

The relative contents of several metabolites in both AF and SF groups were higher
than each non-fermented group, including succinic acid (5), hydroxyisocaproic acid (6),
9,12,13-TriHOME (7), hydroxystearic acid (11), hydroxyphenyllactic acid (12), phenyllac-
tic acid (15), vanillic acid (27), protocatechuic acid (28), rutin (34), and pantothenic acid
(39) (Figure 2A). On the other hand, some metabolites showed lower concentrations from
fermentation, that is hydroxymyristic acid (10), caffeic acid (14), coumaric acid (16), fer-
ulic acid (18), quinic acid (20), 5-caffeoylquinic acid (22), 3-5-dicaffeoylquinic acid (25),
3,5-feruloyl-5-caffeoylquinic acid (26), protocatechuic acid-O-glucoside (27), quercetin-3-
glycoside (35), and isorhamnetin-3-glucoside (36) (Figure 2B). Some metabolites showed
different patterns for each fermented group. Unlike the GF group, the AF group showed a
decrease in casticin (37) and an increase in pyroglutamyl-valine (1), pyroglutamyl-leucine
(2), lactotyl-tryptophan (3), hydroxyglutaric acid (5), dihydrocaffeic acid (13), scopoletin
(17), phloretic acid (19), 3-caffeoylquinic acid (21), 3,4-dicaffeoylquinic acid (23), 3-feruloyl-
4-caffeoylquinic acid (24), hydroxybenzoic acid (30), syringic aldehyde (33), 4-ethylcatechol
(32), 4-vinylcatechol (31), shikimic acid (38), and two non-identified metabolites (40, 42)
(Figure 2C). Relatedly, 9-DiHODE (8), 9,10-DiHOME (9), and N.I 2 (41) increased only in
SF (Figure 2D).
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Figure 2. Box-and-whisker plots illustrating the relative abundance of metabolite levels from the
fermentation of AW and GW. (A) Increased and (B) decreased metabolites in both AF and GF.
(C) Increased and (E) decreased metabolites only in the AF group. (D) Increased metabolites only in
the GF group. (Line: mean; box: standard error; whisker: standard deviation.)

3.3. Phenolic Acid Degradation Pathways by Biotransformation of Plant Substrates Using LAB

To investigate the biotransformation of plant substrates, we focused on the phenolic
acid degradation pathway in annual wormwood and glasswort. Among the significantly
discriminant metabolites, thirteen compounds related to phenolic acid degradation from
LAB were selected to construct a metabolic pathway. Chlorogenic-acid-derived caffeic
acid, quinic acid, p-coumaric acid, and ferulic acid showed a common decrease in both
fermentation groups. The contents of metabolites produced by phenolic acid degradation
in the AF group were all increased, including shikimic acid, dihydrocaffeic acid, vinyl
catechol, ethyl catechol, phloretic acid, hydroxybenzoic acid, protocatechuic acid, and
vanillic acid. The SF group also showed an increase in vanillic acid and protocatechuic acid
in the phenolic acid degradation pathway (Figure 3).
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Figure 3. Schematic representation of the degradation pathways of phenolic acids from fermentation
of AW and GW.

3.4. Inhibition of 3T3-L1 Adipocyte Differentiation

To evaluate the anti-obesity effects of these plants, the adipogenesis and fat accu-
mulation were investigated in vitro. Figure 4A shows the adipocyte differentiation in-
hibitory activity of fermented AW and GW at various concentrations (3.1~50 μg/mL). If
the fat accumulation of the control group was 100%, the fermented AW extract showed
concentration-dependent adipocyte differentiation inhibitory activity, and at 50 μg/mL, fat
accumulation was suppressed as much as the undifferentiated adipocyte control. The GW
extract had lower fat accumulation than the control at all concentrations except 3.1 μg/mL
and showed great anti-differentiation activity even at low concentrations. Figure 4B shows
the results of observing differentiated 3T3-L1 adipocytes treated with fermented AW and
GW at various concentrations of 3.1~50 μg/mL under a 100× optical microscope. Both
extracts inhibited the differentiation of adipocytes in a concentration-dependent manner,
and in the morphology it was observed that the size and number of lipid droplets de-
creased. Oil Red O staining was performed in vitro, after which the physiological data
and effects on adipogenesis were observed based on the histology. In the micrographs, it
can be seen that the area stained with Oil Red O was significantly reduced when 3T3-L1
adipocytes were treated with the highest concentration of 50 μg/mL of the AW extract. On
the other hand, the GW extract was observed to inhibit the formation of lipid droplets even
at low concentrations.

Cells were treated at concentrations ranging from 0.2 to 50 μg/mL to the maximal
concentration, showing high survival rates in all treatment groups. AW and GW before
and after fermentation at concentrations of 50 μg/mL or less in 3T3-L1 cells did not
show cytotoxicity.
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Figure 4. Inhibitory ability of 3T3-L1 adipocyte differentiation from fermented AW and GW extracts.
(A) Test with oil red O staining method. (B) Using an optical microscope. All data are expressed as
mean ± SD. Significant differences were determined by Duncan’s test after one-way ANOVA and
expressed in letters (a–h) (p < 0.05). C: Control; MDI: differentiated control; AW: annual wormwood;
GW: glasswort.

3.5. Gene Expression Analyzed Using Real-Time PCR (RT-PCR)

To test the anti-obesity effect of plant extracts on lipogenesis in adipose tissue, the
real-time PCR was analyzed. The effect of the AW and GW extracts on the expression of
adipocyte differentiation-related factors (C/EBPα, PPARγ, leptin, and Fas) in 3T3-L1 cells
was experimented (Figure 5). PPARγ is a nuclear hormone receptor that plays a major role
in regulating the expression of proteins necessary for the development of functional mature
adipocytes. C/EBPα plays a synergistic role in terminal adipocyte differentiation. C/EBPα
and PPARγ are integrated in the control of lipid and carbohydrate metabolism. In the real-
time PCR results, the gene expression of C/EBPα and PPARγ for adipogenesis decreased
compared to the MDI group. After adipocyte differentiation (MDI), the expression of all
genes, except leptin, increased significantly compared to before differentiation (control).
There was no significant difference in gene expression of adipocytes treated with AW extract
compared to MDI. On the other hand, when the GW extract was treated at a concentration
of 6.2 μg/mL or more, the expression of differentiation-related genes, except for leptin,
was significantly reduced compared to MDI. In addition, C/EBPα and PPARγ, which
are closely related to each other, showed a similar decrease pattern, and Fas involved in
adipogenesis was reduced. In the case of leptin, GW tended to be less produced than AW,
but there was no significant difference. As a result, since the GW extract of 6.2 μg/mL or
more reduces the expression of adipocyte genes to the same level as the control, it can be
assumed to have an inhibitory activity on the differentiation of 3T3-L1 preadipocytes. The
effects of the GW extract on the inhibition of adipogenesis were observed more apparently.

3.6. Changes in Body and Organ Weight in C57BL/6 Mice

Figure 6A shows the body weight and organ weight changes for 12 weeks of C57BL/6 mice
fed a high-fat diet containing fermented AW and GW extracts at 100 and 300 mg/kg. The
body weight of the GW 300 significantly decreased at 10 and 12 weeks compared to the
HFD (p < 0.05). The final body weight of the ND was 29.73 ± 3.59 g, an increase of
8.86 ± 2.25 g from the initial body weight, whereas the final body weight of the HFD was
45.50 ± 2.15 g, an increase of 24.43 ± 2.26 g from the initial weight. The HFD significantly
increased body weight compared to the ND from the second week of the experiment, and a
significant weight increase was observed continuously until the end of the test (p < 0.01),
indicating that obesity was induced in mice due to the high-fat diet. The final body weight
of AW 100 among the AW extract treatment groups was 42.26 ± 3.80 g, and there was no
significant difference compared to the HFD, but the weight gain was significantly reduced
to 21.13 ± 2.26 g (p < 0.05). Relatedly, among the GW extract treatment groups, GW 300
had a final body weight of 41.71 ± 4.27 g and a body weight gain of 20.71 ± 3.68 g, which
was significantly reduced compared to the HFD (p < 0.05). In addition, the body weight
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of the GW 300 significantly decreased at 10 and 12 weeks compared to the HFD (p < 0.05),
and the body weight gain significantly decreased at 7, 10, 11, and 12 weeks (p < 0.05). The
weights of the initial mice were similarly set in the range of 20~21 g. The FER was lowest
in the ND and highest in the HFD. Compared to the HFD, the FER of the AW 300 and
GW 300 groups was significantly lower (p < 0.05). In particular, AW 300 had a small FER
even though its weight gain was the second highest after the HFD, suggesting that weight
gain was small even though it consumed a lot of food. Therefore, it was considered that
the AW and GW extracts affected the weight loss and FERs of C57BL/6 mice. Figure 6B
shows the liver weights of C57BL/6 mice fed a high-fat diet containing fermented AW and
GW extracts of 100 and 300 mg/kg. Liver weights in the ND were significantly decreased
compared to the HFD (p < 0.01). The AW 100 and AW 300 had no significant differences.
Compared to the HFD, the liver weights of the GW 100 and GW 300 decreased significantly
(p < 0.05). In conclusion, GW inhibited the accumulation of triglycerides in the liver.

 

Figure 5. Effect of fermented AW and GW extracts on the mRNA expressions of (A) C/EBPα,
(B) PPARγ, (C) leptin, and (D) Fas, regulatory factors involved in 3T3-L1 preadipocytes. All data are
expressed as mean ± SD. Significant differences were determined by Duncan’s test after one-way
ANOVA and expressed in letters (p < 0.05). C: Control; MDI: differentiated control; AW: annual
wormwood; GW: glasswort.

 

Figure 6. Changes in (A) body weight and (B) organ weight of C57BL/6 mice during the experiment
period. Data are presented as mean ± SD (n = 8). Significant difference from HFD using one-way
ANOVA followed by the LSD test: * p < 0.05, ** p < 0.01. ND: Normal diet; HFD: 60% high-fat diet; AW
100: HFD + fermented annual wormwood (AW) 100 mg/kg; AW 300: HFD + fermented AW 300 mg/kg;
GW 100: HFD + fermented glasswort (GW) 100 mg/kg; GW 300: HFD + fermented GW 300 mg/kg.
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3.7. Histological Analysis

In order to analyze non-alcoholic steatosis, using image J program photographed
the lipid droplet and inflammatory symptoms in liver tissue. Figure 7A showed the
histological feature of the liver based on hematoxylin and cosin staining in rats fed control
and HFD. Figure 7A displayed liver tissue images of C57BL/6 mice fed a high-fat diet
containing fermented AW and GW extracts (100 and 300 mg/kg). Compared to the ND,
it was confirmed that the number of lipid droplets produced in the liver tissue of obese
HFD increased. Lipid droplets were less in the liver tissue of C57BL/6 mice fed with the
GW extract than with the AW extract. Therefore, it was considered that GW inhibits lipid
accumulation in the liver more than AW. The most common cause of chronic disease by
excessive fat accumulation in the liver is non-alcoholic fatty liver disease (NAFLD). NAFLD
caused that high carbohydrate diet induced serum free fatty acid, thereafter increased the
absorption of FFA biosynthesis of TG in liver. NAFLD includes a wide spectrum of liver
damage ranging from simple steatosis to non-alcoholic steatohepatitis (NASH), advanced
fibrosis, and hepatocellular carcinoma [37]. Figure 7B shows the NAFLD activity score
measuring the histological characteristics of non-alcoholic fatty liver disease (NAFLD) in
C57BL/6 mice fed a high-fat diet containing fermented AW and GW extracts (100 and
300 mg/kg). The NAS of the C57BL/6 mice fed normal diet (ND) in which obesity was
not induced was 0, and NAFLD did not appear, and it was significantly lower than that of
the HFD (3.00 ± 0.19) (p < 0.01). AW 100 (2.5 ± 0.38) and AW 300 (2.25 ± 0.49) decreased
concentration dependently compared to the HFD, but no significant difference occurred.
GW 100 (1.75 ± 0.41) and GW 300 (1.13 ± 0.13) also decreased in a concentration-dependent
manner with significant differences compared to the HFD (p < 0.05, p < 0.01).

 

Figure 7. Effect of fermented AW and GW extracts on (A) histological features of the liver and (B) non-
alcoholic fatty liver disease activity score in liver of C57BL/6 mice. Original magnifications: ×40; scale
bar: 500 μm. Data are presented as mean ± SD (n = 8). Significant difference from HFD using t-test:
* p < 0.05, ** p < 0.01. ND: Normal diet; HFD: 60% high-fat diet; AW 100: HFD + fermented annual
wormwood (AW) 100 mg/kg; AW 300: HFD + fermented AW 300 mg/kg; GW 100: HFD + fermented
glasswort (GW) 100 mg/kg; GW 300: HFD + fermented GW 300 mg/kg.

3.8. Serum and Hepatic Triglycerie Analysis

Serum analysis was performed in C57BL/6 mice fed a high-fat diet containing fer-
mented AW and GW extracts at 100 and 300 mg/kg (Table 3). Serum AST and ALT levels
are indicators of the liver dysfunction condition, caused by the HFD. AST (163.38 ± 20.60)
and ALT (122.50 ± 31.01) values of AW 100 were significantly increased, compared to the
HFD (p < 0.01, p < 0.05). The level of AST in the normal group was 94 U/L, and the HFD
G2 group significantly increased; in contrast, in the supplemented AW 300 groups was
significantly decreased. The ALT values of the supplemented GW groups were signifi-
cantly decreased; in particular, the G6HFD 300 (46.63 ± 3.30) groups showed the lowest
value of all the other HFD groups (p < 0.05). In the case of blood Glu, those of the ND
(118.00 ± 10.49), GW 100 (212.63 ± 12.40), and GW 300 (210.50 ± 17.02) were decreased
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when compared to the HFD at 226.00 ± 4.76 mg/dL (p < 0.01). Blood T-Chol signifi-
cantly decreased in all groups compared to the HFD at 210.75 ± 8.39 mg/dL. Blood TGs
significantly decreased at the GW 300 at 80.00 ± 3.33 mg/dL, compared to the HFD at
97.75 ± 5.31 mg/dL (p < 0.01). HDL-C was significantly reduced, compared to the HFD at
97.13 ± 2.73 mg/dL, in the AW 300 and GW 300 at 89.25 ± 2.94 and 91.50 ± 2.17 mg/dL,
respectively, treated with high-concentration extract (p < 0.05). The GW extract treatment
groups, GW 100 14.75 ± 0.70 and GW 300 13.63 ± 0.91 mg/dL, showed reduced LDL-C,
compared to the HFD at 18.88 ± 1.33 mg/dL (p < 0.05). As a result of the blood test, when
obesity was induced, the values of all blood analysis indicators increased. On the other
hand, the AW extract reduced T-Chol and HDL-C in C57BL/6 mice, and the fermented GW
extract reduced blood ALT, Glu, T-Chol, TGs, HDL-C, and LDL-C. As a result, since AW
and GW reduce the levels of ALT, Glu, T-Chol, TGs, HDL-C, and LDL-C in the blood, it is
thought that they have the possibility of preventing obesity. Insulin levels in the HFD, in
which obesity was induced by eating a high-fat diet, were increased, compared to the ND.
Among the plant extract treatment groups, only GW 300 at 2.70 ± 0.66 ng/mL significantly
reduced blood insulin levels (p < 0.01), compared to the HFD at 5.55 ± 0.96 ng/mL. When
obesity was induced, hepatic TGs increased, and the AW 300 at 103.31 ± 89.76 μg/mg
tissue decreased, compared to the HFD at 145.66 ± 56.7 μg/mg tissue, but there was no
significant difference. Hepatic TG levels tended to decrease in a dose-dependent manner
in the GW extract treatment group, and GW 300 decreased significantly, compared to the
HFD (p < 0.05). Therefore, it can be assumed that GW 300 suppressed the accumulation of
triglycerides in the liver.

Table 3. Blood chemistry in control and HFD-fed C57BL/6 rats treated with AW and GW.

Group

Blood Chemistry

AST
(U/L)

ALT
(U/L)

GLU
(mg/dL)

TG
(mg/dL)

T-Chol
(mg/dL)

HDL-C
(mg/dL)

LDL-C
(mg/dL)

ND
N Mean 94.00 29.38 * 118.00 ** 74.00 ** 113.13 ** 81.88 ** 9.63 **
8 SE 8.80 1.05 10.49 3.56 5.11 1.14 0.26

HFD
Control

N Mean 122.75 76.75 226.00 97.75 210.75 97.13 18.88
8 SE 5.57 8.07 4.76 5.31 8.39 2.73 1.33

AW 100
N Mean 163.38 * 122.50 * 212.63 88.13 195.75 96.50 20.00
8 SE 20.60 31.01 12.40 2.40 7.57 2.28 1.46

AW 300
N Mean 96.63 67.00 210.50 101.13 177.50 ** 89.25 * 16.13
8 SE 7.25 8.61 17.02 7.17 9.60 2.94 1.42

GW 100
N Mean 117.63 58.88 192.25 * 92.13 182.13 ** 95.88 14.75 *
8 SE 12.06 7.49 5.58 1.54 5.40 2.84 0.70

GW 300
N Mean 137.88 46.63 203.13 80.00 ** 163.25 ** 91.50 13.63 **
8 SE 8.01 3.30 7.90 3.33 6.30 2.17 0.91

ND: Normal diet; HFD: 60% high-fat diet; AW 100: HFD + fermented annual wormwood (AW) extracts 100 mg/Kg;
AW 300: HFD + fermented AW extracts 300 mg/Kg; GW 100: HFD + fermented glasswort (GW) extracts
100 mg/Kg; GW 300: HFD + fermented glasswort extracts 300 mg/Kg. Data are presented as mean ± SD.
Significant difference from HFD using t-test: * p < 0.05, ** p < 0.01.

4. Discussion

Obesity is a major public health problem with high prevalence worldwide and is
accompanied by various diseases such as diabetes, hyperglycemia, dyslipidemia, and
metabolic syndrome [5]. Treatments are being developed to prevent and treat obesity,
but side effects such as nausea and diarrhea exist [9]. In order to develop plant-derived
functional materials with fewer side effects and superior anti-obesity effects than drugs, this
study aimed to reveal the anti-obesity activity of fermented annual wormwood (AW) and
glasswort (GW) at both the in vitro and in vivo levels. In addition, metabolome changes
were verified for the difference before and after fermentation. AW (Artemisia annua L.)
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is a common type of wormwood native to temperate Asia but naturalized worldwide
and belonging to the family Asteraceae [15]. Its bioactive derivatives control ROS, DNA
damage, DNA repair, cell cycle arrest, apoptosis, inflammatory response, angiogenesis,
and multiple signaling pathways, showing an anti-cancer effect [38]. In addition, it has an
anti-hyperglycemic effect and reduces insulin resistance by increasing adiponectin secretion
in adipocytes [35].

GW (Salicornia herbacea L.) belongs to Chenopodiaceae and has been used as a food in-
gredient or as a folk remedy for improving intestinal function, indigestion, gastrointestinal
disease, kidney disease, and diabetes [39]. GW is seaweed that contains physiologically
active substances, such as dietary fiber, and minerals such as potassium, magnesium, and
calcium that stimulate intestinal movement. GW is known to have beneficial effects on
obesity by reducing body weight and fat levels and improving blood lipids [40].

The bacteria used for AW fermentation are Lactobacillus plantarum, a lactic acid bac-
terium [41]. It is known that pH decreases by producing lactic acid as a fermentation
metabolite [42]. At this time, as the fermentation progresses, the pH decreases and the
acidity increases, which is considered to reduce the activity of Lactobacillus plantarum. GW
showed a small change in pH during fermentation, an increase in viable cell count, and then
a tendency to die after a certain period of time, which was similar to previous studies [33].
Since Enterococcus faecium, the strain used for GW fermentation, mainly uses carbohydrates
as an energy source, it is thought that the death occurred due to a lack of carbohydrates as
fermentation proceeded [43].

AW and GW contain phenolic compounds, and there is no difference in physiological
activity before and after fermentation. It is true that fermentation is known as one of the
ways to improve the physiological activity of natural products, but it is difficult to see that
some phenols are unconditionally improved due to small changes [44].

Untargeted metabolomics were employed to investigate metabolic change using LAB-
mediated fermentation in AW and GW. Among the discriminant metabolites, we observed
the relative abundance of several metabolites related to bacterial biotransformation of
plant-derived compounds such as flavonoids and phenolic acids. Flavonoids in plants are
major secondary metabolites, mainly in the form of flavonoid glycosides [45]. Flavonoid
glycosides can be decomposed into aglycone and phenolic acid by microorganisms. Some
LAB have enzymes that convert flavonoid glycosides such as α-l-rhamnosidase and β-
d-glucosidase, but these abilities vary among specific species and strains. In this study,
the reduction of quecetin-3-glycoside and isorhamnetin-3-glycoside using fermentation
was observed, but the types of aglycone and flavonol produced from bioconversion could
not be identified. On the other hand, the content of rutin tended to increase through
fermentation. It has been reported that there is a difference in the conversion ability of
rutin for each strain. In the study of buckwheat fermented by 14 LAB strains, most of them
decreased the content of the rutin, but some strains increased [46]. Rutin is known to have
various pharmacological activities such as antimicrobial, anti-inflammatory, and anti-cancer
effects [47,48]. In addition, rutin administration in high-fat diet mice was affected, affecting
the intestinal bacteria and anti-obesity effect [49].

Bacterial degradation of phenolic compounds has also been reported along with
metabolic changes. The reaction of phenolic acid decarboxylase (PAD) and reductase in
LAB decreased phenolic acid as a substrate and increased some benzoic acid as a prod-
uct [50–52]. We also observed the fermentation patterns of metabolites in the degradation
pathways of quinic acid, caffeic acid, p-coumaric acid, and ferulic acid. As a clear reduction
of phenolic acid, we identified the products of eight benzoic acid related to four kinds of
phenolic acid in the AF group and only two compounds (vanillic acid and protocatechuic
acid) related to ferulic acid in the GF group. The converted metabolites derived from phe-
nolic acid showed high bioavailability in human and health benefits [53,54]. Dihydrocaffeic
acid and the catechol group converted from caffeic acid were reported as potent antioxidant
properties caused by the scavenging of intracellular reactive oxygen species [41,55,56].
Relatedly, phloretic acid converted from p-coumaric acid was one of the substances that
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recently attracted attention as physiological activities, such as protecting the host from
influenza infection by regulating the immune balance, that have been reported [57,58].
Hydroxybenzoic acid and its derivatives are known to exhibit various physiological activi-
ties such as anti-obesity, antibacterial, anti-mutagenic, anti-algae, anti-inflammatory, and
antioxidant activities [59–61]. In addition, protocatechuic acid was also reported to have
various effects such as anti-obesity, anti-inflammatory, and antioxidant effects through
in vivo and in vitro tests [62,63]. Vanillic acid is a substance used pharmacologically with
various physiological activities such as anti-obesity, antioxidant, anti-cancer, antifungal,
and liver protection [64,65].

Additionally, we observed the production of several metabolites related to amino
acid and fatty acid metabolism of LAB. These metabolites were presumed to be produced
using nutrients in the medium rather than compounds derived from plants. Phenyllactic
acid, hydroxyphenyllactic acid, and hydroxyisocaproic acid were produced by amino acid
catabolism, which was phenylalanine, tyrosine, and leucine, respectively [66,67]. In fatty
acid metabolism, oleic acid and linoleic acid were metabolized to hydroxystearic acid,
azelaic acid, and hydroxyoctadecanoic acid [68,69]. Among these increased metabolites,
hydroxy fatty acids and phenylpropanoids produced by LAB have been reported to have
antifungal activity that can be useful to biopreservation [70–72]. On the other hand, some
dipeptides (pyroglutamyl-valine, pyroglutamyl-leucine, and lactoyl-tryptophan) increased
only in the AF group. Those compounds included the taste active peptide derivatives in food
fermentation of LAB [73]. An anti-inflammatory effect and attenuating dysbiosis in vivo
has been reported for pyroglutamyl-leucine [74,75]. Similarly, some oxylipins (9-DiHODE,
9,10-DiHOME, and 9,12,13-TriHOME) dramatically increased in the GF group, which are
well-known as bioactive lipids for their anti-inflammatory and antioxidant effects [76,77].

Relatedly, the anti-obesity effect of fermented AW and GW was confirmed in vitro us-
ing 3T3-L1 cells, which can differentiate between fibroblasts and adipocytes and are widely
used in adipogenesis and biochemical studies of adipocytes [78]. There was no cytotoxicity
because both AW and GW showed a high survival rate up to 50 μg/mL. Lipid droplet
generation can be confirmed by staining triglyceride and cholesterol ester accumulated
due to lipolysis using Oil Red O staining reagent, and the degree of fat differentiation can
be quantified by dissolving it and measuring absorbance [79,80]. Both the fermented AW
and GW extracts inhibited the differentiation of adipocytes in a concentration-dependent
manner, and it was morphologically observed that the size and number of lipid droplets
produced when adipocytes differentiated and accumulated fat decreased. Excessive lipid
accumulation and formation of lipid droplets cause obesity [81], and it was confirmed that
GW suppressed the formation of lipid droplets even at low concentrations when compared
to AW. Therefore, it can be said that fermented GW has the potential for preventing obesity.

During adipogenesis, several types of genes and transcription factors were regulated.
In this experiment, the effects of fermented AW and GW extracts on the expression of
adipocyte differentiation-related factors C/EBPα, PPARγ, leptin, and Fas in 3T3-L1 cells
were investigated. C/EBPα and PPARγ are specific transcription factors expressed in
adipocytes, and the activities of the two regulators were enhanced in the early stages of
adipogenesis and promote adipogenesis [82]. When adipocytes were compared before and
after differentiation, C/EBPα and PPARγ significantly increased after differentiation, and
transcription factors were suppressed in the GW group, similarly to before differentiation.
Leptin, a protein produced and secreted by adipocytes, increased as fat accumulation
increased and is a hormone that induces appetite suppression to control obesity. Leptin
levels increased after differentiation, but there was no significant difference. The level
of leptin in AW was similar to that after differentiation, but in the case of GW, it slightly
decreased. Since leptin secretion increased with adipocyte size and fat accumulation, it was
thought that the level of leptin was low in GW where fat accumulation was suppressed [83].
When the expression of Fas, which is involved in lipid synthesis, transport, and storage, was
inhibited, adipogenesis and triglyceride accumulation were reduced [84]. The expression
of Fas increased after differentiation, and GW suppressed the expression to the same level
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as the control group. Demineralized glasswort and annual wormwood leaves, which have
been shown to have an inhibitory effect on the differentiation of adipocytes, and fermented
lemons showed similar gene expression inhibitory activity [28,85,86]. Therefore, 3T3-L1
cells increase the expression of all genes as fat accumulates after differentiation, but GW
extract reduces the expression of adipocyte-expressed genes C/EBPα, PPARγ, and Fas,
suggesting that the differentiation of adipocytes is inhibited.

The anti-obesity activity was investigated through weight change, histological change,
and serum analysis. C57BL/6 mice were used as experimental animals, and they are often
used as obesity-prevention models because they lack the leptin gene and cannot control
appetite, causing obesity [87]. In this experiment, it was also confirmed that the weight of
the high-fat diet (HFD) group continued to increase, and obesity was caused by the high-fat
diet. After 12 weeks, the final weight and weight gain (g) of GW 300 decreased compared
to the HFD, and the weight gain (g) of AW 100 decreased (p < 0.05). The food efficiency
ratios (FERs) of the AW 300 group and GW 300 group significantly decreased compared to
the HFD (p < 0.05). If the FER was small, it can be predicted that obesity was prevented in
the high-concentration treatment group of natural products [88].

Obesity refers to an increase in body fat caused by the accumulation of triglycerides
in adipose tissue, and it has been reported that the risk of metabolic diseases increases as
the abdominal fat content increases [89]. In this experiment, the weight of the liver was
measured to confirm the formation of abdominal fat. Similar to the previous study [86],
in which C57BL/6 mice fed the HFD gained weight as cholesterol and triglycerides accu-
mulated in the liver, it was confirmed that the liver weight increased in this experiment.
The liver weight of mice fed the GW extract significantly decreased compared to the HFD
(p < 0.05). The GW extract inhibited liver fat accumulation. In addition, when lipids
accumulated in the liver as obesity progressed, lipid droplets also accumulated [90]. An
obesity-induced HFD increased the number of lipid droplets in liver tissue compared to
the ND, and it was confirmed that the number of lipid droplets in GW was smaller than
that in AW. Non-alcoholic fatty liver diseases (NAFLDs) are known to be liver damage
diseases caused mainly by insulin resistance, accompanied by obesity and dyslipidemia
due to the accumulation of triglycerides in hepatocytes [91]. The non-alcoholic fatty liver
disease activity score [13] is a method of expressing NAFLD as a score for histological
characteristics. Non-alcoholic steatohepatitis (NASH) can be diagnosed if the NAS is five or
higher, and “not NASH” if the NAS is less than three [36]. The HFD group has a high risk
of NASH with a score of three, and all groups except the HFD group can be diagnosed as
not NASH, so it can be said that there is no liver damage. In addition, the content of useful
substances having various activities increased by this decomposition. Serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT), biomarkers that can estimate
liver health, increased in obesity. Similarly, AST and ALT of an obesity-induced HFD
increased significantly compared to the ND. The ALT of the GW 300 group significantly
decreased compared to the HFD (p < 0.01). On the other hand, AW 100 increased both the
AST (p < 0.01) and ALT (p < 0.05), compared to the HFD, which was contrary to previous
studies in which the AST and ALT of the AW extract were lower than those fed a high-fat
diet [15,25]. When AST and ALT increased, it can be said that liver damage had occurred. In
the present study, two of the 100 AW groups had higher AST and ALT than other animals,
suggesting that liver damage may have occurred. Blood glucose [24] was the highest in an
obesity-induced HFD and significantly decreased in the GW-treated group, compared to the
HFD group (p < 0.01). The GLU-lowering effect of GW was similar to a previous study that
revealed a hyperglycemia-preventive effect [92]. The total cholesterol (T-Chol) and high-
density lipoprotein-cholesterol (HDL-C) of mice fed fermented AW extract significantly
decreased when compared to the HFD (p < 0.05). The fermented GW extract significantly
reduced GUL, T-Chol, triglycerides (TGs) (p < 0.01), HDL-C, and LDL-C (p < 0.05). GW
lowered the lipid concentration in the blood than AW. This result was similar to a previous
experiment in which T-Chol, low-density lipoprotein-cholesterol (LDL-C), and TG levels
were reduced in mice fed high-fat diets and seaweed [93]. The occurrence of cardiovascular
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disease can be confirmed by the TC/HDL-C ratio, and it is known that the occurrence of
the disease is low when the ratio is low. The TC/HDL-C ratios were ND (1.38), HFD (2.17),
AW 100 (2.03), AW 300 (1.99), GW 100 (1.90), and GW 300 (1.78), and ND and GW 300 were
low. Therefore, the fermented GW extract can reduce the risk of obesity and cardiovascular
disease by reducing blood ALT, GUL, T-Chol, TGs, LDL-C, blood fat, and cholesterol.

Obesity increases insulin resistance, which does not normalize blood glucose levels,
and increases the risk of developing type 2 diabetes [94]. In the case of the HFD, insulin
resistance was high, but blood sugar increased, so it can be judged that insulin resistance
occurred. Among the experimental groups, GW 300 showed a decrease in insulin level
(p < 0.01), and even though they ate a high-fat diet, the rate of insulin secretion was
regulated, and it is thought that the GW extract lowered insulin resistance. When obesity
was induced, hepatic triglycerides (hepatic TGs) increased, and among them, the GW
300 group significantly decreased compared to the HFD (p < 0.05), and it was found
that obesity was suppressed. Glasswort supplementation showed similar results to a
previous study [95] that significantly reduced hepatic triglycerides compared to mice fed a
high-fat diet.

5. Conclusions

In this study, in vitro experiments using 3T3-L1 adipocyte cells and in vivo exper-
iments using C57BL/6 mice were conducted to investigate the anti-obesity effects of
fermented annual wormwood (AW) and glasswort (GW). In addition, an analysis of com-
pound changes was investigated comparing before and after fermentation. In particular,
phenolic compounds were abundant in AW, and antioxidant activity was also high. In
both AW and GW plants, significant metabolite changes from fermentation were observed.
The metabolites increased from fermentation were metabolites produced by decomposing
the plant substrate and substances produced by strain biosynthesis. Specifically, several
substances with reported physiological activity were identified from the degradation of phe-
nolic acid derived from plants using lactic acid bacteria. It is suggested that the compounds
involved in the anti-obesity activity of GW can be activated by the biotransformation of
fermentation, but detailed research is needed for the exact mechanism.

The AW and GW extracts were not toxic to 3T3-L1 adipocytes up to the maximum
concentration of 50 μg/mL, and the plants after fermentation had better ability to inhibit
adipocyte differentiation. The fermented AW and GW extracts inhibited the differentiation
of adipocytes in a concentration-dependent manner and also reduced the size and number
of lipid droplets. In particular, fermented GW inhibited lipid droplet accumulation even
at low concentrations and significantly reduced the expression of C/EBPα, PPARγ, and
Fas, transcription factors and genes involved in adipogenesis that were expressed during
adipocyte differentiation. When C57BL/6 mice were supplemented with fermented AW
extract, the body weight, food efficiency ratio (FER), and total blood cholesterol (T-Chol)
reduced compared to obese mice. The supplementation of GW extract to C57BL/6 mice
prevented liver lipid accumulation and fatty liver as well as weight loss. GW extract also
prevented liver disease, reduced blood lipids, and regulated insulin.

Through this study, the anti-obesity activity of glasswort was revealed in vitro and
in vivo experiments such as weight loss and lipid accumulation inhibition. Compounds
with anti-obesity activity were activated through biotransformation using fermentation.
As seen in the results, it is suggested that glasswort and annual wormwood be used for
companion animals as well as human health as supplementary food additives for the control
of obesity and metabolic disorders. The metabolic extracts from the fermented plants have
shown promising anti-obesity effects which need to be substantiated further with large-
scale animal studies and cross-sectional population trials with physiological studies.
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Abstract: Anthocyanins (ACNs) are (poly)phenols associated with reduced cardiometabolic risk.
Associations between dietary intake, microbial metabolism, and cardiometabolic health benefits of
ACNs have not been fully characterized. Our aims were to study the association between ACN intake,
considering its dietary sources, and plasma metabolites, and to relate them with cardiometabolic risk
factors in an observational study. A total of 1351 samples from 624 participants (55% female, mean age:
45 ± 12 years old) enrolled in the DCH-NG MAX study were studied using a targeted metabolomic
analysis. Twenty-four-hour dietary recalls were used to collect dietary data at baseline, six, and twelve
months. ACN content of foods was calculated using Phenol Explorer and foods were categorized into
food groups. The median intake of total ACNs was 1.6mg/day. Using mixed graphical models, ACNs
from different foods showed specific associations with plasma metabolome biomarkers. Combining
these results with censored regression analysis, metabolites associated with ACNs intake were:
salsolinol sulfate, 4-methylcatechol sulfate, linoleoyl carnitine, 3,4-dihydroxyphenylacetic acid, and
one valerolactone. Salsolinol sulfate and 4-methylcatechol sulfate, both related to the intake of
ACNs mainly from berries, were inversely associated with visceral adipose tissue. In conclusion,
plasma metabolome biomarkers of dietary ACNs depended on the dietary source and some of them,
such as salsolinol sulfate and 4-methylcatechol sulfate may link berry intake with cardiometabolic
health benefits.

Keywords: metabolomics; anthocyanins; food matrix; diet; gut microbiota; berries; cardiometabolic health

1. Introduction

Anthocyanins (ACNs) are phytochemical compounds of the subclass of flavonoids
in the broader (poly)phenol class, highly present in plant foods, such as berries, grapes,
eggplants, and many other colored fruits and vegetables [1,2]. Most of the dietary ACNs
reach the large intestine unaffected where they may affect both gut microbial composition
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and microbial metabolism of ACNs [2,3]. Dietary ACNs and their microbial metabolites are
suggested to play roles in the prevention and treatment of cardiometabolic diseases [4,5].
Microbial metabolites of ACNs have been shown to reach higher concentrations in the
systemic circulation and may be more bioactive than the consumed ACNs per se [6].
Nonetheless, studies evaluating the association between ACN dietary intake and plasma
concentrations of ACN-derived microbial metabolites in observational studies are lacking.

Sources of variability in ACN metabolism by the host and gut microbiota could be
related to differences in consumed types and quantity of ACNs, as well as to a food matrix
effect. Ultimately, these differences might be translated into different health effects of ACNs
in response to their intake. Up to the moment, besides parent ACNs, such as cyanidin,
delphinidin, malvidin, and petunidin, various metabolites derived from microbial and host
metabolism (i.e., protocatechuic acid, syringic acid, and 4-hydroxybenzoic acid) have been
associated with the consumption of berries in dietary intervention studies [7–9]. However, to
the best of our knowledge, associations between the intake of ACNs, annotated according to
their dietary sources, microbial metabolites, and cardiometabolic risk factors have not been
studied in an observational study. Our hypothesis is that specific sets of microbial metabolites
would be associated with dietary ACNs from different food sources and that these will display
differential associations with cardiometabolic risk factors. The aims of this study were to
evaluate the association between the intake of ACNs, considering their different dietary
sources, and plasma metabolites. The aim was further to explore the associations between
ACN-related metabolites and cardiometabolic risk factors in a subsample of the Danish Diet,
Cancer, and Health-Next Generations (DCH-NG) MAX study [10].

2. Materials and Methods

2.1. Study Design and Subjects

We studied a validation subsample within the Diet, Cancer, and Health-Next Generations
(DCH-NG) cohort: the DCH-NG MAX study. The DCH-NG was an extension of the previous
cohort the Diet, Cancer, and Health (DCH) [10]. A sample of 39,554 participants was included
in the DCH-NG involving biological children, their spouses, and grandchildren of the DCH
cohort [11]. The DCH-NG MAX study recruited 720 volunteers with residency in Copenhagen,
aged 18 years old or more, between August 2017 and January 2019. The major aims of the
MAX study were to validate a semi-quantitative food frequency questionnaire against the
twenty-four-hour dietary recalls (24-HDR) and to examine the plasma and urine metabolome
reproducibility as well as gut microbial stability on a long-term scale. Biological samples,
health examinations such as anthropometric and blood pressure measurements, and two
questionnaires about lifestyle and dietary habits were collected at baseline, 6, and 12 months.

The DCH-NG cohort study was approved by the Danish Data Protection Agency
(journal number 2013-41-2043/2014-231-0094) and by the Committee on Health Research
Ethics for the Capital Region of Denmark (journal number H-15001257). The volunteers
provided their written informed consent to participate in the study. All the details about
clinical measurements, dietary and metabolomics data were previously detailed [11].

2.2. Anthropometric Measurements

Participants were asked to wear underwear and be barefoot for measuring height
and weight using a wireless stadiometer and a body composition analyzer, respectively
(SECA mBCA515, Hamburg, Germany). Height and weight were measured to the nearest
0.1 cm and 0.01 kg, respectively, and body mass index (BMI) was calculated. The waist
circumference was measured twice at the midpoint between the lower rib margin and the
iliac crest. A third measurement for the waist circumference was measured if the difference
between the first two was more than 1 cm. Blood pressure and pulse rate were measured
3 times using the left arm, considering the measurement with the lower systolic blood
pressure and its corresponding diastolic blood pressure value as valid. DEXA-validated
bioimpedance instrument (SECA mBCA515, Germany) was used to estimate visceral
adipose tissue volume.
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2.3. Dietary Data

The 24-h dietary recalls (24-HDR) were recorded at baseline, 6 and 12 months using a
Danish version of the web-based tool myfood24 (www.myfood24.org/) (7 February 2023)
from Leeds University [12], containing almost 1600 Danish food items. All foods consumed
the day before the examinations were reported by the participants in either grams or
in standard portion size. The percentage of calories using the energy equivalents for
carbohydrates, proteins, and fat was used to indicate the intake of macronutrients. Complex
food products were appointed as recipes or dishes. The McCance and Widdowson’s Food
Composition Table [13], or recipes from the food frequency questionnaires in the DCH
were used to have the standardized recipes [14].

Dietary Intake of Anthocyanins

Estimation of the intake of polyphenols from 24-HDRs was completed by a proto-
col using “in-house” software developed by the University of Barcelona, the Bellvitge
Biomedical Research Institute (IDIBELL), and the Centro de Investigación Biomédica en
Red (CIBER) ©. A link between all 24-HDR food items or ingredients and the foods from
the Phenol-Explorer database was created [15]. The intake of individual (poly)phenols in
mg/day was obtained and ACN consumption from separate foods were estimated as the
sum of 71 individual ACNs included in Phenol-Explorer database. The estimated intake
of dietary (poly)phenols of the DCH-NG MAX study has previously been described [16].
A total of 147 food items that contain ACNs were used to estimate the total dietary ACN
intake as shown in the Supplementary Table S1. Intake of berries was estimated as the
sum of foods with at least 50% of its composition or recipe made by berries. These include
raw and frozen berries, berries marmalades or jams, and stewed berries. Dietary ACN
intake related with the other foods were classified and added up according to the following
food groups: dairy products with berries (including ice cream and yogurt), other fruits (i.e.,
plums, cherries, apples, etc.), non-alcoholic drinks (including fruit smoothies and juices),
wines, vegetables, mixed dishes (meat or fish dishes with vegetables containing ACNs),
and bakery (including pastry, biscuits, desserts, and waffles with berries or other ACN-
containing preparations). (Supplementary Table S2). Intakes of foods not containing ACN
were disregarded.

2.4. Blood Sampling, Analysis of Cardiometabolic Risk Factors and Metabolomics

Participants were instructed to maintain a fasting time of 1–9 h (mean fasting time:
5 h) during all the examination days. Blood samples were taken into Vacutainer tubes
containing lithium heparin at baseline time 0 (n = 624), 6 months (n = 380), and 12 months (n
= 349). Within 2 h of blood draw, plasma was obtained by centrifugation, and samples were
stored at −80 ◦C. After that, plasma samples were delivered to the Danish National Biobank
(DNB), where plasma was divided into aliquots and sent to University of Barcelona and
kept at −80 ◦C until metabolomic analysis. Other blood measurements such as hemoglobin,
A1c (HbA1c), serum lipids, and high sensitivity C reactive protein (hsCRP) were measured
as described before [17].

2.4.1. Metabolomics Analysis of Plasma Samples

Repeated measures of the plasma metabolome at all three time points were used for
metabolomics analysis. All the samples were prepared and analyzed using the targeted
UPLC-MS/MS method described previously, with slight modifications [18,19]. Briefly,
100 μL of plasma was added into protein precipitation plates together with 500 μL cold
acetonitrile containing 1.5 M formic acid and 10 mM of ammonium formate and were
kept at −20 ◦C for 10 min to enhance protein precipitation. Then, positive pressure was
applied to recover the extracts, which were taken to dryness and reconstituted with 100 μL
of an 80:20 v/v water:aceto nitrile solution containing 0.1% v/v formic acid and 100 ppb
of a mixture of 13 internal standards. Samples were then transferred to 96-well plates
and analyzed by a targeted metabolomic analysis using an Agilent 1290 Infinity UPLC
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system coupled to a Sciex QTRAP 6500 mass spectrometer, using the operating conditions
described elsewhere [18]. The Sciex OS 2.1.6 software (Sciex, Framingham, MA, USA) was
used for data processing.

2.4.2. Metabolomics Data Pre-Processing

The POMA R/Bioconductor package (https://github.com/nutrimetabolomics/POMA)
(7 February 2023) was used for the pre-processing of metabolomics data [20]. Metabolites
with more than 40% missing values, and those with a coefficient of variation (CV) > 30% in
internal quality control were removed. K-nearest neighbor (KNN) algorithm and correction of
batch effects using the ComBat function (“sva” R package) were used to impute the remaining
missing values [21], while auto-scaling and Euclidean distances (±1.5× Interquartile range)
were used to normalize the data and remove the outliers, respectively. The final metabolomics
dataset included the concentration of 408 plasma metabolites.

2.5. Statistical Analyses

For descriptive statistics, intake of total ACNs (irrespective of their dietary source) was
categorized by tertiles using 0.3–8.9 mg as thresholds. Continuous variables following a
normal distribution are shown as mean ± SD, and those following a skewed distribution are
shown as median (p25–p75). Sociodemographic and clinical characteristics were compared
across tertiles of ACNs intake using linear mixed models in a random intercepts model
adjusted for age and sex. Associations between intake of ACN dietary sources and their
association with cardiometabolic risk factors were tested using linear mixed models in
random intercepts models adjusted for age, sex, and BMI.

First, associations between intake of total ACNs and metabolome biomarkers were ana-
lyzed using a censored regression for panel data with “censReg” and “plm” R-packages [22].
Censored regression models were applied due to the right-skewed distribution of total ACN
intake and the considerable proportion of zero values (24% of non-consumers of ACNs).
Covariates included in the models were age, sex, and BMI. p-values were adjusted for
multiple comparisons using the Benjamini–Hochberg method, and adjusted p-values <0.05
were considered statistically significant. Second, associations between ACNs from different
dietary sources and metabolites were assessed using Mixed Graphical Models (MGM) with
the “mgm” R-package [23]. MGMs are undirected probabilistic graphical models able to
represent associations between nodes adjusted for all the other variables in the model.
MGM specifications were set to allow the maximum number of interactions in the network.
Variables in the model were dietary ACN intakes by food categories (8 food groups), and
the whole metabolomics set of variables. The agreement between repeated measurements
for total dietary intake of ACNs and for ACN intake from different dietary sources was
poor across the study evaluations (intra-class correlation coefficient < 0.15). Therefore,
all observations of the study were considered independent and were included in MGM
analysis (k = 1351). For visual clarity, only the first-order neighborhood of ACNs food
sources was plotted.

To evaluate the associations between metabolites and cardiometabolic risk factors
linear mixed models were used in random intercepts models adjusted for age, sex, and BMI.
Metabolites were selected based on the combination of both analyses, censored regression,
and MGM. Standardized coefficients were plotted in a heatmap built using the “pheatmap”
R-package (Kolde R (2019). pheatmap: Pretty Heatmaps).

All statistical analyses were performed using R, version 4.1.3. (R foundation, Austria).

3. Results

3.1. Sociodemographic, Clinical, and Dietary Characteristics

At baseline, out of the 720 volunteers who agreed to participate in the study, 624 had
completed clinical, dietary, and plasma metabolomics data. Of the 624 participants included,
55% were female, aged (mean ± SD) 45 ± 12 years old, and had a BMI of 25 ± 4 kg/m2. At
6 months, 380 participants had completed clinical, dietary, and metabolomics data and at
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12 months completed data were available for 349 participants. Only, 287 participants had
completed clinical dietary and plasma metabolomics data available at all three time points.

The distribution of total ACN intake was right-skewed with a median value of
1.6 (p25–p75: 0.0–26.9) mg/day and a mean value of 26.4 (SD: 60.4) mg/day. Berries
were the highest contributors to total ACN intake with a mean contribution of 34%, fol-
lowed by wines with 33%, and non-alcoholic drinks (which included fruit smoothies and
juices) with 20% of the total reported intake. Other fruits (i.e., cherries, apples, and plums)
and vegetables were minor contributors with 4% and 2%, respectively. Bakery (pastry,
biscuits, and desserts), dairy products (yogurts and strawberry ice creams or ice creams
with berries), and other mixed dishes (dishes including vegetables with ACNs) contributed
within a similar range between 2 and 3% (Supplementary Table S1).

Participants were divided into tertiles based on the consumed reported intakes of
total ACNs as shown in Table 1. There were no significant differences in clinical charac-
teristics across tertiles of ACN intake. Consistently, there were no statistically significant
associations between total ACN intake and cardiometabolic risk factors (data not shown).
Dietary characteristics are illustrated in Supplementary Table S2. Participants in the highest
compared to the ones at the lowest tertile of ACN intake showed statistically significant
higher consumption of total protein, saturated fatty acids (SFA), monounsaturated fatty
acids (MUFA), polyunsaturated fatty acids (PUFA), alcohol, fruits, and berries.

Table 1. Sociodemographic and clinical characteristics according to tertiles of total ACN intake.

All
n = 624

k = 1351

Tertile 1
<0.3 mg ACN/Day

k = 453

Tertile 2
0.3–8.9 mg ACN/Day

k = 448

Tertile 3
>8.9 mg ACN/Day

k = 450

Age (years) 44.7 ± 12.3 43.7 ± 12.6 44.2 ±12.5 46.1 ± 11.8

Gender, female (n, %) 745 (55) 236 (52) 250 (55) 256 (57)

BMI (kg/m2) 25 ± 4 25 ± 4 24 ± 3 25 ± 4

WC (cm) 87.5 ± 12.1 88.7 ± 12.4 86.0 ± 11.6 87.7 ± 12

VAT (L) 1.3 (0.7–2.5) 1.5 (0.8–2.6) 1.2 (0.6–2.1) 1.4 (0.8–2.5)

Physical activity (n, %)

Not regular 114 (17) 41 (19) 25 (12) 37 (18)

Once/month last 6 months 52 (89 15 (79 22 (11) 12 (6)

Once/month last 12 months 510 (75) 162 (74) 159 (77) 152 (76)

Smoking status (n, %)

Never 353 (52.2) 114 (52.3) 117 (56.89 97 (48.3)

Former 186 (27.5) 53 (24.3) 53 (25.79) 69 (34.39)

Current 137 (20.3) 51 (23.4) 36 (17.59) 35 (17.4)

SBP (mmHg) 117 ± 16 117 ± 15 116 ± 15 116 ± 16

DBP (mmHg) 81 ± 11 80 ± 10 79 ± 10 80 ± 11

HbA1c (mmol/mol) 34.5 ± 6 34.6 ± 7 33.8 ± 5 34.6 ± 6
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Table 1. Cont.

All
n = 624

k = 1351

Tertile 1
<0.3 mg ACN/Day

k = 453

Tertile 2
0.3–8.9 mg ACN/Day

k = 448

Tertile 3
>8.9 mg ACN/Day

k = 450

TG (mmol/L) 1.1 (0.8–1.6) 1.1 (0.8–1.7) 1.0 (0.8–1.4) 1.1 (0.8–1.6)

TC (mmol/L) 4.9 ± 1.0 4.9 ± 0.9 4.9 ± 0.9 5.1 ± 1.0

HDL (mmol/L) 1.6 ± 0.4 1.5 ± 0.4 1.6 ± 0.4 1.6 ± 0.5

LDL (mmol/L) 3.0 ± 0.9 3.0 ± 0.9 2.9 ± 0.9 3.1 ± 0.9

hsCRP (mg/L) 0.7 (0.3–1.6) 0.8 (0.3–1.6) 0.7 (0.3–1.5) 0.7 (0.3–1.6)
BMI, body mass index; WC, waist circumference; VAT, visceral adipose tissue; SBP, systolic blood pressure, DBP,
diastolic blood pressure; HbA1c, hemoglobin A1c; TG, triglycerides; TC, total cholesterol; HDL, high-density
lipoproteins; LDL, low-density lipoproteins; hsCRP, high-sensitivity C-reactive protein. Variables following a normal
distribution are shown as mean ± SD, and those with a skewed distribution are shown as median (p25–p75).

3.2. Association between Intake of ACN Dietary Sources and Cardiometabolic Risk Factors

Several inverse and direct associations between self-reported intake of ACN-containing
food groups and cardiometabolic risk factors were observed (Figure 1). For example, in-
take of berries, dairy products with berries, and ACN-containing vegetables had inverse
associations with visceral adipose tissue volume, while wine had direct associations with
total cholesterol, HDL-C, and systolic blood pressure. Other direct associations were found
between the intake of berries and hemoglobin A1c, and between ACN-containing drinks
with hsCRP.

Figure 1. Association between different self-reported food groups and cardiometabolic risk factors in
the DCH-NG MAX study (n = 624, k = 1351). Standardized coefficients according to linear mixed
models with random intercepts adjusting for age, sex, and BMI. * p < 0.05, ** p < 0.01. n = number
of subjects, k = total number of observations. TG, triglycerides; SBP, systolic blood pressure; DBP,
diastolic blood pressure; WC, waist circumference; HbA1c, hemoglobin A1c; hsCRP, high-sensitivity
C-reactive protein; VAT, visceral adipose tissue; TC, total cholesterol; HDL, high-density lipoproteins;
TC, total cholesterol; LDL, low-density lipoproteins.

3.3. Metabolome Biomarkers Associated with Total ACN Intake

In censored regression analysis, 10 metabolites were positively associated with total
ACN intake (Figure 2). Among them, three were exogenous metabolites, hypaphorine,
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salsolinol sulfate, and ethyl glucuronide, two were endogenous metabolites, including
linoleoyl carnitine and glycerol, and five were gut microbial metabolites, 4-methylcatechol
sulfate, 4′-hydroxy-3′-methoxyphenyl-γ-valerolactone-sulfate (MHPV-S), 5-(4-hydroxy(3,4-
dihydroxyphenyl)-valeric acid sulfate (3,4-DHPHVA-S), 3,4-dihydroxyphenylacetic acid
sulfate (3,4-DHPA-3S) and indolepropionic acid. On the other hand, only oleoyl carnitine,
another endogenous metabolite, was inversely associated with total ACN dietary intake.

 

Figure 2. Association between metabolome biomarkers and total intake of ACNs. Censored re-
gression for panel data adjusting for age, sex, and BMI (n = 624, k = 1351). p-values were cal-
culated and adjusted by Benjamini–Hochberg procedure. Adjusted p-values < 0.05 were consid-
ered statistically significant. Hyp, hypaphorine; Sal-S, salsolinol sulfate; Et-G, ethyl glucuronide;
4-Met-Cat-S, 4-methylcatechol sulfate; MHPV-S, 4′-hydroxy-3′-methoxyphenyl-γ-valerolactone sul-
fate; 3,4-DHPHVA-3S, 5-(4-hydroxy(3,4-dihydroxyphenyl)-valeric acid sulfate; 3,4-DHPA-3S, 3,4-
dihydroxyphenylacetic acid sulfate; IPA, indolepropionic acid; C18,2-Car, linoleoyl carnitine; C18,1-
Car, oleoyl carnitine.

3.4. Metabolome Biomarkers Associated with Intake of ACNs Related to Different ACN
Dietary Sources

MGM analysis showed associations between self-reported ACN intake from different
dietary sources and 16 metabolites (Figure 3). ACNs derived from dairy products were
associated with plasma asparagine, epicatechin sulfate, urolithin C-glucuronide, and acesul-
fame K. ACNs from the intake of berries were associated with linoleoyl carnitine, salsolinol
sulfate, glycochenodeoxycholic-3-sulfate (GCDCA-3S) and 4-methylcatechol sulfate. ACNs
from wine consumption were linked with methylpyrogallol sulfate (Met-Pyr-S) and ethyl
glucuronide. ACNs from vegetable intake were associated with 2-hydroxybenzoic acid
and bergaptol glucuronide. ACNs from other fruits were associated with 3,4-DHPHVA-3S,
5-(3′-hydroxyphenyl)-γ-valerolactone 3’-sulfate (3-HPV-S) and 3,4-dihydroxyphenylacetic
acid sulfate (3,4-DHPA-3S). Lastly, the consumption of ACNs from mixed dishes was asso-
ciated with 1-methylhistidine and 2-hydroxybenzoic acid. Overall, not all the metabolites
selected in the MGM analysis were related to ACNs or its microbial metabolites, but to other
food components such as acesulfame K, ethyl glucuronide, etc. Therefore, metabolome
biomarkers were selected considering both statistical analyses, censored regression, and
MGM, to be used for the study of its association with cardiometabolic risk factors.
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Figure 3. First-order neighborhood of ACNs intake related to different self-reported food groups with
plasma metabolome biomarkers according to Mixed Graphical Models in the DCH-NG MAX study
(n = 624, k = 1351). Edge intensity reflects the strength of the association from strong direct (dark green)
to strong inverse association (dark red). Variables included in the mixed graphical model were ACN
intake related to self-reported intake of dairy, berries, wines, non-alcoholic drinks (smoothies and fruit
juices), vegetables, other fruits, mixed dishes, and bakery, and all the 408 plasma metabolites quanti-
fied with our targeted metabolomics method. n = number of subjects, k = total number of observations.
For a detailed list of foods within each category go to Supplementary Table S1. Asp, asparagine;
EpiC-S, epicatechin sulfate; UroC-G, urolithin C-glucuronide; GCDCA-3S, glycochenodeoxycholic
3-sulfate; Sal-S, salsolinol sulfate; 4-Met-Cat-S, 4-methylcatechol sulfate; C18:2-Car, linoleoyl carni-
tine; 2-HBA, 2-hydroxybenzoic acid; Berg-G, bergaptol glucuronide; Met-Pyr-S, methylpyrogallol
sulfate; 3-HPV-S, 5-(3′-hydroxyphenyl)-γ-valerolactone 3’-sulfate; 3,4-DHPHVA-S, 5-(4-hydroxy(3,4-
dihydroxyphenyl)-valeric acid sulfate; 3,4-DHPA-3S, 3,4-dihydroxyphenylacetic acid sulfate; Et-G,
ethyl glucuronide.

3.5. Associations between Selected ACN-Related Metabolome Biomarkers and Cardiometabolic
Risk Factors

Metabolites associated with ACN intake in both of the previous analyses were: sal-
solinol sulfate, 4-methylcatechol sulfate, linoleoyl carnitine, 3,4-DHPHVA-3S, and 3,4-
DHPA-S. Figure 4 shows the associations between these metabolites and cardiometabolic
risk factors. Out of the metabolites associated with berries’ ACNs, salsolinol sulfate and
4-methylcatechol sulfate were inversely associated with visceral adipose tissue volume.
In addition, inverse associations were also found between salsolinol sulfate and LDL-C
and diastolic blood pressure. Conversely, there was a direct association between salsolinol
sulfate and triglyceride levels (Figure 4). Linoleoyl carnitine, 3,4-DHPHVA-3S, 3,4-DHPA-S
did not show any statistically significant association with cardiometabolic risk factors.
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Figure 4. Association between ACN-related selected metabolites and cardiometabolic risk factors
in the DCH-NG MAX study (n = 624, k = 1351). Standardized coefficients according to linear
mixed models with random intercepts adjusting for age, sex, and BMI. Foods associated with the
metabolites according to MGM analysis are displayed by colors in the food column. * p < 0.05,
** p < 0.01, *** p < 0.001. n = number of subjects, k = total number of observations. Sal-S, salsolinol
sulfate; 4-Met-Cat-S, 4-methylcatechol sulfate; C18:2-Car, linoleoyl carnitine; 3,4-DHPHVA-3S, 5-(4-
hydroxy(3,4-dihydroxyphenyl)-valeric acid sulfate; 3,4-DHPA-3S, 3,4-dihydroxyphenylacetic acid
sulfate; TG, triglycerides; SBP, systolic blood pressure; DBP, diastolic blood pressure; WC, waist
circumference; HbA1c, hemoglobin A1c; hsCRP, high-sensitivity C-reactive protein; VAT, visceral
adipose tissue; TC, total cholesterol; HDL, high-density lipoproteins; TC, total cholesterol; LDL,
low-density lipoproteins.

4. Discussion

The present study shows for the first time the specific associations between ACNs
related to different dietary sources, and plasma metabolome biomarkers and their associa-
tion with cardiometabolic risk factors in a free-living population. These results may take
into account not only the quantitative and qualitative heterogeneity of ACNs presence in
foods but also the internal dose of specific microbial metabolites generated from ACNs
which could have been affected by the food matrix. Indeed, food matrices have been shown
to influence the microbial metabolism of (poly)phenols [24]. Ultimately, we observed
different associations between ACN-related metabolites and cardiometabolic risk factors in
relationship with specific foods suggesting a stronger cardiometabolic benefit associated
with the consumption of berries.

Up to 80% of the total intake of dietary ACNs came from the consumption of berries,
wines, and non-alcoholic drinks in this observational study. Minor contributors were
dairy foods, other fruits, and vegetables. While the MGM analysis revealed different
metabolomic fingerprints associated with different dietary sources of ACNs, the resultant
metabolites were not specific to ACNs. Therefore, we selected metabolites that were also
significantly associated with the censored regression analysis. This was a strict criterion
but in the context of such low levels of ACN intake in the overall population (median
1.6 mg/day), it is justified. After applying this selection criterion, only metabolites related
to ACNs from berries and other fruits (according to MGM) were tested for their association
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with cardiometabolic risk factors. Metabolites specifically related to ACNs from other
major food sources, such as wines, were excluded. Nonetheless, other studies showed
that for example 4-methylcatechol sulfate was increased after a 15-day moderate red wine
intervention trial [25]. Therefore, we cannot be fully certain that in our study the same
metabolites could be related to other ACN dietary sources. Future randomized controlled
trials using single foods are warranted to validate the present results.

Regarding the association between metabolome biomarkers and cardiometabolic risk
factors, 4-methylcatechol sulfate showed an inverse association with visceral adipose
tissue volume. According to our MGM analysis, 4-methylcatechol sulfate was associated
with the intake of ACNs from berries. Similarly, another metabolite associated with
ACNs from berries was salsolinol sulfate. Salsolinol sulfate is an alkaloid that has been
suggested as a biomarker of banana intake [26]. However, salsolinol can be produced
endogenously through dopamine oxidative metabolism [27,28] and may have a role in
modulating dopamine neurons activity in the striatum region of the brain [21]. In fact,
patients with obesity showed impaired dopamine brain activity, underscoring a potential
role for low dopamine activity in obesity (lower reward associated with food intake) [29].
Hence, we speculate that the inverse association between salsolinol sulfate and visceral
adipose tissue could be mediated by brain dopamine activity. An animal study showed
that a blackberry extract intervention reversed the effects of a high-fat diet increasing
dopamine turnover in the brain striatum region [30]. The role of berries on brain dopamine
metabolism should be further studied. On the other hand, the other selected metabolites
were not associated with cardiometabolic risk factors.

The median value of total ACN intake in the study was 1.6 mg/day, and such intake
may not have been high enough to detect metabolome biomarkers found in randomized
controlled trials (RCT) with ACN-rich foods [31–33]. Many short or long-term RCTs were
conducted with capsulated ACNs or berries to discover biomarkers of ACNs intake. In
these trials, daily intakes of ACNs typically varied from 100 to 300 mg as single dose
intakes [33,34], or between 50–350 mg/day for four weeks [35–37]. In general, many parent
ACNs and up to 70 phenolic compounds resultant of the gut microbial metabolism of
ACNs have been identified [35,36]. Even though the majority of these metabolites were
not identified in our study, 4-methylcatechol sulfate, 3,4-DHPHVA-3S, and 3,4-DHPA-
3S had been previously associated with ACN intake. Maybe, longer half-lives of these
metabolites vs. the others, or the competition of polyphenol substrates for bacteria able to
metabolize them limited the production of ACNs metabolites under the low levels of ACN
intake (exposure) in the study.

Among the strengths of this study are its observational nature and the fact that dietary
data were assessed with 24-HDRs instead of food frequency questionnaires. This last
characteristic allowed us to have exact intake data both in terms of amounts and specific
food items compared to food frequency questionnaires. However, this also brings the
limitation of measurement errors in estimating ACN intake and the short time period
surveyed (one 24-HDR at each evaluation time). Another limitation was that the median
consumption of dietary ACNs within the population of the DCH-NG MAX study was
1.6 mg/day, which was considerably lower than other studies in which the median intake
varied between 9.3 to 52.6 mg/day [38–41]. This fact could have limited the number of
plasma metabolites associated with dietary ACNs. Furthermore, the mean fasting time
of the participants at the time the blood samples were drawn was 5 h and the impact of
fasting on serum metabolome is uncertain. Nonetheless, this is the first study evaluating the
impact of ACNs coming from different dietary sources on plasma metabolome and therefore
our results cannot be contrasted with others. While berries contain other polyphenols in
addition to ACNs, further research is needed to fully understand the individual and
combined effects of different polyphenols of berries on health outcomes. Our approach to
isolating the effects of ACNs from berries was conducted from a bioinformatic approach and
a more precise study testing the effects of isolated ACNs from berries should corroborate
our results. While berries contain other polyphenols in addition to ACNs, further research
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is needed to fully understand the individual and combined effects of different polyphenols
of berries on health outcomes. Our approach to isolating the effects of ACNs from berries
was conducted from a bioinformatic approach and a more precise study testing the effects
of isolated ACNs from berries should corroborate our results. Last, it is not clear if the
microbial metabolites were exclusively related to the ACNs from the dietary source pointed
out in the MGM analysis or could have been also produced from ACNs coming from other
foods, or even from food components other than ACNs (e.g., other polyphenols apart from
ACNs). Although MGM models adjust every association for all the other variables included
in the analysis, these sources of confounding cannot be ruled out.

In conclusion, this study shows that the metabolomic fingerprint of ACN consumption
depended on its dietary sources. Metabolites associated with the consumption of berries’
ACNs showed inverse associations with visceral adipose tissue. Future RCTs should
validate the importance of these foods for cardiometabolic health and their potential
mechanisms of action.
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Abstract: Seasonal rhythms drive metabolic adaptations that influence body weight and adipos-
ity. Adipose tissue is a key regulator of energy homeostasis in the organism, and its healthiness is
needed to prevent the major consequences of overweight and obesity. In this context, supplementa-
tion with proanthocyanidins has been postulated as a potential strategy to prevent the alterations
caused by obesity. Moreover, the effects of these (poly)phenols on metabolism are photoperiod
dependent. In order to describe the impact of grape-seed proanthocyanidins extract (GSPE) on impor-
tant markers of adipose tissue functionality under an obesogenic environment, we exposed Fischer
344 rats to three different photoperiods and fed them a cafeteria diet for five weeks. Afterwards,
we supplemented them with 25 mg GSPE/kg/day for four weeks. Our results revealed that GSPE
supplementation prevented excessive body weight gain under a long photoperiod, which could be
explained by increased lipolysis in the adipose tissue. Moreover, cholesterol and non-esterified fatty
acids (NEFAs) serum concentrations were restored by GSPE under standard photoperiod. GSPE
consumption slightly helped combat the obesity-induced hypertrophy in adipocytes, and adiponectin
mRNA levels were upregulated under all photoperiods. Overall, the administration of GSPE helped
reduce the impact of obesity in the adipose tissue, depending on the photoperiod at which GSPE was
consumed and on the type of adipose depots.

Keywords: adiponectin; BAT; flavonoids; GSPE; seasonal rhythms

1. Introduction

Obesity is a public health issue worldwide that has nearly tripled since 1975, and
in 2016, 39% of adults were overweight and 13% were obese [1]. The principal cause of
obesity is an energy imbalance between food intake and energy expenditure [2–4]. The
World Health Organization (WHO) and other entities report that obesity is preventable by
consuming healthier foods, such as vegetables, legumes, whole grains, and nuts, and in-
creasing physical activity by up to 150 min per week for adults. Moreover, seasonal changes
affect the metabolic features that control energy balance, such as food intake, adiposity, or
energy metabolism [5,6]. In this sense, humans have a higher biological susceptibility to
gaining weight in the summer than in the winter, meaning that adopting unhealthy habits
in the summer can contribute to weight gain and obesity. Indeed, children gained more
weight in the summer holidays rather than in the Christmas holidays [7,8]. Despite the
recommendations, the incidence of obesity is still increasing every year; therefore, the need
for the development of new strategies to ameliorate obesity and obesity-related disorders
becomes greater.

A healthy functionality of the white adipose tissue (WAT) is crucial to prevent metabolic
disorders since alterations in WAT metabolism can lead to an inflammatory response and
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systemic complications [9]. In an obesogenic environment, the healthiness of WAT is seri-
ously threatened, and the general consequences that can arise from this situation depend
on WAT location. In fact, the WAT is largely distributed throughout the organism, being
classified into subcutaneous WAT and visceral WAT [10]. The subcutaneous WAT (sWAT)
has a better adaptation to an obesogenic environment, yet it is capable of better modulating
the inflammatory response and preventing lipotoxicity. However, the visceral WAT (vWAT)
is less tolerant to a calory-excess situation: its development under obesity has a stronger im-
pact on systemic inflammation, as it produces a considerable amount of pro-inflammatory
cytokines and promotes an exacerbated immune response, followed by lipotoxicity [11].

The brown adipose tissue (BAT) appears as an important thermogenic tissue in mam-
mals that strongly contributes to energy metabolism. Its role and characteristics are differ-
ent from WAT: briefly, brown adipocytes contain high amounts of mitochondria and low
amounts of small lipid droplets [12]. Moreover, they count on the presence of Uncoupling
Protein 1 (UCP1) in the membrane of their mitochondria, which is a protein capable of
dissipating the electron respiratory chain and using the energy to produce heat [12]. Conse-
quently, its adaptation to distinct environments such as obesity or seasonality is different
from the WAT and can help the organism face metabolic complications [6].

The consumption of specific bioactive compounds, such as (poly)phenols, is highly
associated with health benefits [13]. These molecules have been related to a reduced
incidence of metabolic disorders such as obesity, glucose intolerance, or cardiovascular
disease [14,15]. In addition, phenolic compounds have shown synchronizing characteristics
that can ease the metabolic adaptations of the organism to its environment [16,17]. In fact,
an influence of photoperiod on the metabolic effects of grape-seed proanthocyanidin extract
(GSPE) was recently demonstrated in healthy and obese animals. More specifically, GSPE
modulated hepatic glucose and lipid metabolism in a photoperiod-dependent manner [18].
Moreover, GSPE effects on microbiota were dependent on photoperiod in obese animals [19].
GSPE contributed to the adaptation to new photoperiods by regulating body weight and
energy expenditure [20]. However, the seasonal effects of GSPE consumption on adipose
tissue adaptations to obesity have not been reported to date. Therefore, the aim of this
study was to explore the effects of GSPE seasonal consumption on the functionality of
different adipose tissue depots (BAT, visceral, and subcutaneous WAT) in animals fed a
cafeteria (CAF) diet.

2. Materials and Methods

2.1. Grape-Seed Proanthocyanidin Extract

GSPE was kindly provided by Les Dérivés Résiniques et Terpéniques (Dax, France).
According to the manufacturer, the GSPE composition used in this study contained
monomers (21.3%), dimers (17.4%), trimers (16.3%), tetramers (13.3%), and oligomers
(5–13 units; 31.7%) of proanthocyanidins. The exact phenolic composition of GSPE was
determined by HPLC-MS/MS (TOF 6210, Agilent) [21], according to what was described
by Quiñones et al. [22], and can be found in Supplementary Table S1.

2.2. Animal Experimental Procedure

Eight-week-old male Fischer 344 rats (n = 72) were purchased from Charles River Lab-
oratories (Barcelona, Spain) and pair-housed in animal quarters at 22 ◦C with a light/dark
period of 12 h. Animals had an adaptation period of 1 week fed with standard diets (STD)
(Panlab, Barcelona, Spain) and tap water ad libitum. After the adaptation period, animals
were submitted to three different light schedules for 9 weeks to mimic seasonal day lengths:
L12 photoperiod (12 h light–12 h darkness); L18 photoperiod (18 h light–6 h darkness); and
L6 photoperiod (6 h light–18 h darkness). Animals in each photoperiod group were further
divided into three more groups (n = 8); one of them was fed an STD diet ad libitum, and the
other two were fed cafeteria (CAF) diet ad libitum. The CAF diet consisted of biscuits with
pâté, biscuits with cheese, ensaïmada (sweetened pastry), bacon, carrots, and sweetened
milk (20% sucrose w/v) in addition to the standard diet (STD Panlab A04, Panlab, Barcelona,
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Spain). The CAF diet is a highly palatable diet that is able to induce voluntary hyperphagia.
Its composition was 10% protein, 31.9% fat, and 58.1% carbohydrates. Each component
of the CAF diet was freshly provided to the animals daily, and they could choose and
eat ad libitum. At week 6, the 4-week treatment period started while the animals kept
eating the same type of diet. The three STD diet groups received the vehicle (VH) treat-
ment, consisting of an oral dose of water and sweetened milk. Three of the CAF groups
(one from each photoperiod) received VH, and the other three received 25 mg/kg/day of
GSPE diluted in water and sweetened milk. At the end of the experiment, animals were
fasted for 3 h and then sacrificed by live decapitation. Total blood was collected from the
neck and then centrifuged (1500× g, 15 min, 4 ºC) to obtain serum. All adipose tissue
depots were excised, weighted and immediately frozen into liquid nitrogen, one piece of
epididymal white adipose tissue (eWAT) and inguinal white adipose tissue (iWAT) were
also kept in formol for histological analysis. Both serum and tissues were stored at −80 ◦C
until further use. A schematic representation of the experimental design can be found in
Supplementary Figure S1. The Ethics Review Committee for Animal Experimentation of
the University Rovira i Virgili (Tarragona, Spain) and the Generalitat de Catalunya ap-
proved all the procedures of the investigation (reference number 9495), which was carried
out in accordance with the ethical standards and the Declaration of Helsinki.

2.3. Serum Analysis

Serum glucose, total cholesterol, and triglycerides (TG) were measured with enzymatic
colorimetric kits (QCA, Barcelona, Spain). Serum non-esterified fatty acids (NEFAs) were
analyzed with the enzymatic colorimetric HR NEFA series kit (Wako, CA, USA).

2.4. Histology of Adipose Tissues

Frozen iWAT and eWAT samples were thawed and fixed in 4% formaldehyde. Tis-
sues underwent successive dehydration and paraffin infiltration immersion (Citadel 2000,
HistoStar, Thermo Scientific, Madrid, Spain) and the paraffin blocks were cut into 2-μm-
thick sections using a microtome (Microm HM 355S, ThermoScientific). The sections were
subjected to automated hematoxylin–eosin staining (Varistain Gemini, Shandom, Thermo
Scientific). Sections were observed and acquired at ×10 magnification using AxioVision
ZeissImaging software (Carl Zeiss Iberia, S.L., Madrid, Spain). The area of adipocytes
was measured using the Adiposoft open-source software (CIMA, University of Navarra,
Pamplona, Spain). Four fields per sample were measured, and six samples per group were
analyzed. The adipocyte area was calculated from the average value of the area of cells
in all measured fields for each sample. The total adipocyte volume was calculated using

the formula
[
π
6
] ×

[
3σ2 × d + d

3
]
, where d is the mean diameter and σ is the standard

deviation of the diameter. Afterwards, this value was converted to the adipocyte weight
using the adipocyte density (0.92 g/mL). In order to obtain the total adipocyte number in
each depot, the weights of iWAT and eWAT depots were divided by the adipocyte weight.
The frequencies of adipocytes were calculated by dividing all counted cells per sample into
two groups according to their area, <3000 μm2 or >3000 μm2; then, the total number of
counted adipocytes to calculate the percentage of adipocytes in both categories.

2.5. Gene Expression Analysis

Total RNA from iWAT, eWAT and BAT was extracted using TRIzol reagent (Thermo
Fisher Scientific, Barcelona, Spain) following the manufacturer’s protocol. RNA was
quantified in NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE,
USA). The integrity of the RNA was evaluated by the RNA integrity number (RIN) trough
2100 Bioanalyzer Instrument (Agilent Technologies). A RIN higher than six was accepted
for total RNA samples. cDNA was synthesized using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Barcelona, Spain) in a Multigene ThermalCycler
(Labnet, Madrid, Spain). The cDNA was subjected to a quantitative reverse transcriptase
polymerase chain reaction amplification using iTaq™Universal SYBR Green Supermix
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(Bio-Rad, Madrid, Spain) in the 7900HT Fast Real-Time PCR System (Applied Biosystems).
The primers used for the different genes are described in Supplementary Table S2 and
were obtained from Biomers.net (Ulm, Germany). The relative expression of each gene
was calculated according to cyclophilin peptidylprolyl isomerase A (Ppia) mRNA levels and
normalized to the levels measured in the corresponding control group. The ΔΔCt method
was used and corrected for primer efficiency [23].

2.6. Statistical Analysis

The effects of both CAF diet administration and seasonal GSPE supplementation on
biometric, biochemical, and serum variables as well as gene expression were evaluated by
a two-way ANOVA with Tukey’s post hoc test for multiple comparisons. In addition, for
biometric, biochemical, and serum variables, a one-way ANOVA followed by Tukey’s post
hoc test was conducted to detect significant differences between groups in the same photope-
riod. GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA) was used for all statistical
analysis. The values are expressed as means ± SEM. p< 0.05 was considered significant.

3. Results

3.1. GSPE Consumption Restored Cholesterol and NEFAs Serum Concentrations in a
Photoperiod-Dependent Manner in Obese Animals

After nine weeks of study, animals fed the CAF diet significantly increased their
body weight, body weight gain, and food intake (Table 1). However, the four-week GSPE
supplementation was able to significantly reduce body weight gain and food intake in all
groups. When we conducted one-way ANOVA tests to assess the individual effects of
GSPE on each photoperiod, we detected that the greater effects on reducing body weight
gain were in animals exposed to L18. Furthermore, the CAF diet significantly increased
total fat mass and the mass of individual adipose tissue depots (iWAT, eWAT, and BAT) in
all animals. In this case, GSPE supplementation did not significantly affect these values.

A diet effect was also observed in all circulating metabolic parameters, where CAF
consumption significantly increased serum concentrations of glucose, cholesterol, TG, and
NEFAs. However, GSPE supplementation was able to restore cholesterol and NEFAs levels
in a photoperiod-dependent manner.

3.2. GSPE Consumption Restored Adipocyte Morphology in iWAT in a
Photoperiod-Independent Manner

The histological analysis of iWAT showed a significant effect of the CAF diet on
both area and volume of adipocytes in iWAT, which were increased in obese animals
(Figure 1A,B, Supplementary Figure S2). Consequently, the adipocyte area distribution
also changed, and the number of larger adipocytes increased with respect to the smaller
ones (Figure 1D). However, no differences were detected in adipocyte number (Figure 1C),
and, when we applied one-way ANOVA analyses to assess the significant effects within
each photoperiod, we only observed statistical significance on L12 animals. Noteworthy, as
indicated by two-way ANOVA analyses, GSPE consumption reduced the CAF diet impact
because the cellular profile of CAF-fed animals supplemented with GSPE was more similar
to the STD diet fed groups, showing reduced adipocyte area and volume. No interaction
between GSPE and photoperiod was detected, but the GSPE effect only reached significance
in L12 groups after applying one-way ANOVA tests.

3.3. Gene Expression of iWAT Was Affected by GSPE in a Photoperiod-Dependent Manner

However, after exploring the expression of the key metabolic genes in iWAT, we
detected an interaction effect between GSPE and photoperiod in the expression levels of
the adipogenic genes Cebpα and Pparγ (Figure 2A). The effect was only observed in animals
exposed to the L6 photoperiod, in which the expression of these genes was significantly
restored in response to GSPE consumption. A similar effect was detected in the lipid
transport-related genes Cd36 and Fabp4 (Figure 2B), the lipolysis-related genes Hsl and Atgl
(Figure 2C), and the adipokine genes Lep and Adipoq (Figure 2D). Differently, no significant
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effects in response to GSPE consumption were detected in the gene expression of the
lipogenic genes Acacα and Fasn (Supplementary Figure S3).

3.4. GSPE Consumption Restored Adipocyte Morphology in eWAT in a
Photoperiod-Independent Manner

Similar to iWAT, a significant effect of both the CAF diet and GSPE consumption was
detected in the histological analysis of eWAT. Again, the CAF diet increased adipocyte area
and volume, whereas GSPE consumption attenuated this significant increase regardless
of the photoperiod (Figure 3A,B, Supplementary Figure S4). However, these changes in
response to proanthocyanidins were not fully reflected by adipocyte number or adipocyte
area frequency (Figure 3C,D), and one-way ANOVA tests did not show significancy be-
tween CAF-VH and CAF-GSPE groups on area and volume values under any photoperiod.

Table 1. Biometric and circulating parameters.

P STD-VH CAF-VH CAF-GSPE p Diet 1 p Diet × P 1 p GSPE 1 p GSPE × P 1

Body weight (g)
L12 479.8 ± 12.1 a 584.5 ± 11.9 b 555.5 ± 14.2 b

<0.0001 ns ns nsL18 491.9 ± 12.9 a 598.3 ± 11.4 b 559.1 ± 15.9 b

L6 491.4 ± 12.0 a 554.9 ± 19.9 b 554.8 ± 18.5 b

Body weight
gain (g)

L12 96.5 ± 8.9 a 180. ± 10.5 b 156.5 ± 9.7 b

<0.0001 ns 0.0403 nsL18 104.8 ± 9.1 a 197.3 ± 8.2 c 159.4 ± 12.8 b

L6 106.1 ± 8.1 a 158.3 ± 14.9 b 155.8 ± 16.1 b

Food intake (g)
L12 201.3 ± 3.4 a 308.9 ± 14.2 c 256.8 ± 16.4 b

<0.0001 ns 0.0015 nsL18 212.1 ± 6.9 a 301.8 ± 13.4 b 292.1 ± 12.8 b

L6 219.3 ± 2.2 a 311.9 ± 7.8 c 264.3 ± 12.7 b

Fat mass (g)
L12 35.3 ± 3.4 a 83.5 ± 5.3 b 82.2 ± 4.8 b

<0.0001 ns ns nsL18 46.5 ± 3.5 a 95.1 ± 5.4 b 82.5 ± 6.8 b

L6 40.1 ± 3.7 a 74.3 ± 9.4 b 76.1 ± 5.9 b

iWAT mass (g)
L12 4.1 ± 0.3 a 8.6 ± 0.7 b 9.4 ± 1.1 b

<0.0001 ns ns nsL18 4.8 ± 0.1 a 9.2 ± 1.3 b 7.1 ± 1.1 ab

L6 4.2 ± 0.6 a 8.2 ± 1.5 b 7.2 ± 0.8 ab

eWAT mass (g)
L12 7.4 ± 0.8 a 18.9 ± 1.1 b 18.1 ± 1.1 b

<0.0001 ns ns nsL18 10.9 ± 0.5 a 19.6 ± 1.5 b 16.4 ± 1.7 b

L6 9.3 ± 0.9 a 16.0 ± 1.7 b 18.6 ± 1.1 b

BAT mass (g)
L12 0.54 ± 0.05 a 0.96 ± 0.07 b 0.94 ± 0.09 b

<0.0001 ns ns nsL18 0.49 ± 0.05 a 0.92 ± 0.16 ab 0.99 ± 0.14 b

L6 0.64 ± 0.06 a 0.93 ± 0.12 ab 1.01 ± 0.10 b

Glucose
(mmol/L)

L12 5.7 ± 0.3 a 8.1 ± 0.3 b 7.1 ± 0.4 ab

<0.0001 ns ns nsL18 5.7 ± 0.2 a 7.1 ± 0.2 b 7.6 ± 0.1 b

L6 6.3 ± 0.1 7.4 ± 0.4 6.9 ± 0.4

Cholesterol
(mmol/L)

L12 1.23 ± 0.07 a 1.95 ± 0.28 b 1.23 ± 0.09 a

ns ns ns 0.0056L18 1.28 ± 0.11 ab 1.18 ± 0.10 a 1.57 ± 0.08 b

L6 1.20 ± 0.06 1.36 ± 0.19 1.15 ± 0.14

NEFAs (mmol/L)
L12 0.57 ± 0.06 a 1.17 ± 0.12 b 0.82 ± 0.01 a

0.0003 0.0024 ns 0.0005L18 0.69 ± 0.07 a 0.64 ± 0.09 a 1.03 ± 0.10 b

L6 0.60 ± 0.06 a 0.93 ± 0.10 b 0.68 ± 0.05 ab

TG
(mmol/L)

L12 0.79 ± 0.04 a 2.79 ± 0.36 c 1.82 ± 0.16 b

<0.0001 ns ns nsL18 0.97 ± 0.13 a 1.88 ± 0.25 b 2.18 ± 0.23 b

L6 0.88 ± 0.11 a 2.12 ± 0.39 b 1.49 ± 0.20 ab

Values are presented as the mean ± SEM of eight animals per group. 1 Denotes two-way ANOVA analysis: Diet:
diet increasing effect within VH groups; Diet × P: interaction increasing effect between diet and photoperiod
within VH groups; GSPE: GSPE consumption decreasing effect within CAF groups; GSPE × P: interaction
decreasing effect between GSPE consumption and photoperiod within CAF groups; ns: no significant effects.
Different letters denote significant differences within each photoperiod group (assessed with one-way ANOVA
followed by Tukey’s post hoc test, p < 0.05). BAT: brown adipose tissue; CAF: cafeteria diet; eWAT: epididymal
white adipose tissue; GSPE: grape-seed proanthocyanidins extract; iWAT: inguinal white adipose tissue; NEFAs:
non-esterified fatty acids; P: photoperiod; STD: standard diet; TG: triglycerides; VH: vehicle
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Figure 1. Adipocyte area (A), adipocyte volume (B), adipocyte number (C) and adipocyte area
frequencies (D) of inguinal white adipose tissue (iWAT) of rats treated with grape seed proantho-
cyanidin extract (GSPE) at different photoperiods, 12 h of light:12 h of darkness (L12); 18 h of light:6 h
of darkness (L18); 6 h of light:18 h of darkness (L6). Histological study of iWAT morphology of Fisher
344 rats fed with standard diet (STD) or cafeteria diet (CAF) for 9 weeks and treated with GSPE
(25 mg/kg body weight) or vehicle (VH) the last 4 weeks of the study; STD-VH group; CAF-VH
group; CAF-GSPE group, under different photoperiods; L12, L18 or L6. For adipocyte area frequency,
adipocytes were distributed in two groups according to their areas (<3000 or >3000 μm2). The results
are presented as the mean ± SEM (n = 6). Significant differences were assessed through two-way
ANOVA analysis (p < 0.05). Diet: diet effect within VH groups; GSPE: GSPE consumption effect
within CAF groups; #: tendency (0.05 < p < 1). Different letters denote significant differences within
each photoperiod group (assessed with one-way ANOVA followed by Tukey’s post hoc test, p < 0.05;
#: tendency: 0.05 < p < 1).
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Figure 2. Effect of grape seed proanthocyanidin extract (GSPE) consumption at different photoperiods,
12 h of light:12 h of darkness (L12); 18 h of light:6 h of darkness (L18); 6 h of light:18 h of darkness
(L6) on the expression of gens related to adipogenesis, lipogenesis, lipolysis and adipokines in
inguinal white adipose tissue (iWAT) of diet-induced obese rats. Fisher 344 rats were fed standard
diet (STD) or cafeteria diet (CAF) for 9 weeks and treated with GSPE (25 mg/kg body weight)
or vehicle (VH) the last 4 weeks of the study; STD-VH group; CAF-VH group; CAF-GSPE group,
under different photoperiods; L12, L18 or L6. The expression of genes involved in adipogenesis (A),
lipogenesis (B), lipolysis (C) and adipokines (D) was measured by qPCR and normalized by Ppia.
The relative expression (presented as fold-change) of CAF-VH and CAF-GSPE was normalized to
the corresponding STD-VH control group (L12 photoperiod). Significant differences were assessed
through two-way ANOVA analysis (p < 0.05). Diet: diet effect within VH groups; Diet * Photoperiod:
interaction effect between diet and photoperiod within VH groups; GSPE * Photoperiod: interaction
effect between GSPE consumption and photoperiod within CAF groups. Different letters denote
significant differences within each photoperiod group (assessed with two-way ANOVA followed by
Tukey’s post hoc test, p < 0.05; #: tendency: 0.05 < p < 1).
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Figure 3. Adipocyte area (A), adipocyte volume (B), adipocyte number (C) and adipocyte area
frequencies (D) of epididymal white adipose tissue (eWAT) of rats treated with grape seed proantho-
cyanidin extract (GSPE) at different photoperiods, 12 h of light:12 h of darkness (L12); 18 h of light:6 h
of darkness (L18); 6 h of light:18 h of darkness (L6). Histological study of eWAT morphology of Fisher
344 rats fed with standard diet (STD) or cafeteria diet (CAF) for 9 weeks and treated with GSPE
(25 mg/kg body weight) or vehicle (VH) the last 4 weeks of the study; STD-VH group; CAF-VH
group; CAF-GSPE group, under different photoperiods; L12, L18 or L6. For adipocyte area frequency,
adipocytes were distributed in two groups according to their areas (<3000 or >3000 μm2). The results
are presented as the mean ± SEM (n = 6). Significant differences were assessed through two-way
ANOVA analysis (p < 0.05). Diet: diet effect within VH groups; GSPE: GSPE consumption effect
within CAF groups; #: tendency (0.05 < p < 1). Different letters denote significant differences within
each photoperiod group (assessed with one-way ANOVA followed by Tukey’s post hoc test, p < 0.05;
#: tendency: 0.05 < p < 1).

3.5. GSPE Consumption Influenced the Expression of Adipogenic Genes in eWAT in a
Photoperiod-Dependent Manner

As observed in iWAT, when we explored the gene expression profile of metabolic
genes in eWAT, an interaction between GSPE and photoperiod was significantly detected in
adipogenic genes (Figure 4A). Moreover, GSPE consumption significantly upregulated the
gene expression of Fabp4 (in L18 and L6 animals) and of Cd36 (Figure 4B). Similarly, an in-
teraction effect between GSPE consumption and photoperiod was observed in the lipolytic
gene Hsl (Figure 4C). As expected, the CAF diet significantly downregulated the expression
of the lipogenic genes Acacα and Fasn in all animal groups (Supplementary Figure S5).
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Figure 4. Effect of grape seed proanthocyanidin extract (GSPE) consumption at different photoperiods,
12 h of light:12 h of darkness (L12); 18 h of light:6 h of darkness (L18); 6 h of light:18 h of darkness
(L6) on the expression of gens related to adipogenesis, lipid transport, lipolysis and adipokines in
epididymal white adipose tissue (eWAT) of diet-induced obese rats. Fisher 344 rats were fed standard
diet (STD) or cafeteria diet (CAF) for 9 weeks and treated with GSPE (25 mg/kg body weight) or
vehicle (VH) the last 4 weeks of the study; STD-VH group; CAF-VH group; CAF-GSPE group, under
different photoperiods; L12, L18 or L6. The expression of genes involved in adipogenesis (A), lipid
transport (B), lipolysis (C) and adipokines (D) was measured by qPCR and normalized by Ppia.
The relative expression (presented as fold-change) of CAF-VH and CAF-GSPE was normalized to
the corresponding STD-VH control group (L12 photoperiod). Significant differences were assessed
through two-way ANOVA analysis (p < 0.05). Diet: diet effect within VH groups; GSPE: GSPE
consumption effect within CAF groups; Diet * Photoperiod: interaction effect between diet and
photoperiod within VH groups; GSPE * Photoperiod: interaction effect between GSPE consumption
and photoperiod within CAF groups; #: tendency: 0.05 < p < 1. Different letters denote significant
differences within each photoperiod group (assessed with two-way ANOVA followed by Tukey’s
post hoc test, p < 0.05; #: tendency: 0.05 < p < 1).

Interestingly, an interaction effect between GSPE and photoperiod was also detected
in the expression of Lep, which was reduced in response to GSPE consumption in the L12
and L6 groups but significantly upregulated in the L18 animals (Figure 4D). In addition,
Adipoq gene expression was reduced by the CAF diet in all groups, but a tendency for GSPE
to reverse this decrease was observed in animals subjected to the L12 and L18 photoperiods.
Finally, a significant effect of the CAF diet on the expression of the inflammatory genes Il6
and Tnfα was also observed (Supplementary Figure S5).

3.6. GSPE Consumption Reverted the Obesity-Induced Downregulation of Pgc1α in BAT in a
Photoperiod-Dependent Manner

Being BAT such an important tissue in energy homeostasis, especially in rodents,
we analyzed the most important components that drive the main metabolic pathways of
brown adipocytes’ activity. Despite the fact that no significant effects of CAF diet or GSPE
administration on the gene expression of Ucp1 were detected (Supplementary Figure S6),

143



Nutrients 2023, 15, 1037

an interaction effect between GSPE and photoperiod was observed in the gene expression of
Pgc1α, Cpt1β, and Dio2 (Figure 5A–C). Particularly, GSPE supplementation subtly upregu-
lated the expression of these genes under L12 and L6 photoperiods, while it downregulated
its expression under L18. Moreover, the CAF diet downregulated the expression of Pgc1α
in all photoperiods and the expression of Dio2 in the L18 and L6 groups. Finally, mRNA
levels of Cpt1β were influenced by the CAF diet in a photoperiod-dependent manner.

Pgc1α
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Dio2
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Cpt1β
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Pparα
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Figure 5. Effect of grape seed proanthocyanidin extract (GSPE) consumption at different photoperiods,
12 h of light:12 h of darkness (L12); 18 h of light:6 h of darkness (L18); 6 h of light:18 h of darkness
(L6) on the expression of key metabolic genes in brown adipose tissue (BAT) of diet-induced obese
rats. Fisher 344 rats were fed standard diet (STD) or cafeteria diet (CAF) for 9 weeks and treated
with GSPE (25 mg/kg body weight) or vehicle (VH) the last 4 weeks of the study; STD-VH group;
CAF-VH group; CAF-GSPE group, under different photoperiods; L12, L18 or L6. The gene expression
of Pgc1α (A), Cpt1β (B), Dio2 (C) and Pparα (D) was measured by qPCR and normalized by Ppia.
The relative expression (presented as fold-change) of CAF-VH and CAF-GSPE was normalized to
the corresponding STD-VH control group (L12 photoperiod). Significant differences were assessed
through two-way ANOVA analysis (p < 0.05). Diet: diet effect within VH groups; Diet * Photoperiod:
interaction effect between diet and photoperiod within VH groups; GSPE * Photoperiod: interaction
effect between GSPE consumption and photoperiod within CAF groups; #: tendency: 0.05 < p < 1.
Different letters denote significant differences within each photoperiod group (assessed with two-way
ANOVA followed by Tukey’s post hoc test, p < 0.05; #: tendency: 0.05 < p < 1).
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Moreover, Cd36, Lpl, Pparγ, and Prdm16 gene expression was significantly downreg-
ulated by the CAF diet in all animal groups (Supplementary Figure S6). However, an
interaction effect between GSPE and photoperiod was observed in the gene expression of
Pparα, which tended to be upregulated in the L12 and L6 groups but not in the L18 animals
(Figure 5D).

4. Discussion

The beneficial effects of (poly)phenols on health and their natural presence in vegetable
foods make these molecules of high interest in research. Additionally, a (poly)phenol-rich
diet or the development of natural-based extracts as an alternative for preventing or treating
metabolic disorders is more likely to be accepted by society than synthetic options [24]. In
this context, (poly)phenol consumption can help reduce the negative effects of a disrupted
metabolism in the adipose tissue and, consequently, in the whole organism [25]. Moreover,
changes in the atmosphere can drive metabolic adaptations in mammals [26], meaning
that seasonal rhythms can impact the effects of (poly)phenol consumption in adipose
tissue. However, these effects have not been reported yet, even if evidence exists about
the impact of seasonal consumption of (poly)phenols in other metabolic tissues such
as the liver or the gut microbiota [18,19]. Our study aimed to elucidate the effects of
proanthocyanidin seasonal consumption on the adaptations of the adipose tissue to an
obesogenic environment. For this purpose, Fischer 344 rats were exposed to different
photoperiod schedules in order to mimic the seasons of the year. Then, animals were fed a
CAF diet and supplemented with either VH or 25 mg GSPE/ kg/day for four weeks. The
dose of GSPE was chosen based on previous studies that showed metabolic effects with the
same dose [27].

After nine weeks of study, body weight gain was reduced in response to proantho-
cyanidin consumption in CAF-fed animals. These results were particularly marked when
GSPE was consumed at L18 than when it was at L12 and L6 photoperiods. According to the
seasonal adaptations to photoperiod, increased weight gain in long photoperiods appears
as a natural metabolic modulation in mammals, which, contrarily, lose more weight in short
photoperiods [28]. Nevertheless, GSPE consumption resulted in a significant reduction in
food intake only in animals subjected to L12 and L6 photoperiods but not in L18 animals.
The effects of proanthocyanidins on reducing food intake were previously reported in
Wistar rats [29] and were attributed to the astringency of these (poly)phenols [30]. Other
mechanisms that could explain the GSPE-derived inhibition of food intake involve the
central nervous system. On the one hand, enhanced leptin signaling was detected in obese
rats supplemented with GSPE [31]. Furthermore, proanthocyanidins were shown to induce
glucagon-like peptide (GLP-1) secretion, which is capable of increasing satiety and inhibit-
ing feeding [32]. Nevertheless, considering the strong seasonal impact of long photoperiods
on feeding behavior, which remains unaltered even with increased leptin levels, reflecting
reduced leptin sensitivity under summer-like conditions, it would be possible that the
GSPE lowering effects on food intake were not adopted by animals under the L18 photope-
riod [33–35]. Similarly, even if previous studies observed increased energy expenditure
in animals supplemented with GSPE under standard photoperiods [29,36], a previous
study from our group showed that the energy expenditure of CAF-fed rats exposed to L18
and supplemented with GSPE for one week tended to be reduced [20], which suggests
that the observed decrease in body weight gain in L18-CAF animals supplemented with
proanthocyanidins in our study should be explained by other mechanisms. For instance,
it was recently reported that obese rats exposed to L18 showed greater changes in the
gut microbiota composition in response to proanthocyanidin consumption compared to
animals exposed to L12 and L6 photoperiods. Particularly, GSPE consumption under L18
resulted in increased levels of Bifidobacterium and Coprobacillus, while decreased Klebsiella to
levels associated with reduced body weight gain and obesity [19]. Moreover, other studies
indicated that proanthocyanidins can modulate nutrient absorption in the gastrointestinal
tract, through inhibiting digestive enzymes such as α-Amylase and α-Glucosidase, result-
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ing in a 20% decrease in the amount of absorbed energy [29,37]. In future studies, it would
be interesting to calculate energy/food efficiency in these animals in order to understand
the proanthocyanidin-induced mechanism driving the reduction in body weight gain under
the L18 photoperiod.

Given that WAT functionality responds to changes in photoperiod and that obesity
drives major changes to the structure and activity of this tissue, histological analyses of
WAT depots were performed. As expected, we observed a strong impact of the CAF diet on
the area and volume of adipocytes, which were larger compared to animals fed a chow diet.
These changes are common in obesity and contribute to the altered functionality of the WAT.
In fact, under an obesogenic environment, the WAT needs to store the excess calories, which
can be done through two processes: hyperplasia or hypertrophy [38]. The hyperplasia
expansion is considered the healthy expansion, where the number of adipocytes increases
via adipogenesis and they maintain their functionality and insulin sensitivity [9,38]. How-
ever, when hypertrophy occurs, existing adipocytes need to incorporate the excess of
fat, increasing their volume and disrupting their functionality [9]. These dysfunctional
adipocytes are less glucose tolerant and become pro-inflammatory, producing cytokines
such as IL-6 or TNFα, which can induce macrophage infiltration in the adipose tissue and
provoke a systemic immune response [39]. Adipose tissue expansion partly depends on the
adipose depot; indeed, under healthy conditions, hyperplasia is more commonly developed
in subcutaneous depots, while visceral depots are more susceptible to hypertrophy [40].
Additionally, it has been studied that hypertrophic visceral adipose tissue has a stronger
negative impact on the whole metabolism of the organism, being highly associated with the
metabolic syndrome [39]. Therefore, it is important to maintain the integrity and healthiness
of this adipose depot. Furthermore, in our study, proanthocyanidin consumption reversed
the effect induced by the CAF diet in iWAT regardless of the photoperiod, as adipocyte
areas and volumes were at similar levels to their healthy counterparts in all photoperiod
conditions. Similar results have been reported with GSPE supplementation in iWAT [25].
Further, the administration of blueberry polyphenol extract resulted in a reduced adipocyte
area in the eWAT [41]. Nonetheless, in our study, this effect was less clear in eWAT, where
a significant effect of GSPE was observed but the individual differences within groups in
each photoperiod were not significant. In addition, when we studied the gene expression
of inflammatory markers in eWAT (Il6 and Tnfα), no effects were observed in response to
GSPE consumption.

One of the main roles of WAT is to regulate energy balance in the organism. Therefore,
lipid turnover is constantly active, involving distinct metabolic pathways that control fat
storage and release from the WAT. The process that drives the formation of new adipocytes
is named adipogenesis and is mainly driven by the master adipogenic molecules PPARγ
and C/EBPs [42]. In our study, gene expression of Pparγ and Cebpα in both iWAT and eWAT
showed an interaction effect between GSPE administration and photoperiod. In iWAT, we
observed that GSPE increased its gene expression only in the L12 and L18 groups. Similar
effects were previously observed in response to cyanidin-3-glucoside administration [43]
and could explain the differences observed in the histological analyses, where the presence
of larger adipocytes provoked by the CAF diet was partly reversed in response to GSPE con-
sumption in L12 and L18 animals. Hence, increased adipogenesis would favor hyperplasia
expansion rather than hypertrophy. Furthermore, the lipid transport-related genes (Fabp4
and Cd36) were also affected by GSPE consumption in iWAT (L12 and L18 groups) and in
eWAT (all groups), which could suggest a beneficial role for proanthocyanidins in helping
release circulating TG. In fact, animals consuming GSPE at L12 and L18 photoperiods
showed reduced serum TG concentrations compared to VH groups. However, another
interaction effect between GSPE and photoperiod on the expression of lipolysis-related
genes was detected in both iWAT and eWAT, which were upregulated in response to GSPE
consumption only in the L12 and L18 groups. This activation of lipolysis could be involved
in reducing the size of existing adipocytes, contributing to β-oxidation and global energy
homeostasis. Moreover, the reduction in body weight gain observed in L18 animals could
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be partly explained by the increased lipolysis detected in these animals. In fact, supplemen-
tation with blueberry (poly)phenols suggested increased lipolysis in the WAT [41], and the
lipolytic effects of other types of (poly)phenols such as epigallocatechin-gallate (EGCG) or
resveratrol are already established [44].

Following these interaction effects between GSPE consumption and photoperiod, we
observed that when proanthocyanidins were consumed at L6 photoperiod, the obesity-
driven changes on the gene expression of iWAT were reverted. Thus, while the CAF
diet induced the mRNA expression of genes related to adipogenesis (Pparγ, Cebpα), lipid
transport (Fabp4, Cd36), lipolysis (Atgl, Hsl), and adipokines (Lep, Adipoq), GSPE was
capable of returning the expression of these genes to a healthy situation. In this context,
(poly)phenol-induced reduction of lipid turnover has been reported previously in human
and animal studies [45–47], which partly agrees with our results in the L6 group. However, a
significant effect was also observed only under L18, where GSPE consumption upregulated
the expression of Adipoq. High adiponectin serum concentrations are associated with
anti-inflammatory effects that help prevent the metabolic consequences of an obesogenic
environment [48]. In this context, a previous study reported that GSPE administration
lowered inflammatory levels and increased adiponectin mRNA levels in the mesenteric
adipose tissue of obese rats, which agrees with our findings [49]. Importantly, in our study,
we could not observe the same effects in animals exposed to L12 and L6, which reinforce the
photoperiod-dependent effects of proanthocyanidins on the modulation of gene expression
in WAT.

Importantly, we also detected a browning effect in iWAT only in animals consuming
proanthocyanidins under short photoperiods. In fact, GSPE was associated with increased
thermogenesis in the adipose tissue of obese mice [36], but these results were obtained
after supplementing with noticeable higher doses of GSPE. Therefore, in our study, it is
possible that the dose of GSPE was too low to fully induce browning in the iWAT. In fact,
proanthocyanidins did not seem to promote enhanced BAT activity in our study, as Ucp1
gene expression was unchanged after both the CAF diet and (poly)phenols consumption.
However, other molecules involved in BAT thermogenesis were affected by GSPE in a
photoperiod-dependent manner. Thus, proanthocyanidins upregulated the expression
of Pgc1α, Cpt1β and Pparα in animals exposed to L12 and L6, while these genes were
downregulated in L18 animals. Our results agree with previous findings [27], where
GSPE reversed the obesity-induced mitochondrial dysfunction in BAT by increasing Pgc1α
expression. However, in our study, we demonstrated that these effects are limited to L6
and L12 photoperiods.

In conclusion, our results indicate that the beneficial effects associated with GSPE
consumption on diet-induced obese animals are strongly influenced by the photoperiod of
exposure in a tissue-specific manner. Particularly, our findings suggest that L18 photoperiod
is highly sensitive to GSPE with respect to body weight adaptation and modulation of
metabolic genes, especially adiponectin, in the iWAT. Meanwhile, animals under the L12
and L6 photoperiods showed reduced food intake in response to GSPE and enhanced BAT
activity. Therefore, our study reinforces the relevance of considering seasonal rhythms
when investigating the metabolic effects of (poly)phenols in the organism in order to
properly potentiate the metabolic response of the adipose tissue.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15041037/s1, Figure S1: Experimental design used in this study.
Figure S2: Representative images of iWAT histology; Figure S3: Effect of grape seed proanthocyanidin
extract (GSPE) consumption at different photoperiods, 12 h of light:12 h of darkness (L12); 18 h of
light:6 h of darkness (L18); 6 h of light:18 h of darkness (L6), on the gene expression of Acacα and Fasn
in inguinal white adipose tissue (iWAT) of diet-induced obese rats; Figure S4: Representative images
of eWAT histology; Figure S5: Effect of grape seed proanthocyanidin extract (GSPE) consumption
at different photoperiods, 12 h of light:12 h of darkness (L12); 18 h of light:6 h of darkness (L18);
6 h of light:18 h of darkness (L6), on the expression of lipogenesis and inflammation-related genes
in epididymal white adipose tissue (eWAT) of diet-induced obese rats; Figure S6. Effect of grape
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seed proanthocyanidin extract (GSPE) consumption at different photoperiods, 12 h of light:12 h of
darkness (L12); 18 h of light:6 h of darkness (L18); 6 h of light:18 h of darkness (L6), on the expression
of key metabolic genes in brown adipose tissue (BAT) of diet-induced obese rats; Table S1: Phenolic
Composition of GSPE; Table S2: Primers for the Q-PCR analysis.
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Abstract: It has been proposed that oxidative stress is a pathogenic mechanism to induce cytotoxicity
and to cause cardiovascular and neuronal diseases. At present, natural compounds such as plant
extracts have been used to reduce the cytotoxic effects produced by agents that induce oxidative stress.
Our study aimed to evaluate the antioxidant and cytoprotective capacity of Desmodium tortuosum
(D. tortuosum) extract in the co- and pre-treatment in EA.hy926 and SH-SY5Y cell lines subjected to
oxidative stress induced by tert-butylhydroperoxide (t-BOOH). Cell viability, reactive oxygen species
(ROS), nitric oxide (NO), caspase 3/7 activity, reduced glutathione (GSH), glutathione peroxidase
(GPx), glutathione reductase (GR), and molecular expression of oxidative stress biomarkers (SOD2,
NRF2 and NFκB1) and cell death (APAF1, BAX, Caspase3) were all evaluated. It was observed that the
D. tortuosum extract, in a dose-dependent manner, was able to reduce the oxidative and cytotoxicity
effects induced by t-BOOH, even normalized to a dose of 200 μg/mL, which would be due to the high
content of phenolic compounds mainly phenolic acids, flavonoids, carotenoids and other antioxidant
compounds. Finally, these results are indicators that the extract of D. tortuosum could be a natural
alternative against the cytotoxic exposure to stressful and cytotoxic chemical agents.

Keywords: plant antioxidants; phytochemicals; polyphenols; medicinal plants; vascular endothelium;
neuroprotection

1. Introduction

The chemical products as xenobiotics can cause the production of ROS and other free
radical that may result in inflammatory and fibrotic processes [1]. After absorption, the
first tissue affected is the vascular system, especially the endothelia, this being the first step
towards the development of vascular diseases [2]. Oxidative stress is capable of inducing
vascular endothelial damage, which would produce a change in the vascular structure,
this being one of the causes of diseases such as diabetes or nephropathy. Therefore, it
is important to reduce this stressful effect on the vascular endothelium, with medicinal
plants being a good therapeutic alternative [3–5]. During the last decade, studies have been
published indicating that the antioxidant compounds of medicinal plants have the function
of reducing endothelial damage and this would make them effective against cardiovascular
diseases [6,7].
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Neurodegenerative diseases, characterized by progressive dysfunction and cellular
senescence of specific neuronal systems, involving structural and functional damage of
neurons, may be caused by oxidative stress [1,8,9]. Recent mounting evidence suggests
that oxidative stress in neuronal cells contributes to neuroinflammation, facilitated by the
constant activation of microglia, hence inducing neuronal necrosis and apoptosis [8,9].
Since the onset of oxidative stress seems to be a main contributive cause of cardiovascular
and neurodegenerative pathologies, protection of cells, tissues and organs against this
challenging condition is the major goal of many studies dealing with nutritional and
pharmacological prevention of pathologies.

During the last two decades, extended research on plant antioxidants, especially
polyphenols, has unequivocally demonstrated their role as bioactive compounds that
protect against oxidative stress and prevent or delay the onset of many pathologies [5,9,10].
For example, metabolic diseases, such as type 2 diabetes, or cardiovascular complications
have endothelial damage as a common factor and, also, are characterized by an excess of
free radical, oxidative stress and pro-inflammatory cytokines creating an oxidative and pro-
inflammatory environment [11]. Some alternatives to counteract these effects are medicinal
plants, such as D. tortuosum, which has antioxidant activity due to its high concentration in
polyphenols, polyterpenes and flavonoids and their metabolites. In addition, continuing
with the vascular endothelium, cocoa catechins are known to have a positive effect on
healthy vascular function [10,12] which has been proclaimed since the pioneer studies from
two decades ago [13–15], up to recent reviews [12,16,17]. However, the beneficial effect
on cardiovascular function is not privative of flavanols or flavonoids in general [16] as
we have already described before, also many other phenolic compounds or plant extracts
have shown this potential [18,19]. Indeed, by using EA.hy926 cells, we have shown the
protective effect of an extract from Silybum marianum, rich in flavonol derivatives known as
flavonolignans, on cultured endothelial cells subjected to high glucose concentrations [20].
In the same model, Vochysia rufa stem bark extract, rich in reducing sugars and flavonoids,
also showed significant protection against high glucose damage [21]. Similarly, in yerba
mate and green coffee extracts, their main hydroxycinnamic acids and microbial metabolites
prevented Tumor Necrosis Factor-alpha (TNF-α)-induced inflammation [22]. More recently,
cocoa flavanols were proven to protect the same EA.hy926 cells against chemically induced
oxidative stress [23]. All these studies confirm the protective effect on endothelial function
of plant extracts and pure antioxidant compounds, as well as endorse the reliability of the
cell culture model.

On the other hand, the preventive effects of polyphenolic antioxidants in aging and
neurodegeneration associated with oxidative stress have been largely reported [1,9,24,25].
Since the culture of primary neurons is rather difficult, established cell lines have been
widely used to test the neuro-regulatory effect of different bioactive compounds and their
specific effects at the cellular and molecular levels. Neuroblastoma SH-SY5Y cells, derived
from the SK-N-SH cell line, is one of the most commonly used neuronal-like cell cultures,
and it has been recently validated as a simple reliable model of neuronal-like cells that is
amenable to biological, biochemical and electrophysiological investigation [26]. In fact,
using this human cell line as a neuronal cell culture model, the chemo-protective effect of an
aqueous extract of cocoa phenolic compounds (mainly flavanols) against oxidative stress-
induced neurodegeneration has been recently reported [27], as well as that of an extract
from Sambucus nigra (elderflower), rich in flavonoids and hydroxycinnamic acids [28].

Thus, in this study, the polyphenolic chemical composition of the D. tortuosum extract
was determined and to delineate the potential protective mechanisms through which
D. tortuosum extracts protect endothelial and neuron cell function, two human cell lines,
EA.hy926 and SH-SY5Y cells, were treated with t-BOOH a strong pro-oxidant used to
induce oxidative stress in cell cultures.
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2. Materials and Methods

2.1. Reagents

t-BOOH, glutathione reductase (GR), reduced (GSH) and oxidized (GSSG) glutathione,
o-phthaldialdehyde, nicotine adenine dinucleotide phosphate reduced salt (NADPH), 2,4-
dinitrophenylhydrazine, gentamicin, penicillin G and streptomycin, 2′,7′-dichlorofluorescin-
diacetate (DCFH-DA), 4-amino-5-methylamino-2,7-difluorofluorescein-diacetate (DAF-FM-
DA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), Dulbecco’s
phosphate-buffered saline (DPBS, D8537) were obtained from Sigma-Aldrich (Madrid,
Spain). Acetonitrile, methanol of high performance liquid chromatography (HPLC) grade,
dimethyl sulfoxide (DMSO) of analytical grade and all other usual laboratory reagents were
acquired from Panreac (Barcelona, Spain). Nucleo-spin-RNA, qPCRBIO-cDNA-synthesis,
ICgreen-amplification-PCR, DMEM-culture-media and fetal bovine serum (FBS) were from
Cultek (Madrid, Spain). The Apo-ONE® Homogeneous Caspase-3/7 Assay kit was ac-
quired from Promega (Madison, WI, USA). Bradford reagent was from BioRad Laboratories
S.A (Hercules, CA, USA). All other chemical reagents used were of high-purity for cell and
molecular biology and were available in the laboratory.

2.2. Plant Selection and Extract Preparation

The biological material was collected in the Monte Alegre district, Padre Abad province,
Ucayali region, Peru coordinates 0498477LS-9030950LW, at an altitude of 194 m.a.s.l.; 10 kg
of stems and leaves were collected (voucher number RS978). In the Ucayali Veterinary
Institute-Pucallpa Regional Herbarium (HRUIP), the plants were dried, herbalized, and
assembled, and the taxonomic verification of the species was carried out by comparison
with existing samples and the use of a specialized bibliography, voucher number RS978.
The obtained plants belonged to the species D. tortuosum of the Fabaceae family and were
entered in the Herbarium under the registration number 12208.

The stems and leaves were collected and washed-and-dried in open air, then com-
pletely dried in an oven and reduced to a fine powder. The decoction was made with
distilled water and the powdered plant material (10:1) in a beaker, heating until boiling and
maintaining for twenty minutes. Plant material was filtered off and the aqueous extract
was concentrated and lyophilized.

2.3. Chemical Characterization of Extract

Briefly, the sample (20 mg) was diluted with methanol (20 mL). The mixture was
ultrasonicated for 10 min. Then, it was filtered through a 0.25 μm filter, and 3 μL were
injected into a Dionex Ultimate 3000 (Thermo Scientific, Waltham, MA, USA) UHPLC
system. Column was a Luna© Omega (Phenomenex Inc., Torrance, CA, USA) C18 100 Å,
Phenomenex (150 × 2.1 mm, 1.6 μm), temperature 40 ◦C, flow rate 0.25 mL/min, with
distilled water 1% formic acid and acetonitrile 1% formic acid eluents. The UHPLC system
was coupled to a QExactive PLus mass spectrometer (Thermo Scientific, Waltham, MA,
USA). Full Mass Spectrometry (MS) scan parameters were in the range of 120–1500 m/z,
resolution 70,000, microscans 1, Automatic Gain Control (AGC) target of 1 × 106, and
maximum intensity (IT) of 100 ms. The parameters of the Resolution Type MS2 (MS2)
resolution were 17,500, an AGC target of 2 × 105, and a maximum IT of 50 ms. The
ionization source parameters were Electrospray ionization (ESI) (negative/positive), spray
voltage 2.5/3.0, temperature 280 ◦C, N2 (sheath gas flow rate: 40, aux gas flow rate: 10), gas
heater temp of 350 ◦C, S-lens radio frequency (RF) level of 100, and a normalized collision
energy of 20, 40, 60. The m/z values of the ions were detected in full ESI-MS (positive
and/or negative) and the main fragments observed in the MS/MS spectra, the error in
ppm is also indicated for the calculation of the molecular formula (≤5 ppm).

2.4. Cell Culture

Human EA.hy926 cells were a gift from Prof. Patricio Aller (CSIC, Madrid, Spain),
and the SH-SY5Y cell line was a gift from Prof. Ignacio Torres Alemán (Instituto Cajal,
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Madrid, Spain), and later (same depositary batch) from Prof. Carlos Guillén, School of
Pharmacy, University Complutense, Madrid, Spain. The cells were cultured and passaged
in DMEM-F12 with FBS (10%) and 50 mg/L of gentamicin, penicillin and streptomycin.
Cells were incubated in humid conditions with 5% CO2 and 95% air, at 37 ◦C; the culture
medium was changed every other day.

Different concentrations of the D. tortuosum extract (1, 10, 25, 50, 100 and 200 μg/mL)
dissolved in DMEM-F12 were added to microwell plates. To evaluate the protective effect
of the D. tortuosum extract against oxidative stress, co- and pre-treatment were carried out.
In the co-treatment assay, EA.hy926 and SH-SY5Y cells were simultaneously treated for
22 h with 100 μM t-BOOH plus the different concentrations of D. tortuosum; whereas in
the pre-treatment assay cells were first treated with noted doses of extract for 18 h, then
washed and submitted to a new media containing 200 μM t-BOOH for 4 h, after which the
assay was performed [29].

2.5. Cell Viability Evaluation (MTT)

In this assay, it is observed if the mitochondria is active and is capable of reducing
tetrazolium-MTT [30]. Briefly, after treatments, 0.5 mg/mL MTT as the final concentra-
tion in was added to each well for 2 h, during this time, metabolically active EA.hy926
and SH-SY5Y cells reduced the tetrazolium-MTT to a formazan-salt. Absorbance was
measured at 540 nm (SPECTROstar BMG microplate reader (BMG Labtech, Ortenberg,
Baden-Wurttemberg, Germany)). Cell viability is represented as % of control.

2.6. Intracellular ROS Production

Oxidative stress was assessed by the ROS intracellular production according to stan-
dardized protocols using the DCFH-DA-fluorescence assay [31]. DCFH-DA enters the cell
and is hydrolyzed by esterases to allow the release of DCFH and its reaction with ROS to
generate a fluorescent compound. Briefly, 10 μM of DCFH-DA was added to each well
(2 × 105 cells/well under incubation conditions) in a black multi-well plate for 30 min,
and immediately measured in a fluorescent microplate reader (FLx800 Fluorimeter, BioTek,
Winooski, VT, USA) at 485 nm/530 nm (λ excitation/λ emission).

2.7. Determination of Nitric Oxide (NO) Levels

NO levels were determined by direct measurement using the DAF-FM-DA assay. The
cells were seeded in black 96-well plates at a rate of 8 × 104 cells. After treatment, 1 mM
DAF-FM-DA stock solution was added to each assay well to obtain a final concentration of
10 μM for 30 min. Then, the intensity of the fluorescent signal was measured in a microplate
fluorescence reader (FLx800 Fluorimeter, BioTek, Winooski, VT, USA) at a λ excitation of
495 nm and λ emission of 515 nm [32].

2.8. Apoptotic Assay with Caspase 3/7 Activity

EA.hy926 and SH-SY5Y cells (15 × 103 cells/well) were seeded in black 96-well plates.
After treatment, Apo-ONE® (Promega (Madison, WI, USA)) Caspase-3/7 was prepared
and used according to the manufacturer’s instructions, for 60 min in the dark. Fluorescence
(λ excitation/λ emission, 485/528 nm) was measured using a plate reader (FLx800, BioTek,
Winooski, VT, USA). Data were evaluated as % of the control [32].

2.9. Antioxidant Defenses
2.9.1. Reduced Glutathione (GSH)

GSH content was evaluated by a fluorometric assay [29]. The method takes advantage
of the reaction of GSH with o-phthalaldehyde at pH 8.0. Fluorescence was measured at
340 nm/460 nm (λ excitation/λ emission). Fluorescence data were interpolated from a
standard curve of pure GSH (5–1000 ng).
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2.9.2. Antioxidant Enzymes

Determination of GPx activity was based on the oxidation of GSH by GPx, using
t-BOOH as a substrate, coupled to the disappearance rate of NADPH by GR [29]. GR
activity was determined by following the decrease in absorbance due to the oxidation of
NADPH utilized in the reduction in oxidized glutathione [29]. Protein concentration in the
samples was measured by the Bradford reagent.

2.10. Molecular Assay by Real-Time PCR

After treatment, total RNA was obtained using the NucleoSpin®-RNA-Plus Kit
(Macherey-Nagel, Germany) according to the manufacturer’s instructions. The total RNA
was quantified using a Nano-Spectrophotometer (Microdigital, Seoul, Korea), obtaining
A260/A280 ratios > 1.9–2.1 < in all the samples. cDNA synthesis was obtained from 1 μg of
total RNA by retro-transcription using the qPCRBIO cDNA Synthesis Kit (PCRBiosystems,
Wayne, PA, USA). Finally, the cDNA was diluted in nuclease-free water (v:v, 1:10) and
stored at −80 ◦C. Real-time PCR (qPCR) assays for SOD2, NRF2, NFκB1 (genes from
oxidative stress-antioxidant), APAF1, BAX, and Caspase 3 (genes from cell death) were
performed using a real-time PCR system (BioRad CFX, Hercules, CA, USA), using the
ICgreen Mastermix (Nippon Genetics, Duren, Germany) according to the manufacturer’s
instructions. For qPCR, it was necessary to use primers with concentrations of 400 nM, and
the thermocycling protocol was: 95 ◦C for 2 min, 40 cycles of 5 s at 95 ◦C and 30 s at 60 ◦C.

Forward and reverse primers were SOD2: ‘CCACTGCTGGGGATTGATGT’ ‘CGTG-
GTTTACTTTTTGCAAGCC’; NRF2: ‘CTGGTCATCGGAAAACCCCA’ ‘TCTGCAATTCT-
GAGCAGCCA’; NFκB1: ‘TTTTCGACTACGCGGTGACA’ ‘GTTACCCAAGCGGTCCA-
GAA’; APAF1: ‘TCTTCCAGTGGTAAAGATTCAGTT’ ‘CGGAGACGGTCTTTAGCCTC’;
BAX: ‘CCCCCGAGAGGTCTTTTTCC’ ‘CCTTGAGCACCAGTTTGCTG’; Caspase3: ‘GTG-
GAGGCCGACTTCTTGTA’ ’TTTCAGCATGGCACAAAGCG’. GAPDH was used as a
housekeeping gene and extracting the efficiencies from the raw data using the LinRegPCR
software [33].

2.11. Statistics

Analysis of the data obtained from the cell culture studies was performed with one-
way ANOVA followed by Tukey’s post hoc test, and the level of significance was p < 0.05
using the GraphPad Prism version 7.0 program (Boston, MA, USA).

3. Results

3.1. Chemical Analysis of D. Tortuosom Extract

Thirty compounds were identified in D. tortuosum based on their relative retention time,
mass spectra and commercial standards. Table 1 shows the retention time (RT), molecular
formula, accurate mass of the molecular ion (M – H)− after negative–positive ionization,
and MS2 fragments of the main compounds identified in D. tortuosum by Ultra High
Perfomance Liquid Chromatography (UHPLC) UHPLC/MS (Supplementary Figure S1).
The largest number of compounds identified were phenolic acids and flavonoids, and to a
lesser extent compounds derived from linoleic acid, and others.

3.2. Cell Viability

The first parameter to ascertain the potential cyto-protection of the D. tortuosum
extracts was cell viability after oxidative stress. D. tortuosum extracts at 1, 10, 25, 50, 100 and
200 μg/mL were tested for their cyto-protective capacity. As depicted in Figure 1, exposure
to t-BOOH produced a significant decrease in cell viability of around 62% in EA.hy926
cells and 50% in SH-SY5Y cells. Increasing the concentrations of extract evoked a partial
but significant dose-dependent recovery of cell viability in the two cell lines for both co-
and pre-treatment. D. tortuosum extracts at 100 and 200 μg/mL significantly increased
SH-SY5Y cell viability for both co- and pre-treatment (Figure 1B), and in the pre-treatment
of EA.hy926, whereas concentrations above 50 μg/mL were necessary to significantly
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recover EA.hy926 cell viability with co-treatment (Figure 1A). The highest recovery of cell
viability from the oxidative stress was observed at co- and pre-treatment with 200 μg/mL
extract in SH-SY5Y cells (Figure 1B). Once the cyto-protective effect of some of the tested
concentrations of the extract was ensured, the study of the redox status and antioxidant
response was carried out.

Table 1. Identification of bioactive compounds detected by UHPLC/MS in the D. tortuosum extract.

Identified Compound
Retention

Time (min)
Molecular
Formula

MS-ESI− MS2 MS-ESI+ MS2
Nominal

Mass

HYDROXYCINNAMIC
ACIDS AND

HYDROXYCINNATES
4-Coumaric acid 8.79 C9H8O3 163 119, 93 164

CAROTENOIDS
Loliolide 9.60 C11H16O3 197 179, 161, 135, 133 196

FLAVONES
6-C-xylosyl-8-C-

galactosylapigenin 8.16 C26H28O14 563 473, 443, 383 565 547, 529, 511 564

Vitexin-2”-O-rhamnoside 8.66 C27H32O15 577 457, 413, 341, 323 579 433, 415, 367, 337 578
Vitexin 9.55 C21H20O10 431 341, 311, 283, 268 432

Isovitexin 8.85 C21H20O10 431 341,323, 311, 295 433 415, 397, 379, 367 432
Saponarin 8.10 C27H30O15 593 473, 431, 311, 297 595 433, 415, 367, 337 594

luteolin-7-glucoside 9.03 C21H20O11 447 357,285,256 448
Luteolin-6-C-glucoside 8.33 C21H20O11 447 429, 357, 327 449 431, 383, 353, 329 448

6-C-arabinosyl-8-C-β-D-
xylosylapigenin 8.66 C25H26O13 533 443, 413, 383, 353 535 517, 499, 481, 469 534

FLAVANONES
Naringenin 11.62 C15H12O5 271 177, 151, 119 272

Prunin 9.53 C21H22O10 433 271, 177, 151 434
8-Prenylnaringenin 13.79 C20H20O5 339 245, 233, 219 341 285,183,165 340

2’,4’,5,7-Tetrahydroxy-8-
prenylflavanone 13.32 C20H20O6 355 193,161,149 357 301, 283 356

FLAVONOLS
Hyperoside 8.95 C21H20O12 463 300, 271, 255 465 303, 229 464

Isorhamnetin-3-O-glucoside 9.46 C21H20O11 447 314, 285, 271, 243 448
PHENOLIC ACIDS

3,4-Dihydroxybenzoic acid 3.69 C7H6O4 153 109,108 154
2,5-Dihydroxybenzoic acid 5.88 C7H6O4 153 123, 108, 95 154
6,8-di-C-glucosylapigenin 7.70 C27H30O15 593 503, 473, 383 595 577, 559, 511 594
4-hydroxybenzaldehyde 7.92 C7H6O2 121 108, 95, 93 122
12-hydroxyjasmonic acid

glucoside 7.93 C18H28O9 387 207, 163, 119 388

Uralenneoside 4.00 C12H14O8 285 152, 108 286
[2-hydroxy-3-[3,4,5-
trihydroxy-6-[[3,4,5-

trihydroxy-6-
(hydroxymethyl)oxan-2-

yl]oxymethyl]oxan-2-
yl]oxypropyl]
hexadecanoate

14.87 C31H58O14 699 653, 415 654

p-hydroxybenzoic acid 10.00 C7H6O3 137 93 138
GLYCOSYLGLYCEROLS

[2-hydroxy-3-[3,4,5-
trihydroxy-6-[[3,4,5-

trihydroxy-6-
(hydroxymethyl)oxan-2-

yl]oxymethyl]oxan-2-
yl]oxypropyl]

(9E,12E,15E)-octadeca-
9,12,15-trienoate

13.90 C33H56O14 721 675, 415 722

GLYCEROPHOSPHOCHOLINES
1-Palmitoyl-sn-glycero-3-

phosphocholine 16.10 C24H50NO7 540 480, 255,152, 78 496 184, 125, 86 495

LINOLEIC ACIDS AND
DERIVATIVES

9,12,13-Trihydroxy-10,15-
octadecadienoic

acid
11.44 C18H32O5 327 291, 229 328

9,12,13-Trihydroxy-10-
octadecenoic

acid
11.85 C18H34O5 329 229, 211 330

9,10,13-Trihydroxy-10-
octadecenoic

acid
12.47 C18H34O5 329 293, 211 330

9,10-DHOME or Leukotoxin
Diol 14.38 C18H34O4 313 277, 201 314
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Figure 1. Cytoprotective effects by D. tortuosum extract on EA.hy926 (A) and SH-SY5Y (B) cells

after co-treatment (red bars, █) and pre-treatment (blue bars, █) periods. Data are presented as %
control, and as mean ± SEM of six independent experiments. a,b,c,d Different letters show significance
between groups at p < 0.05. ↓ represents percentage decrease with respect to control, ↑ represents
percentage increase with respect to t-BOOH.

3.3. Intracellular ROS Production

The addition of t-BOOH to cell cultures induced a remarkable increase in ROS genera-
tion of around 100% in EA.hy926 and around 40% in SH-SY5Y cells, very similar for both
types of treatments, ensuring the reliability of the model for oxidative damage (Figure 2).
The same extract concentrations (1–200 μg/mL) tested for cell viability were also assayed
for their ROS-quenching capacity. Similar to the assay of cell viability, a significant dose-
dependent reduction in ROS production was observed with increasing doses of the extract
and, in the case of EA.hy926 cells, a decline in ROS almost to control pre-stress values
was reached with the highest tested concentration of 200 μg/mL of D. tortuosum extract
(Figure 2A). The two highest extract concentrations, 100 and 200 μg/mL, were also efficient
in preventing ROS overproduction induced by t-BOOH in SH-SY5Y cells. The results
clearly indicate that both co- and pre-treatment with extracts from D. tortuosum in the range
of 50–200 μg/mL, significantly reduced ROS production induced by oxidative stress in
these two cell lines (Figure 2).

Figure 2. Antioxidant effects by D. tortuosum extract on ROS production induced by t-BOOH in

EA.hy926 (A) and SH-SY5Y (B) cells after co-treatment (red bars, █) and pre-treatment (blue bars, █)
periods. ROS production was measured as fluorescence units. Data are presented as mean ± SEM
of six independent experiments. a,b,c,d,e,f Different letters show significance between groups at
p < 0.05. ↑ represents percentage increase with respect to control, ↓ represents percentage decrease
with respect to t-BOOH.
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Since the highest protection against an oxidative challenge for both co- and pre-
treatment approaches was obtained with the three highest concentrations of the extract, 50,
100 and 200 μg/mL, these three doses were tested for the rest of the oxidative
stress biomarkers.

3.4. Determination NO Levels

When t-BOOH was added to cell cultures, an increase in NO levels was observed in
EA.hy926 (around 50%) and SH-SY5Y cells (around 40%) (Figure 3), while the extracts
of D. tortuosum in the highest doses prevented the effect of t-BOOH. In EA.hy296 cells,
doses of 50, 100, and 200 μg/mL of D. toruosum reduced NO levels that were previously
induced by t-BOOH; and in SH-SY5Y cells this effect could only be observed with the 100
and 200 μg/mL doses of D. tortuosum (Figure 3).

Figure 3. D. tortuosum extract effect on NO levels induced by t-BOOH in EA.hy926 (A) and SH-SY5Y

(B) cells after co-treatment (red bars, █) and pre-treatment (blue bars, █) periods. NO levels are
presented as % of control-change. Data represent the mean ± SEM of six independent experiments.
a,b,c,d Different letters show significance between groups at p < 0.05. ↑ represents percentage increase
with respect to control, ↓ represents percentage decrease with respect to t-BOOH.

3.5. Apoptotic Assay: Caspase 3/7 Activity

The capacity of D. tortuosum extract to reduce the apoptotic effects produced by t-
BOOH was evaluated. The activity of the caspase 3/7 enzyme was increased by the effect
of t-BOOH in EA.hy926 cells by 70% (co- and pre-treatment), and in SH-SY5Y cells by 95%
(co- and pre-treatment) (Figure 4). D. tortuosum was able to reduce the apoptotic activity
induced by t-BOOH in both cell lines from doses of 25, 50, 100, to 200 μg/mL; this effect
was similar for both co- and pre-treatment with D. tortuosum (Figure 4).

3.6. Antioxidant Defenses
3.6.1. GSH Concentration

The concentration of GSH was determined as a reliable biomarker of the intracellular
non-enzymatic antioxidant defenses. Since an acute treatment with pure compounds or
extracts rich in natural antioxidants might evoke changes in the steady-state level of GSH
that might affect its response to induced oxidative stress, both cell lines were subjected to a
direct treatment for 22 h with the three extracts. Figure 5 shows that 50–200 μg/mL of extract
did not induce any change in the basal concentration of GSH of EA.hy926 cells, whereas
100–200 μg/mL evoked a significant decrease in SH-SY5Y cells, indicating that neuronal-like
cells were more sensitive to the presence of the extract concentrations for 22 h.
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Figure 4. D. tortuosum extract effect on Caspase 3/7 activity induced by t-BOOH in EA.hy926

(A) and SH-SY5Y (B) cells after co-treatment (red bars, █) and pre-treatment (blue bars, █). Caspase
3/7 activity normalized as % of control-change, and the data are presented as mean ± SEM of six
independent experiments. a,b,c,d,e,f Different letters show significance between groups at p < 0.05.
↑ represents percentage increase with respect to control, ↓ represents percentage decrease with respect
to t-BOOH.

Figure 5. Direct effect of D. tortuosum extract on GSH levels in EA.hy926 (A) and SH-SY5Y (B) cells
after a 22 h of treatment period. GSH levels was determined as % of control-change, and represent
the mean ± SEM of four independent experiments. a,b,c Different letters show significance between
groups at p < 0.05. ↓ represents percentage decrease with respect to control.

Treatment of EA.hy926 and SH-SY5Y cells with 100 μM t-BOOH for 22 h (co-treatment)
or with 200 μM t-BOOH for 4 h (pre-treatment) significantly reduced the cell GSH concen-
tration (Figure 6A,B). There was a slight but significant increase in GSH in EA.hy926 cells
subjected to co-treatment with the extracts; however, a significant dose-dependent recovery
was observed when endothelial cells were pre-treated with the extract concentrations prior
to exposure to the potent pro-oxidant (Figure 6A, pre-treatment). In SH-SY5Y cells, none of
the three tested doses of extract recovered the depleted GSH when they were added simul-
taneously (co-treatment) to the pro-oxidant (Figure 6B). Nevertheless, when neuroblastoma
cells were pre-treated with the extract prior to the stress, all three concentrations were
capable of fully preventing the GSH decrease (Figure 6B), indicating a chemo-preventive
effect of D. tortuosum on neuronal-like damage.
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Figure 6. Effect of D. tortuosum extract on GSH levels altered by t-BOOH in EA.hy926 (A) and

SH-SY5Y (B) cells after co-treatment (red bars, █) and pre-treatment (blue bars, █). GSH levels were
determined as % of control-change, and represent the mean ± SEM of four independent experiments.
a,b,c,d Different letters show significance between groups at p < 0.05. ↓ represents percentage decrease
with respect to control, ↑ represents percentage increase with respect to t-BOOH.

The results indicate that a pre-treatment with the extracts of D. tortuosum was effective
in reducing cell death and quenching ROS and NO over-production, as well as diminishing
caspase 3/7 activity, and significantly preventing the intense depletion of GSH induced by
oxidative stress in both EA.hy926 and SH-SY5Y cells.

3.6.2. Antioxidant Enzymes

As the main antioxidant enzymes, evaluation of GPx and GR activity guarantees an
archetypal response of the antioxidant system to a stressful challenge. As in the case of
GSH, acute treatment with pure phytochemicals or natural extracts rich in antioxidants
might evoke changes in the basal pre-stress activity of GPx and GR that might affect its
further response to induced oxidative stress; thus, both cell lines were firstly subjected to
a direct treatment for 22 h with the three extract doses. A slight but significant decrease
in GPx activity was observed after treatment with 50–100 μg/mL extract in EA.hy926
cells (Figure 7A); similarly, a reduced activity of GR was found when EA.hy926 cells
were treated with 100–200 μg/mL (Figure 7B). Direct treatment of SH-SY5Y cells with D.
tortuosum extract for 22 h did not evoke any change in GPx activity (Figure 7C), whereas all
three tested doses (50–200 μg/mL) induced a significant decrease in GR activity (Figure 7D),
similar to what was observed in endothelial cells.

Treatment of EA.hy926 cells with 100 μM t-BOOH for 22 h evoked a 100% increase
in GPx activity (Figure 8A), whereas treatment with 200 μM t-BOOH for 4 h provoked a
50% enhancement of the enzyme’s activity (Figure 8A). This result confirms the expected
response of GPx to face the over-production of ROS induced by t-BOOH in EA.hy926 cells.
In agreement with the GPx increase, GR activity was also stimulated by 100 μM of the
pro-oxidant for 22 h to more than 100% (Figure 8B), and around two-fold by 200 μM of
t-BOOH for 4 h (Figure 8B). This result of GR ensures appropriate recycling of GSSG to
GSH for re-utilization. Remarkably, both co- and pre-treatment of EA.hy926 cells with
100–200 μg/mL of the extract evoked a significant reduction in the enhanced GPx activity,
that was dose-dependent in the co-treatment, and reverted to basal activity at the end of the
stress period (Figure 8A). Similarly, a dose-dependent rescue of the altered GR activity was
observed when EA.hy926 cells were co- or pre-treated with the three extract concentrations
(Figure 8B).
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Figure 7. Direct effect of D. tortuosum extract on GPX and GR activities in EA.hy926 (A,B) and
SH-SY5Y (C,D) cells after a 22 h of treatment period. GPX and GR activities were determined as %
of control-change, and represent the mean ± SEM of four independent experiments. a,b,c Different
letters show significance between groups at p < 0.05. ↓ represents percentage decrease with respect
to control.

Figure 8. Effect of D. tortuosum extract on GPx (A) and GR (B) activity altered by t-BOOH in EA.hy926

cells after co-treatment (red bars, █) and pre-treatment (blue bars, █) periods. Data represent the
mean ± SEM of three independent experiments. a,b,c,d Different letters show significance between
groups at p < 0.05. ↑ represents percentage increase with respect to control, ↓ represents percentage
decrease with respect to t-BOOH.

Treatment of SH-SY5Y cells with 100 μM t-BOOH for 22 h or with 200 μM t-BOOH
for 4 h provoked a significant enhancement of GPx and GR activity (Figure 9), confirming
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the predictable response of both enzymes to face the over-production of ROS induced
by t-BOOH and the suitable reprocessing of GSSG to GSH for re-utilization in SH-SY5Y
cells. Co-treatment with the extract did not evoke a significant rescue of the enhanced GPx
activity, whereas pre-treatment of the SH-SY5Y cells with the three doses of D. tortuosum
extract remarkably reverted the stimulated GPx activity to the control pre-stress values
(Figure 9). Unexpectedly, no significant changes in GR activity were found in the SH-SY5Y
cells treated with 100 μM t-BOOH (co-treatment) or 200 μM t-BOOH (pre-treatment). As
GR activity was very low in all conditions, the assay was not sensitive enough to detect
any measurable changes in enzyme activity (data not shown). Overall, EA.hy926 cells were
more robust and responsive to stressful conditions than SH-SY5Y cells but, in general, both
co- and pre-treatment of endothelial and neuronal-like cells with the D. tortuosum extract
significantly prevented the permanent enhancement of both antioxidant enzyme activities,
especially GPx (Figures 8 and 9).

Figure 9. Effect of D. tortuosum extract on GPx altered by t-BOOH on SH-SY5Y cells after co-

treatment (red bars, █) and pre-treatment (blue bars, █) periods. Data represent the mean ± SEM of
three independent experiments. a,b,c Different letters show significance between groups at p < 0.05.
↑ represents percentage increase with respect to control, ↓ represents percentage decrease with respect
to t-BOOH.

3.7. Gene Expression of Oxidative–Antioxidative and Cell Death Biomarkers

Genes related to oxidative–antioxidative (SOD2, NRF2 and NFκB1) and cell death
(APAF1, BAX and Caspase3) proteins were evaluated for the effect of t-BOOH or D. tortuosum
extract (co- and pre-treatment) on EA.hy926 and SH -SY5Y cells.

Molecular expression of SOD2 was decreased by around 45% due to the effect of
t-BOOH in both cell types, but this effect was reversed by the effect of the highest con-
centration of the D. tortuosum extract (200 μg/mL) in EA.hy926 and in SH-SY5Y cells
(Figure 10A,D). Likewise, NRF2 gene levels decreased by around 50% and 55% due to
the effect of t-BOOH in EA.hy926 and SH-SY5Y cells, respectively; while the 100 and
200 μg/mL doses, in both cell types, had the ability to significantly reduce the effect of
t-BOOH (Figure 10B,E). Moreover, t-BOOH was able to increase NFκB1 expression levels
above 250% and 175% in EA.hy926 and SH-SY5Y cells, respectively; and the D. tortuosum ex-
tract at all its doses reduced this effect in EA.hy926 cells, while only at 100 and 200 μg/mL
of D. tortuosum in SH-SY5Y cells (Figure 10C,F).
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Figure 10. Effect of D. tortuosum extract (50, 100, and 200 μM) on the expression of oxidative-
antioxidative genes (SOD2, NRF2, NFκB1) in EA.hy926 (A–C) and SH-SY5Y (D–F) cells after 24 h

co-treatment (red bars, █) and pre-treatment (blue bars, █) periods. The gene expression was
determined as control-normalized value, and represented as the mean ± SEM of four independent
experiments. a,b,c,d Different letters show significance between groups at p < 0.05. ↓ represents
percentage decrease or ↑ represents percentage increase with respect to control or with respect
to t-BOOH.

The molecular expression of APAF1 was significantly increased above 140% and
90% by the effect of t-BOOH in EA.hy926 and SH-SY5Y cells, respectively; but this effect
was reversed by the effect of the concentrations of 50 (only pre-treatment in EA.hy926
cells), 100 and 200 μg/mL of D. tortuosum in EA.hy926 and SH-SY5Y cells, (Figure 11A,D).
Likewise, BAX mRNA expression was significantly increased by the effect of t-BOOH by
215% (co-treatment) and 179% (pre-treatment) in the EA.hy926 cells, and around 170%
in the SH-SY5Y cells; while all doses of D. tortuosum, in both cell types had the ability to
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significantly and dose-dependently reduce the effect of t-BOOH (Figure 11B,E). It was also
observed that t-BOOH induced Caspase3 expression above 89% in both cell types, which
was reduced by the effect of the D. tortuosum extract (50, 100 and 200 μg/mL) in both cell
types (Figure 11C,F).

 

 

 

Figure 11. Effect of D. tortuosum extract (50, 100, and 200 μM) on the expression of cell death
genes (APAF-1, BAX, Caspase3) in EA.hy926 (A–C) and SH-SY5Y (D–F) cells after 24 h co-treatment

(red bars, █) and pre-treatment (blue bars, █) periods. The gene expression was determined as
control-normalized values, and is represented the mean ± SEM of four independent experiments.
a,b,c,d,e Different letters show significance between groups at p < 0.05. ↓ represents percentage decrease
or ↑ represent percentage increase with respect to control or with respect to t-BOOH.
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4. Discussion

In this study, an aqueous extract of D. tortuosum was prepared and its main phenolic
compounds were characterized by UHPLC/MS, showing phenolic acids, flavonoids such
as flavones, flavanones and flavanols, carotenoids and others antioxidant compounds
(Table 1) as the main compounds with bioactive potential. The extract showed significant
antioxidant capacity in vitro and effects in endothelial and neuronal-like cell culture that
include the regulation on ROS production and NO concentration, caspase 3/7 activity and
a remarkable anti-oxidative stress protection and molecular regulation of biomarkers of
oxidative stress and cell death. All these effects support the use of the plant since ancient
times in traditional medicine.

The range of doses of the D. tortuosum extract to test the anti-oxidative stress potential
was selected according to previous data from other studies working with plant extracts,
foodstuff and juices. A concentration of 35 μM of flavanol epicatechin was found in rat
serum 1 h after oral administration of 172 μmol epicatechin per Kg of body weight [34]. Sim-
ilarly, levels of 30–40 μM of cranberry phytochemicals have been detected in plasma after
the intake of cranberry juice [35,36]. Hence, the range of D. tortuosum extract concentrations
tested is not far from realistic; in fact, in previous works we have report the protective activ-
ity of Vochysia rufa (0.5–100 μg/mL) [21], Silybum marianum (5–25 μg/mL) [20], and cocoa
extract (2.5–20 μg/mL) [23] in EA.hy926 cells. Additionally, we have recently reported that
doses of 5–25 μg/mL of a Sambucus nigra extract [28] and 25–200 μg/mL of an aqueous
extract of cocoa phenolic compounds [27] protect SH-SY5Y cells from oxidative stress.

Previous results have indicated that the treatment of EA.hy926 cells with t-BOOH is
an excellent oxidative model in cell culture [20,23,37]. Similarly, very recently we have
also established a oxidative model in SH-SY5Y cells by a comparable treatment with the
same pro-oxidant, t-BOOH [27,28]. As most organic peroxides, t-BOOH decompose to
other alkoxyl and peroxyl radicals in a reaction assisted by metal ions that can generate
ROS, including H2O2 [29]. If the over-production of ROS is long-lasting, damage to macro-
molecules, proteins, lipids and DNA, might be excessive and irreversibly endanger cell
viability, as observed in t-BOOH-treated cells. However, under these stressful conditions,
significant inhibition of t-BOOH-induced cytotoxicity when both EA.hy926 and SH-SY5Y
cells were pre- or co-treated with plant extracts at realistic doses for 20 h indicated that
the integrity of the stressed cells was remarkably protected against the potent oxidative
challenge. The relevant amount of the bioactive phenolics in the extract was effective
enough for partial but significant dose-dependent cell protection, although the different
responses to co- and pre-treatment suggest a differential sensitivity of the two cell types to
the extracts in stressful conditions; pre-treatment being more effective in both cell lines. As
reported above, a similar cytoprotective capacity has been reported with other phenolic
extracts in both cell lines, EA.hy926 [20,21,23] and SH-SY5Y cells [27,28].

Assessment of ROS generation is a reliable index of the redox status as well as the
oxidative damage to living cells [29]. The addition of t-BOOH to either cell line in both, co-
and pre-treatment conditions, evoked a significant increase in ROS generation that might
be the main cause for the increased cell death. The significant dose-dependent reduction
in ROS induced by t-BOOH observed with co- and pre-treatment with extract in both cell
lines unequivocally support the antioxidant nature of the phenolic components and could
be a primary explanation for the reduced oxidative stress and subsequent cell protection.
Interestingly, a comparable ROS-quenching capacity has been reported not only in both
EA.hy926 and SH-SY5Y cells as referred above [20,21,23,27,28], but also in cultured hepatic
cells [38–42], clearly indicating that this chemo-protective effect is not specific of a particular
cell type or tissue but an systemic anti-oxidative stress capacity of natural antioxidants.

After administering t-BOOH to both cell cultures, NO levels increased significantly.
This similar effect of increasing NO in cell cultures by cytotoxic substances has been
previously reported [32,43]. The NO concentrations were reduced in a dose-dependent
manner by the effect of D. tortuosum from 50 μg/mL in both co- and pre-treatment in
EA.hy926 cells, and from 100 μg/mL in co- and pre-treatment in SH-SY5Y cells. NO is a
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signaling molecule that plays an important role in prolonging inflammation and immune
responses. D. tortuosum and other extracts could act as NO scavengers or inhibitors of its
production, through the inhibition of NO activity, inducible nitric oxide synthase (iNO) or
through free radical scavenging activities [44,45].

Many forms of cellular stress can lead to cell death, through intracellular stress or
mitochondrial dysfunction [46]. In this study it was observed that t-BOOH is capable of
inducing oxidative stress by increasing the levels of ROS and NO. This effect may have
produced an increase in the caspase 3/7 activity, enzymes involved in cell death and
evaluated in this study. It is also known that under conditions of oxidative stress, high
levels of ROS (superoxide, hydroxyl radical and hydrogen peroxide) are generated, which
induce cell damage and cell death [47]. This cell death often involves the induction of
apoptosis through the activation of caspase enzymes [48]. In this study, the high caspase
3/7 activity found in EA.hy926 and SH-SY5Y cells was reduced in a dose-dependent
manner by the effect of the D. tortuosum extract starting at 25 μg/mL for both pre- and
co-treatment. Similar effects have been reported in other studies, where they observed that
natural compounds with a high phenolic content reduced the activity of caspase enzymes
in EA.hy925 [49,50] and SH-SY5Y cells [51,52].

The best biomarker of the cell redox status is the concentration of GSH; thus, GSH de-
pletion or reduction indicates increased intracellular oxidation and precarious redox status,
whereas a balanced GSH concentration positions the cell in an advantageous situation to
face potential oxidative stress [53]. Concentration of GSH is tightly regulated within the
cell and direct exposure to plant extracts at non-toxic concentrations does not usually evoke
significant changes in basal GSH levels [20–22,29]. Thus, the decline in GSH concentrations
observed in SH-SY5Y cells treated with 100–200 μg/mL extract may be a consequence from
the direct conjugation of some extract compounds to GSH, a fact previously reported for
flavonoids, such as catechin [54] and epigallocatechin-3-gallate [55]. This direct conjugation
might be only relevant in the case of direct treatment with the highest concentrations tested
because of the larger amount of flavonoids and other antioxidants in the extract that are not
consumed to face the oxidative stress. On the other hand, the decreased GSH concentration
induced by t-BOOH suggests a state of oxidative stress that might result in irreparable
oxidative damage to macromolecules: lipids, proteins and nucleic acids. This hazardous
situation was dose-dependently prevented by the pre-treatment in EA.hy926 cells and
completely prevented by pre-treatment with all three doses in the SH-SY5Y cells. The
results suggest that the condition of co-treatment, with the continuous presence of a strong
pro-oxidant during the whole assay, was too severe for the extract compounds to recover the
consumed GSH to suitable levels in the cells. In any case, the response in the pre-treatment
assay is in agreement with reports of other plant extracts rich in phenolic antioxidants such
as Silybum marianum [20], Vochysia rufa [21] and green coffee [22] in EA.hy926 cells, as well
as cocoa [27] and Sambucus nigra [28] in SH-SY5Y cells. This outcome is essential since
preserving GSH concentrations above an appropriate threshold while struggling against a
stressful situation represents a crucial advantage for cell survival.

Activities of GPx and GR enzymes are essential to balance the cellular redox state. GPx
induces the reduction in cell-damaging peroxide species, along with the conversion of GSH to
oxidized glutathione [29,53], whereas GR recycles oxidized glutathione back to GSH [29,53],
recovering the steady state of cellular GSH. The increase in GPx and GR activities observed
after the noted treatments with t-BOOH unambiguously indicates a positive response
of the cell’s defense system to face oxidative stress [29,38–42]. Consequently, during
or after induced oxidative stress the antioxidant defense system of the cells pre-treated
with D. tortuosum extract rapidly returned to a steady-state condition minimizing cell
damage and, thus allowing the cell to deal with further oxidative insults in conditions
that are more favorable. We have previously demonstrated a similar chemo-protective
response of antioxidant defense enzymes by other antioxidant extracts in the same two cell
lines [20,21,23,27,28].
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Oxidative stress is one mechanisms through which cells respond by activating cell
survival or cell death pathways. Initially, cell tries to respond to oxidative damage in a
positive way, but if the damage too extensive the cell death mechanism will be activated.
In other words, the alteration of the oxidant–antioxidant mechanisms will activate cell
survival or death mechanisms in the cells [56]. In this study, we observed that the molecular
expression of the antioxidant biomarkers SOD2 and NRF2, and the oxidant biomarker
NFκB1 are altered by the effect of t-BOOH and are completely restored with a 200 μg/mL
dose of D. tortuosum. Likewise, it was observed that molecular biomarkers of cell death,
such as APAF1, BAX and Caspase3, were overexpressed by the effect of t-BOOH, and this
effect was reversed by the various concentrations of D. tortuosum in the EA.hy926 and
SH-SY5Y cells. Therefore, we can conclude that the D. tortuosum extract has an antioxidant
cytoprotective effect and a direct or indirect antiapoptotic effect (through antioxidant
mechanisms). In other studies where natural extracts have been used, this antioxidant–
antiapoptotic association effect has also been observed. This is the case of the increase
in SOD2 levels and the decrease in the expression of BAX and Caspase3 proteins due to
the effect of the Scrophularia buergeriana extract in the SH-SY5Y cells [57]. Furthermore,
the genus Astragalus was reported to increase SOD levels and decrease NFκB activity in
EA.hy926 cells [58]. Likewise, in cell cultures, the ability of natural extracts to increase
the levels of SOD and NRF2, two molecules involved in cell antioxidant activity, has been
observed [59,60].

In general, the response of EA.hy926 cells to stress was more constant and robust
than that of the SH-SY5Y cells and the protective effect of the D. tortuosum extract was
more efficient as a pre-treatment versus co-treatment. Overall data indicate that, under
chemically induced oxidative stress, treatment of endothelial and neuronal-like cells with
the D. tortuosum extract rich in antioxidant compounds reduces ROS production, NO gen-
eration, caspase 3/7 activity, and limits GSH depletion resulting in a restricted requirement
for antioxidant enzyme activity. Likewise, it was observed that there is an important
association between the expression of antioxidant molecules and the decrease in molecules
that induce cell death. This inclusive biochemical and molecular response evoked by the
bioactive extract could systematically explain the observed endothelial and neuronal-like
cyto-protection.

5. Conclusions

The extract of D. tortuosum is rich in phenolic compounds with antioxidant capacity.
This work demonstrates that the doses (50, 100 and 200 μg/mL) of the extract contributed
to the cytoprotection of EA.hy926 endothelial and SH-SY5Y neuronal cells subjected to
oxidative damage by t-BOOH, through the regulation of ROS, NO, GSH, antioxidant
enzyme activity, caspase3/7 activity, and molecular biomarkers from oxidative stress and
cell death. Taking into account all the data, it can be concluded that the treatment of
EA.hy926 and SH-SY5Y cells with the D. tortuosum extract (from 50 μg/mL) practically
normalizes (200 μg/mL) the antioxidant defense system of the cells after oxidative stress.
More studies are needed to evaluate the mechanism of action and biological activity in vivo
of D. tortuosum, before categorically concluding the potential protective effect of this botanic
extract in animals and humans.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15030746/s1, Figure S1: TIC chromatograms of the D. tortuosum
sample analyzed in negative (top) ESI mode and in positive (bottom) ESI mode.
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Abstract: The apolipoprotein E4 (APOE4) genotype is predictive of Alzheimer’s disease (AD). The
brain is highly enriched with the omega-3 polyunsaturated fatty acid (n3-PUFA), docosahexaenoic
acid (DHA). DHA’s metabolism is defective in APOE4 carriers. Flavanol intake can play a role
in modulating DHA levels. However, the impact of flavanol co-supplementation with fish oil on
brain DHA uptake, status and partitioning, and according to APOE genotype is currently unknown.
Here, using a humanised APOE3 and APOE4 targeted replacement transgenic mouse model, the
interactive influence of cocoa flavanols (FLAV) and APOE genotype on the blood and subcortical
brain PUFA status following the supplementation of a high fat (HF) enriched with DHA from fish
oil (FO) was investigated. DHA levels increased in the blood (p < 0.001) and brain (p = 0.001)
following supplementation. Compared to APOE3, a higher red blood cell (RBC) DHA (p < 0.001) was
evident in APOE4 mice following FO and FLAV supplementation. Although FO did not increase the
percentage of brain DHA in APOE4, a 17.1% (p < 0.05) and 20.0% (p < 0.001) higher DHA level in
the phosphatidylcholine (PC) fraction in the HF FO and HF FO FLAV groups, and a 14.5% (p < 0.05)
higher DHA level in the phosphatidylethanolamine (PE) fraction in the HF FO FLAV group was
evident in these animals relative to the HF controls. The addition of FLAV (+/− FO) did not
significantly increase the percentage of brain DHA in the group as a whole. However, a higher brain:
RBC DHA ratio was evident in APOE3 only (p < 0.05) for HF FLAV versus HF. In conclusion, our
data shows only modest effects of FLAV on the brain DHA status, which is limited to APOE3.

Keywords: Alzheimer’s disease; apolipoprotein E; docosahexaenoic acid; brain; flavonoids; phospholipids;
PUFAs

1. Introduction

The apolipoprotein E4 (APOE4) genotype is the strongest prevalent genetic determi-
nant of Alzheimer’s disease (AD) risk with heterozygotes (APOE3/E4) and homozygotes
(APOE4/E4) carriers at 3–4- and 12–15-fold increased risk, respectively, relative to the “wild-
type” APOE3/E3 genotype [1,2]. Despite this, the APOE4 allele remains predictive rather
than deterministic, with half of APOE4/E4 never progressing to the development of AD [3].
This observed phenomenon suggests that environmental factors/circumstances may play a
crucial role in APOE4-mediated AD development. Behavioural changes, such as dietary
interventions, may modify or even prevent APOE4-mediated disease pathophysiology and
ultimately cognitive decline.

The grey matter of the brain, particularly synaptic phospholipids, are docosahex-
aenoic acid (DHA)-rich, with several-fold higher DHA levels than in systemic tissue. The
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cognitive benefits associated with a higher DHA intake and status have been widely ac-
knowledged in experimental animals [4] and in prospective cohort studies [5]. DHA is
a crucial molecule for the neuronal structure and function [6,7]. It has anti-inflammatory
and pro-resolving properties [8], improves nerve signalling [9], and reduces the amyloid
burden [10]. More than 80% of brain DHA is esterified in the phospholipid pool [11]. DHA
is highly concentrated in phosphatidylethanolamine (PE) followed by phosphatidylserine
(PS), then phosphatidylcholine (PC), and finally in the phosphatidylinositol (PI) pool [12].
The distribution of DHA across these subclasses has been shown to be affected by the APOE
genotype. Lower PE-DHA and PS-DHA levels were observed in older APOE4 mice [13,14],
which were corrected by DHA supplementation [14].

In fish oil (FO) intervention trials, the APOE genotype has been shown to affect DHA
metabolism [15], including brain uptake and utilisation [7,16,17]. While responses were
more favourable in APOE3 carriers, APOE4 carriers showed inconsistent and variable
DHA levels in response to supplementation [18]. In some preclinical and clinical studies,
the brain and blood DHA status was lower in APOE4 carriers [18–20]. On the contrary,
a higher uptake of DHA was seen in APOE4 carriers in less advanced AD pathology
compared to more advanced pathology, highlighting the importance of the timing of n-3
fatty acid supplementation in at-risk APOE4 carriers. We have previously demonstrated
an age-related decline in habitual cortex and hippocampal DHA levels, accompanied
by diminished DHA-derived specialised anti-inflammatory and pro-resolving mediators
(SPMs), which was more prominent in APOE4 animals [21]. This was corrected by DHA
supplementation with the complete restoration of brain DHA levels in APOE4 animals [4].

There is growing evidence that the co-supplementation of FO with antioxidants can
increase DHA status. The addition of selenium, tocopherols, vitamin A, vitamin B, vitamin
C, and vitamin D all increased DHA blood levels [22–25]. Flavonoids, such as cocoa/tea-
derived flavanols (FLAV) possess neuroprotective properties, with their anti-inflammatory
properties often cited as mechanistically responsible [26–28]. Indeed, flavonoids have been
shown to improve the hallmarks of AD pathology-mitigating abnormal glial cell activation,
amyloid β deposition, and tau phosphorylation. Intriguingly, these effects may be more
evident in non-APOE4 carriers [29]. However, in the COSMOS-mind study, flavanol-rich
cocoa extract alone did not benefit cognition [30]. Flavonoids may increase DHA uptake by
preventing polyunsaturated fatty acid peroxidation, whilst the n-3 polyunsaturated fatty
carbon chain facilitates the penetration of dietary flavonoids through cell membranes [31].
Therefore, the combined consumption of flavonoids and n-3 polyunsaturated fatty acids
may enhance their therapeutic benefit. Despite this promising synergistic potential, no
study has comprehensively investigated the impact of FLAV supplementation on habitual
brain DHA and lipidomic profiles, their response to DHA intervention, and according to
APOE genotype status.

We hypothesize that the co-supplementation of fish oil with a flavanol-rich cocoa
extract will modulate brain DHA in an APOE dependent fashion. A full lipidomic analysis
was conducted to provide a more granular and holistic overview of DHA derivatives in
different brain lipid pools.

2. Materials and Methods

2.1. Study Approval

All the experiments were approved by the Animal Welfare and Ethical Review Body
(AWERB); approval date: 17th February 2016 under the project licence code: PPL 70/8710).
The experiments were conducted within the provisions of the Home Office Animals (Scien-
tific Procedures) Act 1986. The reporting of the results complies with the guidance of the
Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.

2.2. Animals Experimental Design and Dietary Treatments

120 male humanised APOE3 (B6.129P2-Apoetm2(APOE*3)Mae N8) and APOE4 (B6.129P2-
Apoetm2(APOE*4)Mae N8) targeted replacement mice homozygous for the human APOE3
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or APOE4 gene (Taconic, Germantown, NY, USA) were used in the experiments [32].
The mice were 10-months-old at the start of the experiments. They were maintained
in a controlled environment as described previously [4]. In week 1, the animals were
on a standard chow diet (RM3-P, Special Diets Services, Essex, UK). At week 2, the
mice were assigned to five experimental groups and provided with one of the follow-
ing diets (Research Diets Inc., New Brunswick, USA) for 22 weeks: a low fat diet (LF,
10 kcal%), a high fat diet (HF, 45 kcal%), a HF diet supplemented with fish oil (HF FO,
45 kcal% + 5.1 mg/g EPA/DHA; EPAX TGN, Oslo, Norway), a HF diet supplemented
with cocoa flavanols (HF FLAV, 45 kcal% + 892 μg/g total cocoa flavanols from CHD-
Q65ACTICOA-558; Barry Callebaut, Lebbeke-Wieze, Belgium) or a HF diet supplemented
with a combination of both (HF FO FLAV). A full dietary composition is provided in the
supplementary data (Supplementary Table S1). The doses of the n-3 polyunsaturated fatty
acids and flavanols were chosen to be equivalent to a human diet. Using allometric scaling,
the animals fed with FO received 9.2 mg/d EPA/DHA, equivalent to a 1.5 g/d human
equivalent dose (HED), such as that found in a half-to-full portion of oily fish [33]. Similarly,
the animals fed the FLAV diet received 3.1 mg/d of total cocoa flavanols of which 0.7 mg/d
comprised catechin/epicatechin, which corresponds to a physiologically relevant HED of
508 mg/d of which 107 mg/d comprised catechin/epicatechin, which are the levels found
in 33 g of FLAV-rich cocoa. All the diets were adjusted for caffeine (20 mg/d HED) and
theobromine (157 mg/d HED), which are naturally present in cocoa.

Food intake and body weight were recorded twice a week, three weeks prior to the
intervention and for the duration of the intervention. Food pellets were replaced twice
a week to avoid the oxidation of the bioactive compounds. At week 22, the mice were
anaesthetised and blood was collected by cardiac puncture followed by the transcardiac
perfusion of an ice-cold saline solution containing 10 IU/mL heparin (Sigma, Hertford-
shire, UK). The plasma samples were isolated by centrifugation at 2000× g for 10 min and
the samples were snap-frozen and stored at −80 ◦C. The brains were rapidly removed,
bisected, snap-frozen, and stored at −80 ◦C. The half-brains were further dissected into
corteces, hippocampi, subcortical regions, and cerebella, snap-frozen in liquid nitrogen and
stored at −80 ◦C until further analysis.

2.3. Lipid Extraction and Fatty Acid Analysis in Red Blood Cells and Feeds

The total lipids were extracted according to the method of Folch et al. [34] as described
before [35]. Fatty acid methyl esters (FAME) were prepared by the acid-catalyzed transes-
terification of the total lipids [36,37]. The samples were dried overnight in a desiccator then
methylation was carried out using 1.25M HCL in methanol. The FAME were separated
using 50% saturated KCL then purified by elusion through SPE silica cartridges (Clean-up
203 Cusil 156, UCT) using isohexane: diethylether (95:5). The FAME were evaporated
under oxygen-free nitrogen and re-suspended in 500 μL of iso-hexane. The purified FAME
were then separated by gas-liquid chromatography using a ThermoFisher Trace GC 2000
(ThermoFisher, Hemel Hempstead, UK). On-column injection was carried out using a
fused silica capillary column (ZBWax, 60 m × 0.32 × 0.25 mm i.d.; Phenomenex, Mac-
clesfield, UK) and hydrogen as a carrier gas. The temperature gradient was from 50 to
150 ◦C at 40 ◦C/min, and then to 195 ◦C at 1.5 ◦C/min, and finally to 220 ◦C at 2 ◦C/min.
Individual methyl esters were identified by comparison to known standards (Supelco
37-FAME mix; Sigma-Aldrich Ltd., Poole, UK) and by reference to published data [38]. The
data were analysed using the Chromcard software package (Thermoquest Italia, Milan,
Italy). Individual fatty acids were reported as percentages (% total fatty acids). This was
calculated by measuring the relative area % of the chromatogram peak generated by the
individual fatty acid and dividing it by the sum of all the relative area % of all the fatty
acids in the chromatogram. The fatty acid content per g of tissue (nmol/g) was calculated
using heptadecanoic acid (17:0) as the internal standard. Both measurements are reported
as it is important to consider brain fatty acid content as a percentage of the total fatty acids
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and relative to the weight of the total lipids when interpreting the physiological meaning
of the altered status [39].

2.4. Lipid Extraction and Fatty Acid Analysis in Plasma

Fatty acids in the plasma were extracted by a method modified from Folch et al. [34].
Briefly, the samples and the internal standard docosatrienoic ethyl ester (22:3n-3) were
homogenised by vortex in a solution of 2:1 chloroform: methanol. The mixtures were kept
at 4 ◦C overnight and brought to room temperature the next day. Potassium chloride (0.88%
(w/v)) was added to the separate phases. The bottom organic phase containing the total
lipid extract was transferred into new test tubes and dried down under a stream of nitrogen.
Fatty acids were transmethylated at 100 ◦C for one hour with 14% (v/v) boron trifluoride
methanol. The FAME were quantified on a Varian 430 gas chromatograph (Bruker, Billerica,
MA, USA) equipped with a SP-2560 biscyanopropyl siloxane capillary column (100 m
length × 0.25 mm diameter × 0.2 μm film thickness; Supelco, Belle-fonte, PA, USA). Details
of the chromatography set-up method have been described previously [40].

2.5. Brain Lipidomics Profile

Lipids were extracted from the subcortical region samples (n = 10) via a modified Bligh–
Dyer extraction [41], using methanol/water/dichloromethane in the presence of deuterated
internal standards, using the Metabolon TrueMass® Complex Lipid Panel (Rowarth, UK).

The extracts were dried under nitrogen and reconstituted in ammonium acetate
dichloromethane: methanol. The extracts were transferred to vials for infusion-MS analysis,
performed on a Shimadzu LC with nano PEEK tubing and the Sciex SelexIon-5500 QTRAP.
The samples were analysed via both a positive and negative mode electrospray. The 5500
QTRAP was operated in MRM mode with a total of more than 1100 MRMs. Individual lipid
species were quantified by taking the ratio of the signal intensity of each target compound
to that of its assigned internal standard, then multiplying by the concentration of the
internal standard added to the sample. The lipid class concentrations were calculated from
the sum of all the molecular species within a class, and the fatty acid compositions were
determined by calculating the proportion of each class comprised of individual fatty acids.

2.6. Statistical Analysis

Body weight and fatty acids data are presented as means ± SEM. The data analysis
was performed using one-way and two-way ANOVAs. Standard diagnostic tests (e.g., the
normality of residuals assessed using quantile–quantile plots and Shapiro–Wilk tests, outlier
tests, high-leverage/influence data points tested using Cook’s distance) were used to verify
that the data were appropriate for ANOVA analysis. Where necessary, transformations
were applied to the response variance to ensure that the data complied with the ANOVA
assumptions. If transformations could not be applied to ensure the normality of data,
appropriate non-parametric statistical techniques (e.g., the Wilcoxon rank sum test) were
used instead. Post hoc tests were carried out using the Tukey’s honest significant differences
test. A multiple-test correction was performed. Along with a p-diet*genotype interaction,
the analysis considered the effect of the genotype (independent of dietary group. p-
genotype) and the effect of the diet (independent of genotype. p-diet) on the response to
intervention. A statistical analysis was performed using R statistical software v.3.5.1 (R
Foundation for Statistical Computing, Vienna, Austria). We utilised the brain: blood ratio
of enrichment as a pseudo measure of brain DHA uptake [42].

3. Results

To determine whether the impact of a high fat diet on DHA concentrations in the brain
can be modulated by a diet enriched with a combination of fish oil with flavanols and is
influenced by APOE genotype, we analysed fatty acids’ profiles in the brain and blood
pools of male APOE3 and APOE4 mice after a 22-week dietary intervention.
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3.1. Effect of Diet on Brain, Plasma, and Red Blood Cell DHA Content

First, the impact of FO, FLAV, and FO + FLAV on brain and blood DHA levels was
analysed independently of APOE genotype. The brain and plasma DHA concentrations
were higher for HF FO (p < 0.001) (Figure 1A,B). No additional effect of FLAV on brain
DHA was observed (Figure 1A), while FLAV addition led to a higher plasma DHA concen-
tration, p < 0.05 (Figure 1B). FO intervention reduced the brain: plasma DHA concentration
ratio (Figure 1C), with the degree of enrichment in the plasma not reflected by a compa-
rable increase in brain tissue (Figure 1A,B). Comparable trends were observed when the
brain DHA (%) was compared to RBC (Figure 1D–F). A high-fat (HF) diet was not associ-
ated with changes in the DHA compared to a low-fat (LF) diet in the brain or the blood
(Figure 1A,B,D,E); however, LF was associated with a higher brain: plasma DHA ratio.

Figure 1. Effect of diet on brain, plasma, and red blood cells DHA content in mice, expressed in
nmol/g of brain tissue (A), mmol/mL of plasma (B), and as % of total fatty acids (D,E). (C,F) are
ratios of brain to plasma and brain to RBCs DHA concentrations respectively. Values are expressed as
means ± SEM. One-way ANOVA Tukey’s post-hoc test adjusted p-values. a, b, c: columns (groups)
with different letters are significantly different at p = 0.05, while columns sharing the same letters are
not significantly different. Data of each dietary group was obtained from APOE3 and APOE4 mice
combined. Number of mice per dietary group: LF n = 20, HF n = 21, HF FO n = 19, HF FLAV n = 19,
and HF FO + FLAV n = 19.

3.2. Effect of APOE Genotype and Diet on Brain, Plasma, and RBC DHA Levels

There was no effect of APOE genotype on the brain DHA status (Figure 2A). The
APOE4 mice had a higher DHA percentage in the plasma (p = 0.025 Figure 2B) and RBC
(p < 0.001 Figure 2C) than the APOE3 mice, independent of the dietary intervention. A diet–
genotype interaction was evident for the RBC DHA (p < 0.001) with a higher percentage
enrichment in the APOE4 mice following the FO and FLAV intervention (Figure 2C), with
comparable trends evident for the plasma DHA. We observed a genotype and diet-genotype
interaction for the brain: RBC DHA ratio, with the higher ratio in APOE3 versus APOE4
animals (p < 0.001, Figure 2E), largely reflected by FLAV supplementation (p < 0.001,
Figure 2E).
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Figure 2. Effect of diet and genotype in the brain, plasma, and red blood cells DHA content of
APOE3 and APOE4-TR mice, expressed in % of total fatty acids (A–C) and ratios of brain: plasma
(D) and brain: RBC DHA (E). Values are expressed as means ± SEM. a, b, c, d: columns (groups) with
different letters are significantly different at p = 0.05, while columns sharing the same letters are not
significantly different. Number of mice in each dietary and genotype group are: LF APOE3 n = 11,
LF APOE4 n = 9, HF APOE3 n = 13, HF APOE4 n = 8, HF FO APOE3 n = 11, HF FO APOE4 n = 8,
HF FLAV APOE3 n = 10, HF FLAV APOE4 n = 9, HF FO + FLAV APOE3 n = 10, and HF FO + FLAV
APOE4 n = 8. P-diet*genotype: significance of diet and genotype interactive effect.

3.3. Impact of Diet and Genotype on DHA: AA Is More Evident in APOE4 Mice

Due to its impact on systemic and neuro-inflammatory status, the DHA: AA ratio was
calculated in the blood and the brain. A higher RBC DHA: AA ratio was evident in APOE4
compared to APOE3 (p < 0.0001, Table 1). A diet–genotype interaction was observed in
the DHA: AA ratio in the blood pools only (plasma and RBC, p = 0.021 and p < 0.000,
respectively), with a significantly higher ratio in APOE4 carriers in the HF FO, HF FLAV,
and HF FO + FLAV diet groups compared to their corresponding APOE3 dietary group.

A lipidomic analysis in the brain of APOE3 and APOE4 mice revealed no over-
all diet–genotype interaction on lipid classes or fatty acid concentrations. The total
lipids DHA and arachidonic acids (AA) values did not differ between the genotypes
(Supplemental Table S2).
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3.4. Impact of Diet and APOE Genotype on Brain Phospholipid Subclasses’ DHA Content

The DHA concentration in the different phospholipid fractions was not different
between the LF and the HF diet. In the APOE3 mice, DHA supplementation (HF FO and
HF FO + FLAV) increased the brain DHA in total phospholipids compared to the high-fat
diet group (HF), being mostly reflected in the PC fraction (Table 2). Similar results were
observed in the APOE4 mice. Interestingly, a 17.1% (p < 0.05) and 20.0% (p < 0.001) higher
DHA level in the PC fraction of the HF FO and HF FO + FLAV groups, and a 14.5% (p <
0.05) higher DHA level in the PE fraction of the HF FO + FLAV group was evident in the
APOE4 animals relative to the HF controls (Table 2).

Table 2. Diet effect on brain DHA phospholipid fractions in APOE3 and APOE4-TR mice after 22
weeks of treatment.

Diet Group LPC LPE PC PE PI Total

APOE3
LF 3.65 ± 0.66 4.55 ± 0.35 1049 ± 43.2 13,376 ± 802 9.66 ± 0.91 14,628 ± 802
HF 3.79 ± 0.23 4.35 ± 0.21 955 ± 41.2 12,355 ± 305 6.94 ± 0.97 13,519 ± 316

HF FO 3.53 ± 0.57 4.88 ± 0.34 1151 ± 29.8 ** 14,732 ± 469 9.43 ± 1.04 16,142 ± 461 **
HF FLAV 2.50 ± 0.64 4.32 ± 0.30 932 ± 43.2 13,169 ± 451 7.71 ± 1.76 14,305 ± 473

HF FO FLAV 3.96 ± 0.42 5.29 ± 0.62 1089 ± 50.0 14,495 ± 455 8.57 ± 1.30 15,851 ± 448 *
APOE4

LF 2.06 ± 0.53 4.59 ± 0.35 927 ± 32.4 13,090 ± 186 6.10 ± 1.29 14,199 ± 186
HF 2.43 ± 0.41 4.70 ± 0.37 941 ± 28.1 13,025 ± 295 7.10 ± 0.99 14,157 ± 310

HF FO 4.12 ± 0.71 5.09 ± 0.36 1102 ± 52.9 * 14,295 ± 508 7.82 ± 1.52 15,643 ± 468
HF FLAV 1.82 ± 0.50 4.32 ± 0.41 810 ± 106 11,801 ± 1536 5.11 ± 1.84 12,799 ± 1631

HF FO FLAV 3.47 ± 0.56 5.42 ± 0.77 1129 ± 34.2 ** 14,896 ± 418 * 5.22 ± 0.97 16,269 ± 386

Values expressed in nmol/g of brain tissue. LF: low fat; HF: high fat; HF FO: high fat enriched in fish oil;
HF FLAV: high fat supplemented in cocoa flavanols; HF FO FLAV: high fat combined with both fish oil and
cocoa flavanols; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PI, phosphatidylinositol. Total, total lipid in sample. Values are expressed
as means ± SEM. * p < 0.05; ** p < 0.01 compared to HF. Number of mice in each dietary and genotype group are:
LF APOE3 n = 11, LF APOE4 n = 9, HF APOE3 n = 13, HF APOE4 n = 8, HF FO APOE3 n = 11, HF FO APOE4 n = 8,
HF FLAV APOE3 n = 10, HF FLAV APOE4 n = 9, HF FO + FLAV APOE3 n = 10, and HF FO + FLAV APOE4 n = 8.

The PC or PE fractions of arachidonic acid (AA) were not significantly different
between the diet groups in the APOE4 mice (Supplemental Table S3). In the APOE3 mice,
only the AA-PE fraction was reduced in the DHA-enriched groups in the APOE3 animals
(Supplemental Table S3).

4. Discussion

The present study provides the first comprehensive investigation of the impact of
supplementation with FLAV with or without DHA on the brain lipidomic profiles and
according to APOE genotype status, with a complex picture of DHA*FLAV*APOE inter-
actions. Although the addition of FLAV did not significantly increase brain DHA in the
group as a whole, FLAV led to an increase in the brain: RBC DHA ratio, which was limited
to the APOE3 animals. As expected, the brain DHA levels increased in the DHA-enriched
dietary groups; however this was not influenced by the addition of FLAV. Following sup-
plementation, higher blood (RBC and trend for plasma) DHA levels were observed in the
APOE4 mice relative to APOE3. This was accompanied by a lower brain: RBC ratio, which
together highlights deficits in either DHA transport, storage, use, or turnover associated
with the APOE4 carrier status. However, in the APOE4 animals a significant increase in
DHA in both the brain PC and PE fractions was evident following DHA supplementation.

Although the size effect was modest, our research does highlight the potential of
dietary flavanols as an approach to increase the brain DHA status independent of intake.
Such strategies are of wide public health relevance, given concerns over fish and EPA/DHA
sustainability [43], and given that the majority of the global population fail to meet dietary
oily fish or EPA+DHA recommendations [44,45] and have a suboptimal EPA and DHA
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status [46]. It is particularly relevant to the estimated 25% of the world population who
follow a vegetarian or vegan diet by choice or necessity, with negligible dietary EPA and
DHA intake.

The number of people living with dementia worldwide is around 50 million [47]. With
expanding and ageing populations, the incidence is predicted to almost triple by 2050.
APOE genotype and obesity have been independently and interactively linked to AD risk,
in humans and rodents [48]. In the present study we compared fatty acid and lipidomic
profiles in the wild-type APOE3 and with at-risk APOE4 transgenic mice [2]. Animals were
exposed to a high-fat diet to mimic human Western dietary practices, and in order to induce
a human-like overweight phenotype with the associated insulin resistance and accelerated
cognitive decline [48].

Observational studies have shown an association between DHA intake and reduced
AD risk [49,50]. However, RCTs have shown inconsistent results, likely in part explained
by the APOE genotype and AD stage. There is now relatively consistent evidence that
the cognitive benefits associated with DHA supplementation are reduced in APOE4 car-
riers [18,19,51]. Mechanistically, impaired BBB-mediated uptake and increased DHA oxi-
dation and turnover are purported to be responsible. While there was an increase in the
brain DHA level following fish oil supplementation in APOE3 only, no difference between
genotypes was evident for habitual DHA in the control (HF) group. We recently demon-
strated a reduced habitual brain DHA level in 18-month-old female APOE4 mice relative to
younger females or age-matched APOE3 males [21]. In addition, rodent studies performed
on males and females have successfully demonstrated a genotype difference in response to
DHA [42,52]. In the present study only male mice were used, which might explain some
of the discrepancy. The cognitive deficits associated with APOE4 are emerging as being
more evident in females, potentially due to the additive effect of menopause and APOE4-
carrier status on neurocognitive processes, with females also shown to benefit more from
fish intake and DHA intake in old age [7,50]. Future research on DHA-APOE genotype-
neurocognitive associations should consider sex as a potentially important mediating factor.

The capacity for DHA production in the brain is limited, with DHA predominantly
derived from the systemic circulation, through dietary and systemic tissue pools. It has
been shown that the plasma DHA metabolism is impaired in APOE4 carriers [53]. We
observed higher plasma and RBC DHA levels in the APOE4 mice, in agreement with
previous findings [42]. These genotype-mediated differences were reflected in the brain:
RBC DHA values, with a higher ratio in APOE3. This may suggest a lower tissue uptake of
DHA in APOE4, although a higher brain turnover cannot be precluded [17]. Furthermore,
it indicates that supplementation with 1.5g DHA (HED) was not sufficient to raise DHA in
the brain in the APOE4 genotype. A higher dose of DHA (up to 3 g/d) may be needed in
APOE4 carriers, as has been suggested [52].

The combination of fish oil/DHA with other dietary compounds, such as flavonoids,
is of particular interest, as it could help mitigate the negative impact of an APOE4 genotype
and potentially increase DHA bioavailability. In a 2010 analysis, green tea flavonoids
(catechins) and fish oil had an additive effect on the inhibition of cerebral Aβ deposits in
a mouse model of AD [54]. This combination of DHA and catechin also had an effect on
cognitive performance (maze behaviour) in old mice, with the addition of catechin to the
diet increasing brain DHA, possibly through the antioxidant properties of catechin [55].
In the present study the addition of cocoa FLAV did not significantly increase brain DHA
levels. The lack of effect of catechin/epicatechin (FLAV) supplementation in our current
study relative to the observations of Shirai and Suzuki [55] could be partly due to our use
of a high-fat regime background diet (45% versus 6.5%). Interestingly, we observed that
relative to LF feeding, the HF regime reduced the DHA concentration (in nmol/g) in the
brain, as reflected in the lower brain: plasma DHA ratio, which could potentially buffer
any physiological impact of FLAV on brain DHA levels. Furthermore, the brain region may
have an impact on the size effect, with our analysis conducted in the subcortical region
versus the whole brain in the previous analysis [55]. Somewhat consistent with a previous

179



Nutrients 2023, 15, 2032

finding [55], we did observe a higher brain: RBC (%) ratio of DHA in the APOE3, but not
the APOE4 animals (Figure 2D), attributable to lower RBC DHA and a trend towards higher
brain DHA (%). The aetiology of this finding is unknown, but is suggestive of an impact
of FLAV on DHA biosynthesis, or retention/metabolism within the brain in the common
APOE3 genotype. This is worthy of further investigation, as it represents a potential means
of increasing brain DHA without the need for increased intake.

The balance between DHA and AA is tightly regulated in the phospholipids of neu-
ronal membranes and is crucial to ensure membrane fluidity, plasticity, and neurotransmis-
sion [52]. The DHA: AA ratio is also used in the diagnosis of MCI/AD pathology [56]. We
recently demonstrated that old age and carrying an APOE4 genotype decreased the brain
DHA: AA ratio [21]. Interestingly, we did not observe any significant genotype effect in
the brain DHA: AA ratio in the present study, which is likely attributable to the sex of the
animals, with the effect more evident in females [4,7].

Less than 2% of fatty acids are present in the brain as free fatty acids. The majority
are present as membrane phospholipids: PC, PE, PS, and PI. PS and PE are quantitatively
the major brain DHA pools [39]. As ApoE is involved in brain phospholipid transport
and metabolism, carrying an APOE4 genotype may impair the structure of the neuronal
membrane affecting DHA transport and downstream signalling pathways [57]. We ob-
served that the higher total brain DHA in the DHA-enriched diet group in APOE3 mice
was reflected in the PC fraction. In APOE4, DHA supplementation increased DHA in both
the PC and PE fraction, with the size effect for LPC not reaching significance. The addition
of FLAV to the HF diet (with or without DHA) did not result in phospholipid-fraction
enrichment. Although FO did not increase the percentage of brain DHA in APOE4, a 17.1%
(p < 0.05) and 20.0% (p < 0.001) higher DHA level in the PC fraction of the HF FO and HF
FO + FLAV groups, and a 14.5% (p < 0.05) higher DHA level in the PE fraction of the HF
FO + FLAV group was evident in these animals relative to the HF controls. Flavonoids
have been reported to increase the level of different phospholipids. For example, quercetin
and naringenin increased PC and to a lesser extent PE in LPS-induced macrophages, which
showed higher levels of longer chain and more polyunsaturated fatty acids (36–40 carbons)
in PCs while no effect was observed in the PI and PS fractions. [58].

A limitation was that our analysis did not include the PS fraction, which is known to
be a major anionic phospholipid class in neuronal membranes and particularly sensitive to
DHA deprivation [59]. However, PE, which is a precursor of PS, was captured.

5. Conclusions

The current analysis shows an APOE-dependent change in brain and blood DHA
levels, in response to fish oil and cocoa flavanols interventions. The APOE4 genotype was
associated with lower brain-DHA enrichment despite having higher blood DHA, com-
pared to APOE3. An investigation into human bio-banked samples from human males and
females is needed to confirm these findings and to help establish if APOE4s should be tar-
geted with recommendations to optimise the DHA brain status. There was some evidence
of a positive impact of flavanols on the brain-DHA status in APOE3 only, which merits
further investigation to confirm the findings and establish underpinning mechanisms.
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Abstract: In the context of the growing prevalence of type 2 diabetes (T2DM), control of postprandial
hyperglycemia is crucial for its prevention. Blood glucose levels are determined by various factors
including carbohydrate hydrolyzing enzymes, the incretin system and glucose transporters. Fur-
thermore, inflammatory markers are recognized predictors of diabetes outcome. Although there is
some evidence that isoflavones may exhibit anti-diabetic properties, little is known about to what
extent their corresponding hydroxylated metabolites may affect glucose metabolism. We evaluated
the ability of a soy extract before (pre-) and after (post-) fermentation to counteract hyperglycemia
in vitro and in Drosophila melanogaster in vivo. Fermentation with Aspergillus sp. JCM22299 led to
an enrichment of hydroxy-isoflavones (HI), including 8-hydroxygenistein, 8-hydroxyglycitein and
8-hydroxydaidzein, accompanied by an enhanced free radical scavenging activity. This HI-rich extract
demonstrated inhibitory activity towards α-glucosidase and a reduction of dipeptidyl peptidase-4 en-
zyme activity. Both the pre- and post-fermented extracts significantly inhibited the glucose transport
via sodium-dependent glucose transporter 1. Furthermore, the soy extracts reduced c-reactive protein
mRNA and secreted protein levels in interleukin-stimulated Hep B3 cells. Finally, supplementation of
a high-starch D. melanogaster diet with post-fermented HI-rich extract decreased the triacylglyceride
content of female fruit flies, confirming its anti-diabetic properties in an in vivo model.

Keywords: soy; isoflavones; hydroxy isoflavones; bioactivity; glucose metabolism

1. Introduction

The prevalence of diabetes, especially type 2 diabetes mellitus (T2DM), is increasing
globally [1]. This metabolic disease is characterized by hyperglycaemia, induced by a
progressive insulin secretory defect or a diminished or missing response of insulin recep-
tors [2]. Continuously high blood sugar levels may result in long-term complications,
including renal and cardiovascular diseases, retinopathy or an impaired blood flow [3].
Thus, controlling postprandial hyperglycemia through dietary means is crucial for the
prevention of T2DM. Blood glucose levels are determined by various factors including food
constituents and food matrix, glucose transporters, carbohydrate hydrolyzing enzymes
(e.g., α-glucosidase, α-amylase) and hormones such as the incretin system. The incretin
system relates to the gut hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent
insulin polypeptide (GIP), which increase postprandial insulin production by acting on
pancreatic beta cells. Dipeptidyl peptidase-4 (DPP-4) degrades circulating GLP-1 and
GIP and reduces the circulating postprandial glucagon level [4]; hence, DPP4 inhibitors
are regarded as a novel means for extending the action of insulin and treating T2DM. In
addition, intestinal glucose absorption is largely achieved by sodium/glucose symporter
1 (SGLT1) [5]. SGLT1 expression is regulated by the diet, e.g., it is strongly elevated in
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response to intraluminal glucose and by compounds that activate sweet taste receptors [6].
Moreover, it is induced in patients with T2DM [7]. The development of T2DM is usually
associated with chronic inflammation. Accordingly, C-reactive protein (CRP), which is
considered a sensitive systemic marker of low-grade inflammation, has been found to
be a proper biomarker for T2DM [8]. CRP predominantly synthesized and secreted by
hepatocytes is elicited by the dual activity of interleukin (IL)-6 and IL-1ß, and enhances in-
flammatory pathways by inducing IL-6 secretion [9,10]. A recent meta-analysis investigated
the impact of soy intake on inflammatory markers and revealed significantly decreased
CRP levels in women; however, the underlying mechanisms by which soy foods and their
ingredients influence inflammatory biomarkers has not yet been elucidated [11].

Importantly, legumes, specifically soybeans, are a widespread dietary source of
isoflavones, with genistein, daidzein and glycitein forming the major fraction [12]. In con-
trast, their hydroxylated counterparts, such as 8-hydroxygenistein (8OHGen), 8-hydroxy-
daidzein (8OHDai) and 8-hydroxyglycitein (8OHGly), are barely found in plants. Hydrox-
ylation at either the C6 or C8 carbon position of the isoflavone backbone is not prioritized
during isoflavone biosynthesis in plants, as cytochrome P450 (CYP)-dependent enzymes
from plants seem to not catalyze the ortho-hydroxylation. However, food processing can
affect the isoflavone concentration and isomer composition of soy products. Thus, most hy-
droxylated isoflavones (HI) are derived from fermented soybean foods, such as miso, natto,
soy sauce and tempeh, where microorganisms, mainly fungi (e.g., Aspergillus) and bacteria
(e.g., Rhizopus, Streptomyces), incorporate the hydroxyl-group into the isoflavone molecule
during fermentation in a CYP-dependent manner [12,13]. Furthermore, the production of
HIs is also feasible via microbial production using genetic engineering [14]. In addition,
fermentation increases the cleavage of glycoside bonds of isoflavones, thereby enhancing
their bioavailability [15,16].

The basic chemical structure of the isoflavones consists of two benzene rings (1 and 2)
linked via a heterocyclic pyrone ring (3) (Figure 1).

 

Figure 1. Chemical structure of (a) 8-hydroxygenistein (8OHGen; 4′,5,7,8-Tetrahydroxyisoflavone;
C15H10O6, PubChem CID: 5492944), (b) 8-hydroxydaidzein (8OHDai; 7,8,4′-Trihydroxyisoflavone;
C15H10O5, PubChem CID: 5466139) and (c) 8-hydroxyglycitein (8OHGly; 7,8,4′-Trihydroxy-6-
methoxyisoflavone; C16H12O6, PubChem CID: 10870296). Structures were taken from PubChem [17].
1: Benzene ring 1; 2: Benzene ring 2; 3: Heterocyclic pyrone ring.

Isoflavones have been shown to induce endogenous antioxidant defense mechanisms,
such as glutathione peroxidase, catalase and superoxide dismutase [18], presumably via an
Nrf2-dependent signal transduction pathway [19]. Furthermore, an inhibition of lipoxyge-
nase due to isoflavones has been described [20]. In addition, the dietary intake of genistein
and daidzein improved the resistance of LDL against oxidation [21].

Genistein and daidzein are relatively weak scavengers of hydroxyl, superoxide, and
nitric oxide free radicals, as determined using spin trapping and electron spin resonance
spectroscopy [22]. Interestingly, it has been shown in vitro that the corresponding hydrox-
ylated metabolites of genistein and daidzein exhibited significantly stronger bioactivity
in terms of prevention of lipid peroxidation as compared to the parent compounds per
se [23,24]. Hirota et al. [25] found that, among various isoflavones isolated from soybean
miso, 8OHGen represented the most potent antimutagenic and antiproliferative activity.
Likewise, in contrast to daidzein, 8OHDai has been found to be a potent aldose reductase
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inhibitor in vitro [26] and may, therefore, represent a potential substance for the treatment
of diabetic complications.

However, fermented isoflavones remain an “understudied” group of soy compounds
and little is known about the bioactivity of isoflavones regarding their antidiabetic proper-
ties [15], especially to what extent their corresponding hydroxylated metabolites, including
8OHGen, 8OHDai and 8OHGly, may affect glucose metabolism and biomarkers of inflam-
mation. The aim of our study was to investigate a soybean extract before (pre-) fermentation
and, in particular, a HI-rich extract after (post-) fermentation, regarding their antidiabetic
and anti-inflammatory properties in vitro. Aspergillus sp. JCM 22,299 was applied for fer-
mentation, which resulted in a substantial increase in HI, where 8OHGen represented the
highest fraction. We tested the in vitro impact of the HI extract on α-glucosidase inhibition,
starch digestion via α-amylase and the incretin system regarding DPP4 inhibition. The
influence of soy bean pre-extract and HI extract was further evaluated based on the activity
of glucose transport by SGLT1 using the Caco-2 cell culture model and CRP expression
(mRNA and secreted protein level) in cultured hepatocytes.

In order to take into account pharmacological aspects, such as bioavailability, the
influence of the gut microbiota and biotransformation, the verification of in vitro bioac-
tivities in animal models usually represents the next important step in the development
of new therapeutic approaches. In recent years, the fruit fly Drosophila melanogaster has
been acknowledged as a valuable model in food science [27]. In particular, owing to the
remarkable similarity between D. melanogaster and humans in terms of the metabolic path-
ways involved in energy metabolism and its hormonal regulation, several genetic and
diet-based diabetes models have been established in fruit flies [28–30], which can serve as
helpful tools to test putative antidiabetic substances [31,32]. Accordingly, we employed a
high-sugar diet D. melanogaster obesity model, which we have previously used to validate
the efficacy of plant extracts with α-amylase and α-glucosidase inhibitor activities [32] to
examine whether the post-fermented HI extract exerted antidiabetic properties in vivo.

2. Materials and Methods

2.1. Preparation of Pre-Fermented and Hydroxy-Isoflavone (HI)-Enriched Post-Fermented Soybean
Extract and Isoflavone Analysis Using HPLC

Soy isoflavone extract was supplied by Toyo Hakko Co., Ltd. (Aichi, Japan). To
obtain an extract enriched in HI, soy isoflavone extracts (pre-fermented samples) were
sterilized at 121 ◦C for 20 min and, subsequently, fermented with Aspergillus sp. JCM 22,299
for 8 d at 30 ◦C with aeration and continuous stirring. After ethanol extraction and two
separation steps, the extract was concentrated using evaporation and filtrated through a
30-mesh filter. The obtained post-fermented samples as well as the pre-fermented samples
were analyzed in terms of their isoflavone content through HPLC (Prominence UFLC,
Shimadzu Corporation, Kyoto, Japan) using a Phenomenex, Kinetex C18 column, 100A
(5 μm, 4.6 mm I.D. × 250 mm, Phenomenex Inc., Torrance, CA, USA). Mobile phase A
consisted of 0.1% acetic acid and mobile phase B was made of acetonitrile while using
a gradient profile (0~50 min (15~35% B), 50~55 min (100% B), 55~60 min (15% B)) at a
flow rate of 1.0 mL/min and a temperature of 35 ◦C. The injection volume was 10 μL and
detection was carried out at 254 nm. An external standard curve was applied to calculate
the concentration using the peak area (Figure 2). Hence, the concentrations of 8OHGen,
8OHGly and 8OHDai were determined to be 35%, 9% and 8% of total isoflavones content
in the post-fermented extract, respectively.

2.2. Antioxidant Capacity Assays

The free radical scavenging properties of pre- and post-fermented soy extracts (10 μg/mL)
were determined with the ferric-reducing ability of plasma (FRAP) assay and the trolox
equivalent antioxidant capacity (TEAC) assay, as previously described [33,34]. For the
FRAP assay, which measures how well a test compound reduces ferric ions (Fe3+) to ferrous
ions (Fe2+), pre- or post-fermented soy extracts were added to a 2 mM iron (III) chlo-
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ride solution with 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ, 1 mM) in acetate buffer (228 mM,
pH 3.6). After 15 min of incubation, absorbance was measured at 620 nm in an iEMS
reader MF (Labsystems, Helsinki, Finland). Results are given in μmol ascorbic acid equiva-
lents per mg extract. The TEAC assay is related to the reduction of ABTS (2,20-azino-bis-(3-
ethylbenzthiazoline-6-sulfonic acid) radical cation by antioxidants. The increase in reduction
by pre- or post-fermented extracts was photometrically measured at 750 nm in a Tecan Infinite
200 (Tecan Group Ltd., Crailsheim, Germany) microplate reader and compared to trolox as
external standard. TEAC values are given in μmol trolox equivalents per mg extract.

 

Figure 2. (a) Representative HPLC chromatogram of hydroxy-isoflavones (HI)-enriched post-fermented
soybean extract at 254 nm and (b) the corresponding relative concentrations of identified isoflavones
in pre- and post-fermented soybean extract.

2.3. Enzymatic Assays
2.3.1. In Vitro α-Glucosidase Inhibition Assay

A total of 15 μL of diluted (0.05–10 mg/mL) HI extracts was added to 105 μL of 0.1 M
phosphate buffer, pH 6.8 and 15 μL of 0.5 U/mL baker yeast α-glucosidase (Sigma-Aldrich,
Taufkirchen, Germany). Acarbose was used as a reference inhibitor. After 5 min of pre-
incubation at 37 ◦C, 15 μL of the substrate p-nitrophenyl-α-D-glucopyranoside (10 mM,
Sigma-Aldrich, Taufkirchen, Germany) was added and incubated for 20 min at 37 ◦C in a
96-well microtest plate (VWR, Darmstadt, Germany). The reaction was stopped by adding
50 μL 2 M Na2CO3 (VWR, Darmstadt, Germany) and the absorbance of samples was
measured photometrically at 405 nm (iEMS Reader MF).

2.3.2. In Vitro α-Amylase Inhibition (Disc) Assay

Four filter discs with a diameter of 0.5 cm were placed in a 92 × 16 mm Petri dish
(Sarstedt, Nuernbrecht, Germany) filled with medium comprising 1% agar–agar (Carl Roth
GmbH & Co. KG, Karlsruhe, Germany) and 1% starch (VWR, Darmstadt, Germany). Then,
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80 μL of HI extract at concentrations of 0–10 mg/mL was mixed with 20 μL α-amylase
(derived from porcine pancreas, Sigma-Aldrich, Taufkirchen, Germany). Acarbose was
utilized as a reference inhibitor. A total of 20 μL of each sample was pipetted onto filter
discs and left at 37 ◦C overnight. After removing the filter discs, plates were incubated
with 5 mM iodine in 3% potassium iodide solution (Merck, Darmstadt, Germany). After
15 min, the diameters of the cleared zones were evaluated and the percentage inhibition of
α-amylase was calculated. The disc assay was performed on two independent testing days.

2.3.3. In Vitro Dipeptidyl Peptidase-4 (DPP4) Inhibition Assay

The DPP4 inhibitor activities of HI extracts were determined using the DPP4 in-
hibitor screening kit according to the manufacturer’s instructions (MAK203, Sigma-Aldrich,
Taufkirchen, Germany). The HI extract was dissolved in DMSO to a concentration of
100 mg/mL and further diluted to a final concentration of 1 mg/mL, 250 μg/mL and
100 μg/mL with assay buffer. Then, 18 nM of the established DPP4 inhibitor sitagliptin
(representing its IC50 concentration) served as the positive inhibitor control, whereas assay
buffer only was used as the control for DPP4 enzyme activity and was set to 100%. Subse-
quently, 49 μL assay buffer and 1 μL DPP4 enzyme were mixed with 25 μL of HI extract
and 18 nM sitagliptin or assay buffer. After 10 min pre-incubation at 37 ◦C, a reaction mix
of 23 μL assay buffer and 2 μL substrate was given to each well. The fluorescence signal
(excitation: 360 nm, emission: 465 nm) was measured in black 96-well microtiter plates at
37 ◦C over a period of 30 min in 1 min intervals (Tecan Infinite 200 microplate reader).

2.4. Testing for Mycoplasma Contamination

All cell lines were regularly tested for mycoplasma contamination via the Mycoplasma
Detection Kit for conventional PCR (Venor®GeM Classic, Minerva Biolabs, Berlin, Germany)
using MB Taq Polymerase (5 Unit/μL, 50 Units). All tested cell lines were found to be
mycoplasma-negative.

2.5. Sodium-Dependent Glucose Transporter 1 (SGLT1) Assay Using Ussing Chambers in
Caco-2/PD7 Cells

SGLT1 was determined in Caco-2/PD7 cells by employing the Ussing chambers
methodology [32]. Cells were provided by Edith Brot-Laroche, Unité de Recherches sur la
Différenciation Cellulaire Intestinale (Villejuif Cedex, France) and seeded at a density of
1 × 106 cells/well into 6-well Corning® Costar® Snapwell cell culture inserts (0.4 μm pore
size, 1.12 cm2surface area, Merck, Darmstadt, Germany). Following 21 days of culturing,
0.5 mL of the cell-containing medium was given to the apical side (upper compartment) and
2.5 mL of cell-free medium was seeded into the basolateral side (lower compartment). After
7 days, the apical medium was withdrawn FBS. Only monolayers with a transepithelial
electrical resistance (TEER) value exceeding 300 Ω cm2, measured via a Millicell ERS-2
Volt-Ohm Meter, equipped with a STX01 planar electrode (Merck, Darmstadt, Germany),
were regarded as functional barriers and used in the transport studies. Before starting
the experiments, Hank’s balanced salt solution (HBSS, pH 7.2) was heated to 37 ◦C and
oxygenated using an influx of carbogen-gas (95% oxygen, 5% carbon dioxide). HBSS was
used to fill half-chambers and wash Caco-2/PD7 monolayers before mounting the Snapwell
inserts in Ussing chamber slides. Subsequently, both half-chambers were replenished
with HBSS solution containing mannitol (10 mmol/L) apically and glucose (10 mmol/L)
basolaterally. The measurement of the transepithelial potential difference was performed
at 37 ◦C under open-circuit conditions using a DVC 1000 amplifier (WPI) and continuous
carbogen bubbling. The potential difference was continuously monitored and recorded
through Ag–AgCl electrodes and KBR agarose bridges. The short-circuit current (ISC; μA
cm−2) was measured via an automatic VCCMC8 MultiChannel Voltage Current Clamp
(Physiologic Instruments) and data were stored using the Acquire & Analyze Data II
acquisition software (Physiologic Instruments). The potential difference was allowed
to stabilize for 20 min. Then, 10 mM glucose solution was given apically and 10 mM

189



Nutrients 2023, 15, 1392

mannitol solution basolaterally. The glucose-stimulated ISC was challenged by applying
either pre-fermented extract (1 mg/mL), post-fermented HI-rich extract (1 mg/mL) or
phlorizin (0.1 mM) as a positive control for inhibition of SGLT1 activity. The decline in the
glucose-induced ISC was assessed.

2.6. Induction of CRP in Hep 3B Cells and Measurement of CRP mRNA and Secreted Protein Level

Induction of CRP in Hep 3B cells and measurement of CRP mRNA and secreted
protein levels were conducted according to [35,36]. Hep 3B cells were kindly gifted by
Claudia Geismann (Laboratory of Molecular Gastroenterology & Hepatology, Department
of Internal Medicine I, UKSH-Campus Kiel, 24,105 Kiel, Germany). Cells were cultivated
for 5 days in MEM with Earle’s balanced salt solution (EBSS), L-glutamine (PAN Biotech,
Aidenbach, Germany) and 2.2 g/L NaHCO3; and supplemented with 10% (vol/vol) heat
inactivated fetal bovine serum (Gibco™ by Thermo Fisher Scientific GmbH, Life Technolo-
gies™, Darmstadt, Germany) and 1% penicillin/streptomycin (PAN Biotech, Aidenbach,
Germany). For CRP induction, Hep 3B cells were incubated with 10 μg/mL isoflavone
extract in DMSO in serum-free media containing 1 μM of dexamethasone (Dex) and stimu-
lated with interleukin-1ß (IL1ß, 400 U/mL) and interleukin-6 (IL6, 200 U/mL) (both from
ImmunoTools GmbH, Friesoythe, Germany) for 18 h for mRNA isolation or 48 h for ELISA
analyses. DMSO served as the solvent control at a final dilution of 0.1%.

RNA isolation and quantitative RT-PCR were performed as previously described [37].
In brief, cells were harvested and RNA isolated with peqGOLD TriFast (VWR International,
Radnor, PA, USA). The RNA isolation procedure is based on phenol and guanidinium thio-
cyanate extraction and on separation of RNA, protein and DNA into three phases upon cen-
trifugation after adding chloroform. RNA concentrations and purity (260/280 nm) were de-
termined with a Nanodrop 2000 (Thermo Fisher Scientific GmbH, Life Technologies, Darm-
stadt, Germany). Gene expression was determined using quantitative RT-PCR with the Sensi-
FAST™ SYBR® No-ROX One-Step Kit (Bioline, Luckenwalde, Germany) via Rotorgene 6000
cycler (Corbett Life Science, Sydney, Australia). Gene expression levels were analyzed using
a standard curve and normalized to the expression level of GAPDH. Primers were as fol-
lows: CRP forward primer: 5′-CCCTGAACTTTCAGCCGAATACA-3′; CRP reverse primer
5′-CGTCCTGCTGCCAGTGATACA-3′; GAPDH forward primer: 5′-CAATGACCCCTTCATTG
ACC-3′; and GAPDH reverse primer: 5′-GATCTCGCTCCTGGAAGATG-3′.

To determine the secreted CRP protein levels, the cell culture medium was diluted
1:250 before being used for the ELISA according to the manufacturer’s instructions (Hu-man
C-reactive Protein ELISA Kit, Sigma-Aldrich, Taufkirchen, Germany).

2.7. Drosophila Melanogaster Feeding Assay Using a High-Starch Diet

The D. melanogaster wild-type strain w1118 (#5905, Bloomington Drosophila Stock
Center, Indiana University, Bloomington, United States) was maintained under standard
conditions in climate cabinets HPP750 or HPP110 (Memmert, Schwabach, Germany) at
25 ◦C, 60% humidity, and a 12/12 h light/dark cycle [32]. The fruit flies were cultured
on Caltech medium (6.0% cornmeal, 5.5% dextrose, 3.0% sucrose, 2.5% inactive dry yeast,
1.0% agar Type II, Kisker, Steinfurt, Germany). Propionic acid (0.3%, Carl Roth, Karlsruhe,
Germany) and Tegosept (0.15%, Genesee Scientific, San Diego, SC, USA) were added to the
medium as preservatives. The feeding assay was started by transferring freshly eclosed
adult animals to CT medium for mating. On day 3, female fruit flies were sorted and
transferred onto a starch-based control diet (20% soluble starch (Carl Roth), 5% yeast,
2% agar, 0.18% nipagin, 0.3% propionic acid) or experimental diets that were supplemented
with 0.8%, 1.6% or 2.4% of the post-fermented HI-rich extract. A medium containing
1.8 μg/mL acarbose was used as positive control [32]. The mated female flies were then
transferred to the respective fresh experimental medium every other day. On day 10, the
animals were harvested and ten flies per vial were homogenized for 10 min at 4 ◦C and
25 Hz in 0.05% Triton X100-containing PBS using a tissue lyser (Qiagen TissueLyser II,
Hilden, Germany). The protein and triglyceride content of the fly lysates were measured
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using a Pierce BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA) and
colorimetric assay reagent (GPO-PAP Kit, Dialab, Wiener Neudorf, Austria), respectively.

2.8. Statistics

Statistical analyses were performed using the software GraphPad Prism (Ver. 7.05).
The IC50 value of glucosidase inhibition by the post-fermented HI-rich extract was calcu-
lated using nonlinear regression. Prior to statistical tests, normal distribution of data was
approved using the Shapiro–Wilk normality test. An analysis of variance (ANOVA) was
conducted for α-amylase inhibition and in vivo fly data, followed by a post-hoc multiple
comparison test of Dunnett to compare means of treatment with the post-fermented HI
extract to the controls. Results from Ussing chamber experiments, CRP, FRAP and TEAC
measurements were analyzed with two-sided unpaired Student’s t-tests. In cases without
normally distributed data, non-parametric tests were applied. Data from the DPP4 inhibit-
ing assay were tested using the Kruskal–Wallis test and the Dunn’s multiple comparison
test. For secreted CRP protein level, the Mann–Whitney test was conducted. p-values less
than 0.05 were considered significantly different.

3. Results

3.1. Post-Fermented Hydroxy-Isoflavone (HI)-Rich Soybean Extract Exhibited Significant
Inhibitory Activity towards α-Glucosidase and DPP4 In Vitro, but Not towards α-Amylase

In order to test the ability of HI extracts to modulate carbohydrate-hydrolyzing en-
zymes in vitro, we first examined the influence on α-amylase activity. However, we did
not observe a significant modulation of α-amylase enzyme activity by the post-fermented
HI-rich extract up to a concentration of 10 mg/mL (Figure 3a).

Figure 3. The post-fermented HI-rich extract did not affect (a) in vitro α-amylase activity, but
inhibited (b) α-glucosidase activity as well as (c) dipeptidyl peptidase-4 (DPP4) enzyme activity in a
dose-dependent manner. For measuring in vitro α-amylase inhibition, the disc diffusion assay was
applied. Porcine pancreatic α-amylase was mixed with increasing concentrations of HI extract (final
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concentrations as indicated) and administered onto the filter discs filled with medium comprising
1% agar–agar and 1% starch. After overnight incubation at 37 ◦C, starch/agar plates were iodide-
stained. α-Amylase inhibition in samples was determined by matching the diameter of the cleared
zones. HI extract-, DMSO- (solvent control for the HI extract) and acarbose- (positive control) treated
filter discs were compared to control filter discs (CON, α-amylase alone). The assay was conducted on
two independent testing days. Exemplary results are shown. α-Glucosidase activity was determined
spectrophotometrically. IC50 was calculated using GraphPad Prism. DPP4 assay was performed
in the presence of the following substances: DPP4 control: assay buffer; sitagliptin: 18 nM; post-
fermented HI-rich extract as indicated. Values of remaining DPP4 enzyme activity (in %) compared
to the DPP4 control are displayed. Results are mean values of n = 2–4 independent experiments.
Error bars indicate standard deviation. ** p < 0.01; * p < 0.05, Kruskal–Wallis test (p < 0.001), followed
by Dunn’s multiple comparison test, compared to DPP4 control enzyme activity.

When we looked at the in vitro inhibition of α- glucosidase activity, we discovered
a concentration-dependent inhibitory effect of the soy HI extract (Figure 3b). The IC50
value of the extract was estimated to be 78.6 μg/mL (R2: 0.985; 95% confidence interval:
60.6–102 μg/mL). The soy HI extract was six times more potent than the positive control
acarbose (IC50 = 493 μg/mL, R2: 0.973; 95% confidence interval: 348–697 μg/mL) at
inhibiting α-glucosidase activity.

Furthermore, the HI extract inhibited the dipeptidyl peptidase activity of DPP4 in a
dose-dependent manner (ANOVA: p < 0.001), leading to an approximately 60% inhibition
of enzyme activity at the highest concentration of 1 mg/mL when compared to controls
(Figure 3c). A similar inhibition of DPP4 activity was achieved by the inhibitor control
sitagliptin, but at a much lower concentration of 18 nM (this equates to 7.33 ng/mL). Thus,
HI extract might serve only as a moderate inhibitor of DPP4 enzyme activity.

3.2. Pre- and Post-Fermented Soy Isoflavone Extracts Were Moderate Inhibitors of
SGLT1-Mediated Glucose Transport

To examine whether soy isoflavone extracts before (pre-) fermentation and HI-enriched
after (post-) fermentation affect SGLT1-mediated glucose transport, we employed Ussing
chamber experiments using the Caco-2/PD7 cell monolayer model. Representative runs
are given in Figure 4a, c. Adding either pre- or post-fermented extract at a concentration
of 1 mg/mL to the Ussing chamber system substantially lowered the glucose-induced
short-circuit current from 6.90 ± 0.36 to 4.05 ± 0.66 μA/cm2 (pre-fermented extract) and
from 7.45 ± 0.69 to 4.51 ± 0.63 μA/cm2 (post-fermented HI-rich extract), respectively
(Figure 4d). This represents a SGLT1 inhibition of approximately 60% for both extracts.
In comparison, glucose uptake was almost completely blocked by the established SGLT1
inhibitor phlorizin at a concentration of 0.1 mM (Figure 4b).

3.3. Expression of C-Reactive Protein (CRP)-Coding mRNA and CRP Protein Secretion Were
Reduced in Hep 3B Cells by Pre- and HI-Enriched Post-Fermented Soy Extract

Incubation of Hep 3B cells with 10 μg/mL pre-fermented soy extract significantly
inhibited the mRNA expression of the inflammatory marker CRP after IL1ß plus IL6
stimulation by ca. 30% (Figure 5). An even more potent inhibition of ca. 60% was observed
by incubating the cells with post-fermented HI-rich extract (10 μg/mL). However, when
analyzing the impact on the level of secreted protein, both pre- and post-fermented extracts
significantly reduced the CRP concentration similarly by about 50%.

3.4. Post-Fermented HI-Rich Soy Extract Exhibited Higher Antioxidative Capacity Than
Pre-Fermented Soy Extract

We next tested the free radical scavenging properties of pre- or post-fermented soy
extracts (10 μg/mL) by employing the ferric-reducing ability of plasma (FRAP) assay as
well as the Trolox equivalent antioxidant capacity (TEAC) assay, respectively. As shown in
Figure 6, in both cases the fermented soy extract with the increased HI content exhibited a
significantly higher antioxidative capacity than the pre-fermented soy extract.
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Figure 4. Influence of pre-fermented and HI-enriched post-fermented soy isoflavone extracts on
sodium-dependent glucose transporter 1 (SGLT1). SGLT1-dependent glucose transport was measured
in Caco-2/PD7 cell monolayers via Ussing chambers. Short-circuit current (ISC) was followed over
time (exemplary runs depicted in (a,c)). After addition of 10 mM glucose to the apical side at the
indicated time points, the ISC reached a stable plateau within approximately 10 min, before 0.1 mM
phlorizin (a) as positive control or 1 mg/mL soy isoflavone extract (c) was added. The corresponding
ISC values are shown in (b,d) and the ISC values for the pre-fermented extract are shown in (d). Error
bars indicate standard deviation of n = 4–7 independent experiments. *** p < 0.001, unpaired t-test.
HI: Hydroxy-isoflavone extract.

Figure 5. Soy isoflavone extracts before (pre-) and after (post-) fermentation (HI) reduced (a) CRP
mRNA expression and (b) the amount of secreted CRP protein in human hepatoma (Hep B3) cells.
Cells were incubated with either pre- or post-fermented extract (10 μg/mL) solved in DMSO. CRP ex-
pression was stimulated with 400 U/mL interleukin-1ß and 200 U/mL interleukin-6 (IL Mix). DMSO
only served as solvent control. n = 6 independent experiments. Results are mean values ± SD. Error
bars indicate standard deviation. *** p < 0.001; ** p < 0.01: unpaired t-test (mRNA) or Mann–Whitney
test (secreted protein level) between treatment compared to DMSO solvent control after stimulation.
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Figure 6. Post-fermented HI-rich soy extract exhibited higher antioxidative capacity than pre-
fermented soy extract. For the ferric-reducing ability of plasma (FRAP) assay, pre- and post-fermented
soy extracts were incubated with 2 mM iron (III) chloride in the presence of TPTZ for 15 min. The
resulting complex between TPTZ and reduced iron (II) was measured photometrically at 620 nm.
Results are given in μM ascorbic acid equivalents. The ability to reduce ABTS by pre- or post-
fermented soy extracts was investigated in the Trolox equivalent antioxidant capacity (TEAC) assay
and measured spectrophotometrically at 750 nm. TEAC values are given in μM trolox equivalents.
Results are mean values ± SD of n = 6–10 independent experiments. Error bars indicate standard
deviation. *** p < 0.001: unpaired t-test between pre- and post-fermented HI extract.

3.5. Supplementation of a High-Starch Drosophila Melanogaster Diet with Post-Fermented
HI-Rich Extract Decreased the Triacylglyceride (TAG) Content of Female Fruit Flies

Dietary supplementation of the 20% starch-based diet with increasing concentrations
of the post-fermented HI-rich extract led to a dose-dependent reduction of the triglyceride
content in 10-day-old female flies (Figure 7). In flies fed 2.4% of the post-fermented HI-rich
extract, the TAG to protein ratio was found to be 0.36 compared to control animals which
had a value of 0.51. The treatment with the positive control acarbose induced an even more
drastic decline in lipid storage to a TAG to protein ratio of 0.08.

Figure 7. Supplementation of post-fermented HI-rich soy extract decreased the triacylglyceride (TAG)
content in D. melanogaster fed a high-starch diet. Freshly eclosed male and female fruit flies were
mated for 2 days. On day 3, females were allocated to control medium (20% starch, 5% yeast extract)
or different experimental diets supplemented with the indicated amount of post-fermented HI-rich
soy extract. A diet containing 1.8 mg/L acarbose was used as positive control. After 1 week, the flies
were harvested and the TAG to protein ratios were determined. Bars represent the mean values ± SD
of n = 6 independent experiments. Error bars show standard deviation * p < 0.05, ** p < 0.01, and
*** p < 0.001, ANOVA (p < 0.001) with post-hoc multiple comparison test of Dunnett, compared to
controls. HI: Hydroxy-isoflavone.
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4. Discussion

The prevalence of T2DM is growing globally; hence, controlling postprandial hyper-
glycemia and inflammation is central for halting disease progression. Soy isoflavones are
believed to play a role in diabetes prevention [38]. The dietary intake of soy products
has consistently been inversely associated with the risk of T2DM among women [39].
However, the underlying mechanisms and, in particular, the role of soy-derived HI in
diabetes prevention remain unclear. By applying a portfolio of numerous in vitro assays
related to various important steps within the glucose metabolism (from intestinal digestion
to glucose uptake), as well as assessing potential anti-inflammatory properties, we have
addressed this research question in the present study. Furthermore, we have included
adequate positive controls (e.g., acarbose, sitaglibtin, phlorizin) in the respective assays.

We have shown that a HI-enriched soy extract demonstrated inhibitory activity to-
wards α-glucosidase, moderately reduced the DPP4 enzyme activity and significantly
inhibited SGLT1-dependent glucose transport. Furthermore, the fermented HI-rich extract
substantially decreased CRP mRNA and secreted protein levels in cultured Hep B3 hep-
atocytes. Thus, the HI-rich soy extract mediated antidiabetic properties by addressing
multiple targets. Since we observed an inhibition of α-glucosidase but not α-amylase, HI
may, nevertheless, exhibit a certain specificity as far as carbohydrate digesting enzymes are
concerned. A shortcoming of our present experimental approach may be that we studied
only the soy isoflavone-rich extracts (although analytically well characterized) but not their
purified constituents, which should be taken into consideration in future studies.

A decrease in intestinal glucose uptake could be an important mechanism in counter-
acting hyperglycemia [40]. Interestingly, we observed a significant inhibition of SGLT1 due
to a HI-rich soy extract, as previously reported for other extracts rich in secondary plant
metabolites [32,41]. We did not investigate whether the decrease in glucose uptake was
mediated via a competitive inhibition of SGLT1. Phlorizin was used as a positive control
in our Ussing chamber experiments. Thus, it would also be interesting to study whether
there is a synergistic interaction between phlorizin and isoflavones/HI in terms of SGLT1
inhibition. Furthermore, other glucose transporters, such as Glut4, as a potential target
of flavonoids [42] could be considered in response to the treatment with HI in additional
studies. In terms of the SGLT1 assay, the fermented isoflavones did not show higher
bioactivity than the unfermented extract as far as sodium-dependent glucose uptake was
concerned. However, regarding anti-inflammatory properties, we observed a stronger inhi-
bition of CRP gene expression in interleukin 1ß- and interleukin 6-stimulated hepatocytes
in response to fermented versus unfermented isoflavones, whereas both extracts reduced
the amount of secreted CRP protein to the same extent. Thus, fermentation may affect
bioactivity in some but not all assays. Furthermore, it was unclear whether the inhibition
of CRP gene expression was via a nuclear factor kappa B-controlled signal transduction
pathway, as previously reported for the flavone quercetin in cultured hepatocytes [43]. We
further observed a moderate inhibition of DPP4 activity due to HI in vitro. Our data were in
line with previous studies indicating that prenyl isoflavones improve glucose homeostasis
by inhibiting DPP4 in hyperglycemic rats in vivo [44]. Accordingly, genistein has been
shown to inhibit DPP4 in diabetic laboratory mice. This bioactivity was accompanied by an
enhanced GLP1 concentration [45], which was not monitored in the present study.

However, we have validated the antidiabetic activity of the fermented HI-rich extract
in a starch-based high-sugar diet model of D. melanogaster. High-sugar diets have been
frequently demonstrated to lead to enhanced triglyceride levels in fruit flies [46–48]. By
choosing starch as the sole carbohydrate source, we addressed all steps of the carbohy-
drate degradation pathway including the intestinal enzymes α-amylase and α-glucosidase.
Therefore, we cannot currently assess which target molecule(s) is/are responsible for the
triglyceride-lowering effect of the post-fermented HI-rich extract. Accordingly, further
studies are necessary to clarify the precise in vivo mechanism of action. Overall, data from
the present study and literature suggest that structural modifications of isoflavones, either
through fermentation or endogenous metabolism, affect their pharmacological properties
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in terms of their bioactivity and possibly also their bioavailability [16]. The inclusion of
additional hydroxyl groups into isoflavone molecules due to fermentation often enhances
their bioactivity [23]. In contrast, sulfation [49] or glucuronidation [50], which mainly occur
in the small intestine as well as in the liver, are associated with the loss of hydroxyl groups,
and thereby decrease the bioactivity of isoflavones. Changes in the bioactivity through
structural modifications were also evident in the case of the free radical scavenging activity
of the post-fermented HI versus the pre-fermented soy extract. Thus, hydroxylation of
isoflavones was accompanied with improved free radical scavenging properties, which
has also been reported elsewhere for 8OHGen [25], 3OHDai [51], 6-hydroxyequol [52] and
8OHDai [53]. Accordingly, fermentation of soybean residues with R. oligosporus and L.
plantarum resulted in an improved yield of isoflavone aglycones and gamma amino butyric
acid, which led to lowered ROS levels and an increased antioxidative capacity, better blood
glucose homeostasis and improved blood biochemistry in STZ-induced hyperglycemic
mice [54]. Hence, we cannot fully exclude the possibility that beside HI, other ingredients
could have contributed to the antidiabetic and anti-inflammatory effect, seen in our study.
Improved free radical scavenging activity due to fermentation could also impact the food
quality and shelf life of HI-rich soy derived food. Several efforts have been made to in-
crease the bioavailability of isoflavones from soy beans, including the functional cloning
of a soy isoflavone conjugate hydrolyzing β-glucosidase as a potential candidate for soy
isoflavone bioavailability enhancement [16]. Although the bioavailability of genistein and
daidzein has been studied in laboratory rodents [55,56], as well as in humans [57,58], little is
known in terms of the bioavailability (e.g., plasma and tissue concentration) of HI including
8OHGen and 8OHGly. Nevertheless, it has been suggested that 8-OHDai is relatively easily
absorbed in rats and distributed to peripheral tissues [59]. Such studies are necessary to
evaluate whether the isoflavone concentrations used in in vitro studies are physiologically
achievable under in vivo conditions. On the other hand, bioavailability was not an issue
when isoflavones and HI inhibited intestinal targets, such as α-glucosidase and SGLT1,96
identified here.

5. Conclusions

A soy isoflavone extract rich in 8-hydroxygenistein, 8-hydroxyglycitein and 8-hydroxy-
daidzein exhibited antidiabetic properties in vitro and in an in vivo diabetes model of
Drosophila melanogaster. Such an extract may have the capability to serve as a dietary
natural plant bioactive for prevention strategies in terms of T2DM. However, in the future,
the potential antidiabetic and anti-inflammatory properties of HI need to be validated in
laboratory rodents, as well as in human intervention studies, also taking their bioavailability
into account.

Author Contributions: Conceptualization, K.L., A.F., I.B., K.T. and G.R.; methodology, K.L., I.B.,
P.H., Y.U., K.C., D.N. and N.H.; data curation, K.L., A.F., P.H., Y.U. and G.R.; writing—original draft
preparation, K.L., A.F. and G.R.; writing—review and editing, K.L., A.F., P.H., Y.U., K.C., D.N., N.H.
and G.R.; supervision, K.L., K.T. and G.R. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was partly funded by CycloChem Bio Co., Ltd., 7-4-5 Minatojima-minamimachi,
Chuo-ku, Kobe, 650-0047, Japan.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon reasonable request
from the corresponding author.

Acknowledgments: We thank Vivien Schmuck for their excellent technical assistance.

Conflicts of Interest: K.T. and D.N. are board members of CycloChem Bio Co., Ltd. K.C. and Y.U.
are employees of CycloChem Bio Co., Ltd. N.H. is an employee of Toyo Hakko Co., Ltd.

196



Nutrients 2023, 15, 1392

References

1. Khan, M.A.B.; Hashim, M.J.; King, J.K.; Govender, R.D.; Mustafa, H.; Al Kaabi, J. Epidemiology of Type 2 Diabetes–Global Burden
of Disease and Forecasted Trends. J. Epidemiol. Glob. Health 2020, 10, 107–111. [CrossRef] [PubMed]

2. ElSayed, N.A.; Aleppo, G.; Aroda, V.R.; Bannuru, R.R.; Brown, F.M.; Bruemmer, D.; Collins, B.S.; Hilliard, M.E.; Isaacs, D.;
Johnson, E.L.; et al. 2. Classification and Diagnosis of Diabetes: Standards of Care in Diabetes-2023. Diabetes Care 2023, 46,
S19–S40. [CrossRef]

3. Francini, F.; Schinella, G.R.; Ríos, J.L. Activation of AMPK by Medicinal Plants and Natural Products: Its Role in Type 2 Diabetes
Mellitus. Mini Rev. Med. Chem. 2019, 19, 880–901. [CrossRef]

4. Chai, S.; Zhang, R.; Zhang, Y.; Carr, R.D.; Zheng, Y.; Rajpathak, S.; Ji, L. Effect of dipeptidyl peptidase-4 inhibitors on postprandial
glucagon level in patients with type 2 diabetes mellitus: A systemic review and meta-analysis. Front. Endocrinol. 2022, 13, 994944.
[CrossRef]

5. Tyagi, N.K.; Kumar, A.; Goyal, P.; Pandey, D.; Siess, W.; Kinne, R.K. D-Glucose-recognition and phlorizin-binding sites in human
sodium/D-glucose cotransporter 1 (hSGLT1): A tryptophan scanning study. Biochemistry 2007, 46, 13616–13628. [CrossRef]

6. Stearns, A.T.; Balakrishnan, A.; Rhoads, D.B.; Tavakkolizadeh, A. Rapid upregulation of sodium-glucose transporter SGLT1 in
response to intestinal sweet taste stimulation. Ann. Surg. 2010, 251, 865–871. [CrossRef]

7. Dyer, J.; Wood, I.S.; Palejwala, A.; Ellis, A.; Shirazi-Beechey, S.P. Expression of monosaccharide transporters in intestine of diabetic
humans. Am. J. Physiol. Gastrointest. Liver Physiol. 2002, 282, G241–G248. [CrossRef]

8. Yang, X.; Tao, S.; Peng, J.; Zhao, J.; Li, S.; Wu, N.; Wen, Y.; Xue, Q.; Yang, C.X.; Pan, X.F. High-sensitivity C-reactive protein and risk
of type 2 diabetes: A nationwide cohort study and updated meta-analysis. Diabetes/Metab. Res. Rev. 2021, 37, e3446. [CrossRef]

9. Ridker, P.M.; Rane, M. Interleukin-6 signaling and anti-interleukin-6 therapeutics in cardiovascular disease. Circ. Res. 2021, 128,
1728–1746. [CrossRef]

10. Serban, C.; Sahebkar, A.; Antal, D.; Ursoniu, S.; Banach, M. Effects of supplementation with green tea catechins on plasma
C-reactive protein concentrations: A systematic review and meta-analysis of randomized controlled trials. Nutrition 2015, 31,
1061–1071. [CrossRef]

11. Bajerska, J.; Łagowska, K.; Mori, M.; Reguła, J.; Skoczek-Rubińska, A.; Toda, T.; Mizuno, N.; Yamori, Y. A Meta-Analysis of
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Abstract: Epidemiologic studies show that the risk of diabetes can be reduced by ingesting green tea
or coffee. Previous studies have shown that simultaneously taking green tea catechins (GTC) and
coffee chlorogenic acid (CCA) alters postprandial gastrointestinal hormones secretion and improves
insulin sensitivity. However, there is no evidence on the acute effects of GTC and CCA on incretin and
blood glucose, and on the respective dose of polyphenols. In this randomized, double-blind, placebo-
controlled crossover study, we examined the effective dose of GTC and CCA on postprandial glucose,
insulin, and incretin responses to a high-fat and high-carbohydrate cookie meal containing 75 g of
glucose in healthy men. Study 1 (n = 18) evaluated two doses of GTC (270 or 540 mg) containing a
fixed dose of CCA (270 mg) with 113 mg of caffeine and a placebo (0 mg GTC and 0 mg CCA) with
112 mg of caffeine. Study 2 (n = 18) evaluated two doses of CCA (150 or 300 mg) containing a fixed
dose of GTC (540 mg) and a placebo with 99 mg of caffeine. The single combined ingestion of GTC
and CCA significantly altered the incretin response and suppressed glucose and insulin levels. These
findings suggest that the effective minimum dose is 540 mg of GTC and 150 mg of CCA.

Keywords: coffee; cookie meal test; glucagon-like peptide-1; glucose-dependent insulinotropic
polypeptide; green tea

1. Introduction

Type 2 diabetes (T2D), a serious chronic disease caused by insulin resistance and
impaired insulin secretion [1], is a global health and wellness issue [1–3]. Persistent hyper-
glycemia leads to insulin resistance. Blood glucose levels are strictly regulated by insulin,
glucagon, cortisol, catecholamines (adrenal corticosteroids), growth hormone, cortisol,
and aldosterone and are also influenced by stress. Incretins, such as glucose-dependent
insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) secreted from the
small intestine in response to dietary glucose and lipids, are required for insulin secretion
from pancreatic β-cells. GLP-1 enhances glucose uptake in the liver and muscle and im-
proves systemic insulin sensitivity [4,5]. GIP promotes fat accumulation via glucose and
free fatty acid uptake in adipocytes [6]. Healthy eating habits from childhood are a factor
in preventing the development of T2D. Improving insulin resistance and controlling blood
glucose levels through increased physical activity may also prevent T2D. The effectiveness
of non-pharmacologic therapies, however, including food-derived functional ingredients,
for improving insulin resistance has not been established.

Green tea and coffee, which contain abundant polyphenols such as green tea catechins
(GTC) and coffee chlorogenic acids (CCA), respectively, are the most commonly consumed
beverages in the world. Consumption of GTC or CCA may reduce the risk of developing
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T2D and other metabolic diseases [7–11]. A previous study in healthy men demonstrated
that consuming green tea extract containing GTC ameliorates insulin sensitivity in healthy
individuals [12]. Chronic consumption of beverages containing 582 mg of GTC improved
hemoglobin A1C (HbA1c) levels in participants taking medicines that stimulate insulin
secretion [13]. In individuals with impaired glucose tolerance, consumption of 400 mg of
CCA for 3 months significantly reduced fasting blood glucose levels and the insulinogenic
index on the basis of fasting and postprandial blood glucose and insulin levels [14]. Acute
ingestion of CCA suppresses postprandial blood glucose levels [15] and promotes GLP-1
secretion [16]. These findings suggest that ingesting a combination of GTC and CCA may
further enhance their effects to improve glucose metabolism. In addition to the control of
glucose and insulin responses, regulation of incretins is a potential therapeutic treatment
option for insulin resistance [17,18]. Few studies, however, have evaluated the combined
effects of GTC and CCA on postprandial glucose metabolism and gastrointestinal hormone
secretion in humans [19]. In addition, the acute effects of simultaneous consumption of
GTC and CCA have not been clarified, and the mechanisms by which these polyphenols
affect glucose metabolism are unclear. To the best of our knowledge, there are no studies
evaluating human glucose metabolism using different GTC and CCA doses. Clarifying
the minimum effective doses of GTC and CCA to better understand the relationship could
provide valuable information for future study designs.

In the present study, we evaluated the acute effects of four combinations of GTC and
CCA concentrations on postprandial glucose metabolism to determine the dose–response
relationship after ingestion in healthy, non-diabetic individuals. The primary endpoint
was the minimum dose required for a postprandial GLP-1 response, and the secondary
endpoints were postprandial blood glucose, insulin, and GIP responses.

2. Materials and Methods

2.1. Study Design

Effective combined doses of GTC and CCA were investigated in two human clinical
trials conducted at Kao Corporation (Tokyo, Japan) and Sumida Hospital (Tokyo, Japan).
Study 1 investigated the effective dose of GTC with a fixed dose of CCA, and Study 2
investigated the effective dose of CCA with a fixed dose of GTC.

Both acute ingestion studies were conducted, in which the three test beverages were
each consumed immediately after ingestion of the cookie test meal, and the effects on
postprandial glucose metabolism following 4 h were evaluated. A one-week washout was
provided between the consumption of each of the three test beverages in a randomized
crossover manner. In each study, the participants consumed test beverages containing
two different dose combinations of GTC and CCA or a placebo. All of the participants in
both studies were enrolled and randomly allocated a number using a computer-generated
stratified randomization method to test the sequence groups. The sequence group allocation
was concealed among the participants, physicians, and outcome assessors from screening
to finalizing the dataset.

Study 1 and Study 2 participants were recruited separately, each with another
18 participants. Study 1 was conducted from October 2017 to February 2018. Each partici-
pant orally ingested a test beverage containing a fixed dose of CCA (270 mg) combined
with either a minimum dose of GTC (540 mg: reported as the minimum effective dose for
metabolic disorders [20]) or a half dose of GTC (270 mg) or a placebo beverage containing
0 mg GTC and 0 mg CCA. All of the test beverages contained 112–113 mg of caffeine.
Study 2 was conducted from August 2019 to October 2019. Each participant orally ingested
a beverage containing a fixed dose of GTC (540 mg) combined with either a minimum dose
of CCA (300 mg: reported as the minimum effective dose for metabolic disorders [21]), a
half dose of CCA (150 mg), or a placebo beverage containing 0 mg GTC and 0 mg CCA. All
of the test beverages contained 99 mg caffeine. The two studies were conducted in accor-
dance with the Declaration of Helsinki, and the protocols were reviewed and approved by
the ethics committees of Kao Corporation (No. T232-190615, 30 July 2019; Tokyo, Japan)
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and Ueno-Asagao Clinic (No.2019-19; 7 August 2019; Tokyo, Japan). All of the partici-
pants received a full verbal and written explanation of the study and provided written
informed consent prior to registration. The respective trials were registered with the Uni-
versity Hospital Medical Information Network (UMIN; http://www.umin.ac.jp/ (accessed
on 2 January 2023); Registration No. UMIN000047544 for Study 1, UMIN000037738 for
Study 2).

2.2. Participants

In Study 1, potential participants were recruited from among healthy male volun-
teers living in the Tokyo metropolitan area in October 2017. Eighteen healthy volunteers
(mean ± SD: age, 41 ± 9 years; body mass index [BMI]: 22.6 ± 1.8 kg/m2; fasting glucose,
86 ± 5 mg/dL) with normal blood glucose levels (fasting blood glucose, ≤125 mg/dL)
were recruited to participate in this study. The exclusion criteria were a history of diabetes
or cardiovascular disease, hypertension, hypercholesterolemia, hypertriglyceridemia, and
hepatic, renal, or gastrointestinal diseases; smoking habit; excessive alcohol consumption
(≥30 g/day); allergies to the ingredients in the test food; working as a shift worker; or
otherwise determined to be unqualified by the physician in charge. In Study 2, poten-
tial participants were recruited from among healthy male volunteers living in the Tokyo
metropolitan area in September 2019. Eighteen healthy male volunteers (mean ± SD; age:
47 ± 11 years; BMI: 23.2 ± 2.9 kg/m2; fasting glucose: 103 ± 7 mg/dL) with blood glucose
levels ranging from normal to impaired glucose tolerance (fasting glucose 95–125 mg/dL)
were recruited according to the same criteria as in Study 1. The sample size for each study
was estimated according to the results of a preliminary study and calculated to be 18,
assuming a significance level of 5% and a statistical power of 80%. In the preliminary study,
the effect size of the GLP-1 area under the curve (AUC) was 7.7 mg/dL·4 h with a standard
deviation (SD) of 11.0 mg/dL·4 h.

2.3. Experimental Procedures

In both studies, after a 1-week run-in period, measurements for the acute ingestion
test were obtained after the participants consumed one of the three test beverages. The
day before the measurements, the participants were instructed to consume pre-packaged
meals and to go to bed before midnight without consuming any food or beverages other
than water after 9:00 p.m. In Study 1, the total energy content of the pre-packaged meals
the day before the test was 2412 kcal/day, 14 E% from protein, 25 E% from fat, 61 E% from
carbohydrates; 25 E% for breakfast, 24 E% for lunch, 21 E% for snacking, and 30 E% for
dinner. In Study 2, the total energy content of the pre-packaged meals the day before the test
was 2166 kcal/day, 14 E% from protein, 25 E% from fat, 61 E% from carbohydrates; 34 E%
for breakfast, 32 E% for lunch, and 34 E% for dinner. The height, weight, body fat (body
fat scale by bioelectrical impedance analysis, model TF-780 in Study 1 and model DC-320
in Study 2, Tanita Corp., Tokyo, Japan), waist circumference, and blood pressure (digital
blood pressure monitor, model HEM-1000, Omron, Kyoto, Japan in Study 1 and model
TM-2571, A&D Co., Ltd., Tokyo, Japan in Study 2) were measured for each participant. The
participants consumed a high-fat and high-carbohydrate cookie meal which consisted of
12 test-specific cookies (meal test S, Saraya Co., Ltd., Osaka, Japan) over a 15-min period,
and then the subjects consumed the test beverage over a 10-min period. The cookie meal
contained flour, butter, maltose, chicken eggs, and baking powder and had an energy
content of 592 kcal (6 E% from protein, 43 E% from fat, and 50 E% from carbohydrates).
Venous blood samples were obtained during fasting (0 h) and at 0.5, 1, 1.5, 2, and 4 h after
cookie meal consumption in Study 1 and during fasting (0 h) and at 0.5, 1, 1.5, 1.75, 2, 3,
and 4 h after cookie meal consumption in Study 2. The primary outcome measurement
was postprandial GLP-1 concentration, and the key secondary outcomes were postprandial
blood glucose, insulin, and GIP concentrations.
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2.4. Test Beverages

The test beverage compositions are summarized in Table 1. The test beverages were
350 mL tea-flavored beverages in both Studies 1 and 2. All of the test beverages were pre-
pared by the Kao Corporation (Tokyo, Japan). The amount of GTC and caffeine in the test
beverages was measured by high-performance liquid chromatography using an L-column
ODS (4.6 mm diameter × 250 mm length; Chemicals Evaluation and Research Institute,
Tokyo, Japan) and CCA using a Cadenza CD C18 column (4.6 mm diameter × 150 mm length;
Intact, Kyoto, Japan). In Study 1, the GTC comprised catechin, epicatechin, gallocatechin,
epigallocatechin, catechin gallate, epicatechin gallate, gallocatechin gallate, and epigallocat-
echin gallate in green tea extracts. The CCA comprised 3-, 4-, 5-caffeoylquinic acids and
3-, 4-, 5-feruloylquinic acids in coffee bean extracts. Each group in Study 1 is referred to
hereafter as follows: Placebo (0 mg GTC, 0 mg CCA, with 112 mg), Dose A (270 mg GTC,
270 mg CCA, with 113 mg caffeine), and Dose B (540 mg GTC, 270 mg CCA, with 113 mg
caffeine). Each group in Study 2 is referred to hereafter as follows: Placebo (0 mg GTC,
0 mg CCA, with 99 mg), Dose C (540 mg GTC, 150 mg CCA, with 99 mg caffeine), and Dose
D (540 mg GTC, 300 mg CCA, with 99 mg caffeine). All of the test beverages, including the
placebo, were prepared to be indistinguishable in appearance, taste, and smell.

Table 1. Test beverage compositions.

Study 1 Study 2

Placebo Dose A Dose B Placebo Dose C Dose D

Catechin (mg) 0 14 27 0 30 30
Epicatechin (mg) 0 15 30 0 32 32

Gallocatechin (mg) 0 60 119 0 119 119
Epigallocatechin (mg) 0 54 108 0 103 103
Catechin gallate (mg) 0 11 23 0 23 23

Epicatechin gallate (mg) 0 17 33 0 37 37
Gallocatechin gallate (mg) 0 49 99 0 93 93

Epigallocatechin gallate (mg) 0 50 101 0 105 105

Total catechins (mg) 0 270 540 0 540 540

3-caffeoylquinic acid (mg) 0 82 83 0 46 92
4-caffeoylquinic acid (mg) 0 62 62 0 34 68
5-caffeoylquinic acid (mg) 0 73 74 0 41 82
3-feruloylquinic acid (mg) 0 19 19 0 11 23
4-feruloylquinic acid (mg) 0 15 15 0 16 16
5-feruloylquinic acid (mg) 0 18 17 0 10 19

Total chlorogenic acids (mg) 0 270 270 0 150 300

Caffeine (mg) 112 113 113 99 99 99

These values were measured by high-performance liquid chromatography. The volume of the tea-flavored test
beverage was 350 mL. Abbreviations: CCA, coffee chlorogenic acid and GTC, green tea catechin.

2.5. Biochemical Analysis

The plasma and serum samples were obtained from the participants in a fasting state
and after cookie meal ingestion, snap-frozen using liquid nitrogen, and immediately stored
at −80 ◦C until the analysis was performed. Glucagon, active GLP-1, and total GIP levels
were measured by enzyme-linked immunosorbent assay (glucagon: Mercodia, Uppsala,
Sweden; active GLP-1: Immune Biology Laboratories, Gunma, Japan; total GIP: Merck
Millipore, Darmstadt, Germany). All of the other items were analyzed at LSI Medience,
Co., Ltd. (Tokyo, Japan). Blood glucose was measured by an enzymatic method and insulin
was measured by chemiluminescence immunoassay (CLIA).

2.6. Statistical Analysis

Microsoft Excel 14.0, SPSS version 28.0 (IBM Corp., Armonk, NY, USA) and SAS
version 9.4 (SAS Institute Inc., Cary, NC, USA) were used for the statistical analysis. Data
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are expressed as mean ± standard error of the mean (SEM). The AUCs were calculated
using the trapezoidal rule, maximum concentration (Cmax), and effect size, and the 95%
confidence interval (CI) was calculated based on measurements at each time-point for
the primary and secondary outcome measures. The following statistical analyses were
performed among the three test beverage conditions. The values at each time-point were
determined for each participant and entered into a linear mixed-effmixed-effect model with
the treatment, time, and treatment-by-time interaction as the fixed effects. The significance
of the total AUC (tAUC) and incremental AUC (iAUC) was analyzed using a mixed-effect
model with adjustment of the effects of period and order by the “SAS GLIMMIX procedure”
which allows statistical models to be fitted when responses are not necessarily normally
distributed, and the effect of each test beverage was estimated with the “ESTIMATE”
statement. Significance was estimated using empirical variance (“EMPIRICAL” option).
An unstructured (“type = UN”) variance-covariance matrix in the data with repeated
measures was assumed. The Tukey–Kramer method was used to adjust for statistical
multiplicity. In addition, stratified and correlation analyses were performed according to
subject characteristics. In all of the analyses, the significance level was set at 5%.

3. Results

3.1. Participants

All of the participants completed Study 1. In Study 2, two of the participants declined
to continue the test for personal reasons; therefore, 16 participants completed the study. No
participants were excluded from the analysis according to the study protocols; data at the
end of the study for the 18 and 16 participants who completed the studies were determined
and an intention to treat analysis was performed for each study. The anthropometric
measurements and the blood glucose and insulin levels at baseline in Studies 1 and 2
are shown in Table 2. No adverse events caused by the test beverages were noted. The
demographic characteristics of the participants enrolled in Studies 1 and 2 were generally
similar in terms of age, weight, height, and BMI.

Table 2. Physical characteristics, fasting blood glucose, and insulin at baseline.

Study 1 Study 2

Mean ± SD Range Mean ± SD Range

Age (y) 41 ± 9 30–59 47 ± 11 33–63
Weight (kg) 68.5 ± 1.7 55.8–88.8 69.0 ± 10.1 49.8–91.0
BMI (kg/m2) 22.6 ± 1.8 19.5–26.5 23.2 ± 2.9 18.5–27.4
Body Fat (%) 19.5 ± 3.5 14.1–26.2 21.6 ± 5.1 13.1–31.0
HbA1c (%) 5.3 ± 0.2 4.8–5.6 5.4 ± 0.3 4.9–5.9
FBG (mg/dL) 86 ± 5 79–98 103 ± 7 95–115
Insulin (μU/mL) 5.0 ± 1.7 2.8–7.9 3.7 ± 1.4 1.6–6.4

Data are expressed as mean ± SD (Study 1: n = 18; Study 2: n = 18). Abbreviations: SD: standard deviation, BMI:
body mass index, HbA1c: hemoglobin A1c, and FBG: fasting blood glucose.

3.2. Blood Glucose and Insulin

The fasting glucose levels of all of the participants were in the normal to borderline
range (fasting blood glucose level ≤ 125 mg/dL) during all of the periods in Studies 1 and 2.
Figure 1 shows changes in blood glucose and insulin concentrations before and after the
cookie meal, and Table 3 (Study 1) and Table 4 (Study 2) show estimated values of the
tAUC adjusted for the effects of the order and period. In Study 1, comparisons of the three
conditions using linear mixed-effect models revealed a treatment effect for the change in
blood glucose and serum insulin but no treatment by time interaction effect. The results of
the mixed-effect model analysis of the comparison of the three groups revealed a difference
in the tAUC for blood glucose, but not for insulin. Furthermore, the tAUC for blood glucose
was significantly lower in the Dose B group than in the Placebo group.
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Figure 1. Changes in blood test results at fasting and after cookie meal consumption for Study 1 (a)
and Study 2 (b). Data are expressed as mean ± SEM. (a) White circles indicate the Placebo. Gray and
black circles indicate Dose A (270 mg GTC, 270 mg CCA, with 113 mg caffeine) and Dose B (540 mg
GTC, 270 mg CCA, with 113 mg caffeine), respectively. Treatment main effect and treatment × time
interactions were analyzed by linear mixed-effect models (n = 18). (b) White circles indicate the
Placebo group. Gray and black circles indicate the Dose C group (540 mg GTC, 150 mg CCA, with 99
mg caffeine) and the Dose D group (540 mg GTC, 300 mg CCA, with 99 mg caffeine), respectively.
Treatment main effects and treatment × time interactions were analyzed by linear mixed-effect
models (n = 18; Placebo, n = 17; Dose C, Dose D). Abbreviations: CCA, coffee chlorogenic acid and
GTC, green tea catechin.

In Study 2, comparisons of the three conditions using linear mixed-effect models
revealed a treatment effect for the change in blood glucose and serum insulin. The compari-
son of the three groups analyzed by the mixed-effect model revealed a significant difference
in the tAUC among the three groups in both blood glucose and serum insulin. Furthermore,
the tAUC for blood glucose was significantly lower in the Dose C group and the Dose D
group than in the Placebo group. Furthermore, the Dose D group had a significantly lower
tAUC value than the Placebo group.
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Table 3. AUC for blood-glucose-related indices and incretin up to 4 h after cookie meal ingestion in
Study 1.

Placebo Dose A vs. Placebo Dose B vs. Placebo
p Value

(3 Group)

Glucose tAUC
mg/dL for 4 h 370 ± 7 363 ± 5 350 ± 6 * 0.058

Insulin tAUC
μU/mL for 4 h 83.1 ± 6.4 79.5 ± 5.8 76.3 ± 5.3 0.152

GLP-1 iAUC
pmol/L for 4 h 17.7 ± 2.8 23.0 ± 2.5 26.6 ± 3.2 * 0.065

GIP iAUC
pg/mL for 4 h 2243.7 ± 107.3 1659.1 ± 82.7 *** 1518.8 ± 92.6 *** <0.001 ***

Data are expressed as estimate ± SEM. Comparisons of the three groups and tests of the differences between the
groups were analyzed by a mixed-effect model. Multiplicity was adjusted using Tukey–Kramer’s test (n = 18,
significant difference compared to the Placebo; * p < 0.05, *** p < 0.001). Dose A refers to the test beverage
containing 270 mg of GTC, 270 mg of CCA, and 113 mg caffeine; Dose B refers to the test beverage containing
540 mg of GTC, 270 mg of CCA, and 113 mg caffeine in Study 1. Abbreviations: CCA, coffee chlorogenic acid; GIP,
glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like peptide-1; and GTC, green tea catechin.

Table 4. AUC for blood-glucose-related indices and incretin up to 4 h after cookie meal ingestion in
Study 2.

PLA Dose C vs. Placebo Dose D vs. Placebo
p Value

(3 Group)

Glucose tAUC
mg/dL for 4 h 535 ± 19 490 ± 15 ** 497 ± 18 ** 0.001 **

Insulin tAUC
μU/mL for 4 h 94.5 ± 9.5 78.8 ± 5.8 77.4 ± 7.5 * 0.048 *

GLP-1 iAUC
pmol/L for 4 h 21.3 ± 2.1 26.1 ± 2.7 * 26.8 ± 2.8 * 0.011 *

GIP iAUC
pg/mL for 4 h 1970.2 ± 115.4 1818.2 ± 94.0 1800.3 ± 103.1 ** 0.004 **

Data are expressed as estimate ± SEM. Comparison of the three groups and tests of the differences between the
groups were analyzed by a mixed-effect model. Multiplicity was adjusted using Tukey–Kramer’s test (n = 18;
Placebo, n = 17; Dose C and Dose D, significant difference compared to the Placebo; * p < 0.05, ** p < 0.01). Dose
C refers to the test beverage containing 540 mg GTC, 150 mg CCA, and 99 mg caffeine; Dose D refers to the
test beverage containing 540 mg GTC, 300 mg CCA, and 99 mg caffeine in Study 2. Abbreviations: CCA, coffee
chlorogenic acid; GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like peptide-1; GTC, and
green tea catechin.

3.3. Incretins

Figure 2 shows changes in the plasma GLP-1 and GIP concentrations before and after
the cookie meal, and Table 3 (Study 1) and Table 4 (Study 2) show estimated values of the
iAUC adjusted for the effects of the order and period. We assessed the differences in the
iAUC for incretin responses because the fasting values fluctuated between each test. The
tAUC was used for the blood glucose and serum insulin levels because the fasting values
between each test were strictly regulated within individuals, and thus, postprandial values
could be less than 0.

In Study 1, the change in the postprandial GLP-1 and GIP levels revealed the main
treatment effect, but no treatment by time interaction effect in a mixed-effect model of
the measurement data. The results of the mixed-effect model analysis of comparison of
the three groups showed a non-significant tendency toward a difference in the iAUC for
plasma GLP-1 and a significant difference for plasma GIP. Furthermore, the iAUC for GLP-1
in the Dose A group exhibited an increasing trend, and the Dose B group had a significantly
higher iAUC value than the Placebo group. On the other hand, the iAUC for plasma GIP
was significantly lower in both the Dose A and Dose B groups than in the Placebo group.
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Figure 2. Changes in blood test results at fasting and after cookie meal consumption for Study 1 (a)
and Study 2 (b). Data are expressed as mean ± SEM. (a) White circles indicate the Placebo. Gray and
black circles indicate Dose A (270 mg GTC, 270 mg CCA, with 113 mg caffeine) and Dose B (540 mg
GTC, 270 mg CCA, with 113 mg caffeine), respectively. Treatment main effects and treatment × time
interactions were analyzed by linear mixed-effect models (n = 18). (b) White circles indicate the
Placebo. Gray and black circles indicate Dose C (540 mg GTC, 150 mg CCA, with 99 mg caffeine),
and Dose D (540 mg GTC, 300 mg CCA, with 99 mg caffeine), respectively. Treatment main effects
and treatment × time interactions were analyzed by linear mixed-effect models (n = 18; Placebo, n
= 17; Dose C and Dose D). Abbreviations: CCA, coffee chlorogenic acid; GIP, glucose-dependent
insulinotropic polypeptide; GLP-1, glucagon-like peptide-1; and GTC, green tea catechin.

In Study 2, the change in the postprandial GLP-1 and GIP showed the main treatment
effect, but no treatment-by-time interaction effect in the mixed-effect model. A comparison
of the three groups analyzed by the mixed-effect model revealed a significant difference in
the tAUC of both the plasma GLP-1 and GIP levels among the three groups. The tAUC for
GLP-1 was significantly higher in both the Dose C and Dose D groups than in the Placebo
group, while the tAUC for GIP was significantly lower in both the Dose C group and Dose
D group than in the Placebo group.

4. Discussion

This study was performed to estimate the effective dose for a single ingestion of both
GTC and CCA on postprandial glucose metabolism, including incretin responses. To our
knowledge, this study is the first to assess these conditions, and our findings suggest
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that a single intake of a combination of varying doses of GTC and CCA significantly
improved postprandial hyperglycemia, increased GLP-1, and decreased GIP secretion
after consumption of a high-fat and high-carbohydrate cookie meal containing 75 g of
glucose. In addition, a comparison of the test beverages with different concentrations of
GTC or CCA revealed the minimum effective dose affecting the glycemic and incretin
responses. Specifically, compared with the Placebo, the Dose B group (540 mg GTC, 270 mg
CCA, with 113 mg caffeine), but not the Dose A group (270 mg GTC, 270 mg CCA, with
113 mg caffeine), maintained the treatment efficacy in Study 1, while both the Dose C group
(540 mg GTC, 150 mg CCA, with 99 mg caffeine) and the Dose D group (540 mg GTC,
300 mg CCA, with 99 mg caffeine) maintained the treatment efficacy in Study 2. Based
on the results of the present studies, the minimum effective doses of GTC and CCA for
promoting the secretion of GLP-1 and GIP are 540 mg and 150 mg, respectively.

Previous studies in humans have not find postprandial enhancement of GLP-1 se-
cretion by GTC intake alone. In contrast, studies investigating the effects of coffee or
CCA alone revealed improvements in postprandial hyperglycemia and increased GLP-1
secretion [16,22]. Comparison of the present results with these studies is difficult, due to dif-
ferences in the content of the test meals and the duration of the test beverage consumption
period. Fujii et al. [23] reported that GLP-1 secretion is enhanced in a CCA dose-dependent
manner in NCI-H716 cells. This may be related to the combined use with GTC as opposed
to CCA alone. It should be noted that the CCA dose in the in vitro experiments cannot be
directly compared to that in the human study, nor do the results of in vitro experiments
reflect the effects of various dietary nutrients ingested simultaneously in vivo.

In the present study, acute incretin responses were observed following the ingestion
of test beverages with high GTC and CCA concentrations, suggesting that GTC and CCA
are involved in the mechanisms that promote GLP-1 and inhibit GIP secretions. Various
phytochemicals, such as several types of flavonoids, black-tea polyphenols, oolong tea
polymerized polyphenols, and potato polyphenolic compounds, inhibit the function of
nutrient-digesting enzymes [24–27]. Blood incretin concentrations are affected by the
intake of glycolytic and lipolytic enzyme inhibitors [28–30]. GLP-1 is rapidly secreted
15 to 30 min after a meal, mainly from L cells in the lower small intestine, and peaks at
90 to 120 min. GLP-1 secretion is presumed to be caused by stimulation of the vagus
nerve or other hormones, whereas GIP secretion is thought to follow direct stimulation
within the small intestinal lumen [4]. The nutrition factors reported to stimulate GLP-1 and
GIP secretion include sodium–glucose cotransporter protein-mediated glucose and others
and various fatty acids via G protein-coupled receptors [31–33]. It was suggested that the
combined intake of GTC and CCA inhibits the digestion and absorption of nutrients such
as carbohydrates and lipids, promotes increased secretion of GLP-1, and inhibits increased
secretion of GIP, rather than directly stimulating K and L cells in the small intestine. In
other words, the digestion of carbohydrates or lipids by amylase/glucosidase or lipase
may be delayed by decreased stimulation in the upper part of the small intestine and
increased stimulation in the lower small intestine. Of note, the consumption of the test
beverages with high concentrations of both GTC and CCA decreased postprandial blood
glucose levels, suggesting that polyphenols inhibit the absorption of dietary glucose into
the blood. The difference in the effect on postprandial blood glucose levels between Studies
1 and 2 may be due to differences in the participants: in Study 1, no specific blood glucose
levels were set as exclusion criteria, while in Study 2, blood glucose levels ranged from
normal to impaired glucose tolerance (95–125 mg/dL); the mean fasting blood glucose
level of the participants in Study 1 was 86 ± 5 mg/dL and that of the participants in
Study 2 was 103 ± 7 mg/dL. Therefore, a more remarkable effect of the combined ingestion
of GTC and CCA was observed in the participants of Study 2, who had higher blood
glucose levels. Similarly, an increase in GLP-1 secretion and a decrease in GIP secretion is
observed with α-glucosidase inhibitors [34] in drugs and apple juice [35], suggesting that
the absorption site of carbohydrates is shifted to the lower part of the small intestine. Other
studies have reported postprandial increases in GLP-1 following single and continuous
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(90 days) ingestion of green-plant membranes [36]. The mechanism of this GLP-1 secretion
enhancement is considered to be a direct effect on endocrine cells in the small intestine
via prolonged digestion and absorption of dietary lipids or an indirect effect mediated by
neural signals such as cholecystokinin, but this has not yet been clarified.

This study has some potential limitations. The participants were healthy (normal) or
had impaired glucose tolerance but were non-diabetic individuals. Therefore, it is unclear
whether a similar efficacy on GLP-1 secretion would occur in individuals with T2D. This
study was conducted on men only, and caution should be exercised in making general
inferences. We hypothesized that a woman’s menstrual cycle could affect her blood glucose
levels because of the 1-week washout period between each test. Caffeine is a major active
component of green tea and coffee, but the synergistic effects of caffeine with catechins
and chlorogenic acid were not considered in this study. While caffeine consumption may
improve glucose tolerance, its effect on glucose levels varies among studies [37]. On the
other hand, several studies report that caffeine consumption increases insulin secretion,
but does not necessarily improve glucose levels in oral glucose tolerance tests [38–40],
suggesting that caffeine influences insulin clearance. In the present study, the amount of
caffeine was adjusted to be the same in the placebo and GTC plus CCA test beverages,
but the possibility that caffeine contributed to the observed effects cannot be ruled out.
Furthermore, due to differences in estimated energy intake the day before the test between
Studies 1 and 2, fasting blood glucose levels on the day of the test may have been higher
in Study 1. Therefore, although the same diet was consumed in each study, the findings
should be cautiously interpreted.

In conclusion, the minimum dose for the effect of a single oral intake of GTC and
CCA on incretin levels in healthy men after consuming the high-fat, high-carbohydrate
cookie meal containing 75 g of glucose was found to be 540 mg of GTC and 150 mg of CCA.
Furthermore, at the same time, 540 mg of GTC and 150 mg of CCA inhibited the increase in
blood glucose levels after ingestion of the high-fat and high-carbohydrate cookie meal.
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Abstract: Stressful situations such as a high-intensity exercise or exhausting training programs can
act as immune disruptors leading to transitory immunodepression status, which can be accompanied
by alterations of the gastrointestinal functions. Hesperidin intake has demonstrated ergogenic
activity and is able to influence the intestinal ecosystem and immunity. We aimed to investigate
the effect of hesperidin consumption in rats submitted to an intense training and a final exhaustion
test, focusing on the functionality of the intestinal immune system and on the cecal microbiota. Rats,
supplemented or not with hesperidin, were intensively trained on a treadmill for 5 weeks. Samples
were obtained 24 h after a regular training session, and immediately and 24 h after a final exhaustion
test. Cecal microbiota and composition and function of mesenteric lymph node (MLN) lymphocytes
and mucosal immunoglobulin A (IgA) were determined. Results showed that chronic intense exercise
followed by an exhausting test induced changes in the intestinal immune compartment such as the
distribution and function of MLN lymphocytes. Although the hesperidin supplementation did not
prevent these alterations, it was able to enhance IgA synthesis in the intestinal compartment. This
could be important in enhancing the immune intestinal barrier in this stressful situation.

Keywords: flavanone; flavonoid; IgA-coated bacteria; lymphocytes; mesenteric lymph node;
microbiota; proliferation; secretory IgA

1. Introduction

Immunonutrition focuses on the interface of nutrition and immunology and, in the
last decades, it has become the focus of many studies. Within this field, physical exercise
is a recent area of research that is fast developing due to the interest of athletes and also
to the development of the nutrition market [1]. Nevertheless, high-intensity or exhaust-
ing training programs can cause stressful situations that can act as immune disruptors
leading to a transitory immunodepression status. Consequently, elite endurance athletes
have a higher frequency of upper respiratory tract infections following an intensive race
such as a marathon or triathlon [2,3]. In particular, during and immediately after a high
intensity exercise, a transient leukocytosis appears, which is later followed by leucopenia
and the suppression of other immune players, producing a “window of opportunity”
for pathogens [4,5]. Moreover, exhausting exercise changes the immunological profile,
due to an increase in humoral immunity associated with a downregulated cellular im-
munity [4]. Therefore, vigorous exercise promotes the synthesis and release of T helper
(Th)-2 (anti-inflammatory) cytokines in order to decrease the muscle damage resulting
from inflammation, but increases susceptibility to infections [4–8]. Preclinical studies have
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demonstrated the alterations produced in systemic and intestinal lymphoid tissues after
chronic and vigorous physical exercise. Thus, it has been reported that intensive training
induces a decrease in the phagocytic activity, a differential pattern of cytokines, increased
natural killer (NK) cytotoxic activity, and reduced lymphoproliferative activity [9,10].

Nevertheless, exercise does not only affect the immune system. Currently, the term
of “exerkines” is used to define signaling moieties released in response to acute and/or
chronic exercise that may affect a wide variety of organs [11]. The immune system, bone,
nervous system, and cardiometabolic tissues (cardiovascular, adipose, endocrine systems,
liver, and skeletal muscle) act as a source of exerkines and, at the same time, are directly
affected by exercise [11]. Therefore, in addition to the disruption of the immune system,
alterations of gastrointestinal functions can also appear. In fact athletes, especially en-
durance athletes, can suffer upper and lower gastrointestinal complaints, which can have
negative effects on performance and also an impact on subsequent recovery [12,13]. In
general, most gastrointestinal complaints are mild and include nausea, cramping, bloat-
ing, abdominal angina, and diarrhea [12,13], but mucosal erosions and ischemic colitis
have also been observed after long-distance running [13]. The mechanisms underlying
the prolonged exercise-induced gastrointestinal disorders likely include the redistribu-
tion of blood flow from the gut to the skin [12,13], but gut dysbiosis is also reported in
some endurance runners [14,15]. In addition, preclinical studies have demonstrated that a
high-intensity training reduces the salivary production of immunoglobulin (Ig) A, impairs
the tight junction proteins’ gene expression, and modifies the mesenteric lymph nodes
(MLNs) lymphocyte composition and function, increasing the ratio between Tαβ+ and B
lymphocytes, reducing their proliferation capacity, and enhancing their interferon (IFN)
γ secretion [16].

Hesperidin is a flavanone (hesperetin-7-rutinoside) found in citric fruits, such as man-
darins, oranges, and lemons [17]. Many studies have demonstrated that hesperidin con-
sumption offers beneficial health effects [18,19]. In this regard, in recent months, published
reviews have summarized the effects of hesperidin in cancer [20–22], COVID-19 [23–26],
Alzheimer’s disease [21], cardiovascular disease [25,27,28], alcoholic liver disease [29],
inflammatory disease [30], diabetes [31], and rheumatoid arthritis [31], among others.

Previous studies have reported the influence of hesperidin intake in exercise both
in clinical [32–36], and preclinical studies [37–40]. In particular, clinical studies demon-
strated that a customized citrus flavonoid extract taken for 4 weeks increased cycling
time-trial performance in male athletes [32] and enhanced anaerobic capacity and peak
power during high intensity exercise in moderately trained men and women [36]. A longer
study demonstrated that the intake of 2S-hesperidin for 8 weeks increased endogenous
antioxidant capacity and performance after exhausting exercise in amateur cyclists [34,35].
Furthermore, preclinical studies showed that the administration of 200 mg/kg/3 times per
week of hesperidin was able to prevent the overproduction of reactive oxygen species and
the decrease in thymic and splenic antioxidant activities after an exhaustion test in trained
rats [39]. Moreover, the flavanone enhanced NK cell cytotoxic and monocyte phagocytic
functions, whereas it attenuated the secretion of cytokines by macrophages [40]. Similarly,
the intake of 100 mg/kg hesperidin for 4 weeks before a continuous swimming exercise in
rats improved the biochemical profile and antioxidant biomarkers [37].

On the other hand, hesperidin supplement was able to influence the intestinal ecosys-
tem and immunity [41–43]. The administration of the flavanone for 4 weeks in healthy
rats influenced the cecal microbiota, increasing the number of bacteria and particularly the
proportion of Lactobacillus population, and also raised the intestinal IgA content [42]. In
healthy humans, the consumption of orange juice for two months also produced an increase
in Lactobacillus spp. abundance and in the acetic acid production [44]. In another study,
the intake of two orange juices per day for seven days resulted in microbiota composition
shifts, with an increase in the abundance of Clostridia operational taxonomic units [44].
Moreover, hesperidin intake in rats was able to change the lymphocyte composition in
the MLNs, intestinal epithelium and the lamina propria [41,42]. In addition, hesperidin
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intake increased the IFN-γ secretion by lymphocytes of MLNs in immunized rats [41]. In
a model of physical exercise, the administration of 200 mg/kg of hesperidin (3 times per
week, for 5 weeks) enhanced the NK function and the proportion of phagocytic monocytes,
attenuated the secretion of macrophage-derived cytokines and prevented the leukocyto-
sis induced by exhaustion [40]. These results and the intestinal influence of hesperidin
prompted us to study the influence of hesperidin intake during an intensive training and
an exhausting exercise, on the intestinal immune system. Thus, the aim of the present study
was to investigate the effect of hesperidin consumption during 5 weeks in rats submitted to
an intense training and a final exhaustion test, focusing on the functionality of the intestinal
immune system and on the cecal microbiota.

2. Materials and Methods

2.1. Animals, Exercise Training Program, and Hesperidin Supplementation

The animals and exercise training program were the same as previously reported [40].
Briefly, 3-week-old female Wistar rats (Envigo, Huntingdon, UK) were used. Female
animals were chosen because they showed better adaptability and higher performance
than male rats [9]. Animals were fed, ad libitum, with Teklad Global 14% Protein Rodent
Maintenance Diet (Teklad, Madison, WI, USA). The animal procedure was approved by
the Ethical Committee for Animal Experimentation of the University of Barcelona and
the Catalonia Government (CEEA/UB ref. 464/16 and DAAM 9257, respectively), in full
compliance with national legislation following the European Union Directive 2010/63/EU
for the protection of animals used for scientific purposes.

Two specialized treadmills for rodents—a LE8700 treadmill (Panlab, Harvard Appa-
ratus, MA, USA) and an Exer3/6 treadmill (Columbus, OH, USA)—were used. Firstly,
after a 7-day acclimation period, all rats (4-week-old animals) were adapted to the tread-
mill (10 days with increasing time and speed). Afterwards, animals were distributed
into four groups with similar ability to run: non-supplemented runner animals (RUN,
n = 24), hesperidin-supplemented runner animals (H-RUN, n = 24), non-supplemented
sedentary animals (SED, n = 8), and hesperidin-supplemented sedentary animals (H-SED,
n = 8). H-RUN and H-SED groups received 200 mg/kg of body weight (BW) of hesperidin
(HealthTech BioActives, Murcia, Spain) by oral gavage 3 times per week for 5 weeks. RUN
and SED receive a matched volume of vehicle. RUN and H-RUN groups were then submit-
ted to a 5-week intensive training in which, every Monday and Friday, rats carried out an
exhaustion test, whereas on Tuesday, Wednesday, and Thursday rats ran for a period of
time according to the maximum speed achieved in the previous Monday’s exhaustion test.
At the end of the training program, each RUN and H-RUN groups were distributed into
three subgroups to establish intestinal immunity at different time points. One subgroup
(trained, T, and H-T groups, n = 8 each one) was euthanized 24 h after a regular training
session. The other two subgroups carried out an additional final exhaustion test. One of
these was euthanized immediately after carrying out an additional final exhaustion test
(TE and H-TE groups, n = 8 each one), whereas the other one was euthanized 24 h after
the final exhaustion test (TE24 and H-TE24 groups, n = 8 each one). Sedentary rats (both
SED and H-SED groups) were euthanized randomly distributed over the three consecutive
days. The experiment ended with 10-week-old animals.

2.2. Sample Collection and Processing

Rats were anesthetized with ketamine (90 mg/kg, Merial Laboratories S.A., Barcelona,
Spain) and xylazine (10 mg/kg, Bayer A.G., Leverkusen, Germany) and exsanguinated.
The MLNs, small intestine, submaxillary salivary glands (SMGs), and cecal content (CC)
were collected.

Lymphocytes from MLNs were isolated by passing the tissue through a 40 μm sterile-
mesh cell strainer (Thermo Fisher Scientific, Barcelona, Spain), as previously described [45].

The distal part of the small intestine was used to obtain gut wash (GW), as carried out
previously [46]. Briefly, fecal content was removed from the intestine by flushing with cold
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phosphate buffered saline (PBS, pH 7.2), then the tissue was opened lengthwise, cut into
1–2 cm pieces, weighed, and incubated with PBS for 10 min in a shaker at 37 ◦C (55 shakings
× min−1). After centrifugation (538× g, 4 ◦C, 10 min), supernatants were collected and
stored at −20 ◦C until IgA quantification.

SMGs, CC, and fecal (from feces obtained at the moment of anesthesia) homogenates were
obtained using a tissue homogenizer (for SMG, Polytron, Kinematica, Lucerne, Switzerland)
or a Pellet Pestle Cordless Motor (for CC and fecal samples, Kimble, Meiningen, Germany), as
described in previous studies [47], and kept at −20 ◦C until IgA quantification.

2.3. Cecal Microbiota Analysis by Fluorescence In Situ Hybridization Coupled to Flow Cytometry

The previous effects observed by the polyphenols interventions on particular bac-
teria groups, such as Clostridium coccoides/Eubacterium rectale, Bifidobacterium and Lacto-
bacillus/Enterococcus, led us to evaluate the changes induced by exercise only on these
populations. For that, sequencing was initially discarded and targeted fluorescence in situ
hybridization coupled to flow cytometry (FISH-FCM) as previously used in our group [48],
was used. Group-specific fluorochrome-conjugated probes (Erec482 5′-GCTTCTTAGTCAR-
GTACCG, Bif164 5′-CATCCGGCATTACCACCC, and Lab158 5′-GGTATTAGCAYCTGTTT-
CCA) (Sigma-Aldrich, Madrid, Spain), which hybridize the bacterial 16S RNA of each
particular group were used. Data were acquired by a FacsAria SORP sorter (BD Biosciences,
San Diego, CA, USA) in the Flow Cytometry Unit (FCU) of the Scientific and Technological
Centers of the University of Barcelona (CCiTUB) and the analysis was performed with
FlowJo v.10 software (Tree Star Inc., Ashland, OR, USA). The results were normalized by
total bacteria, which was detected adding propidium iodide (PI; Sigma-Aldrich) prior to
the FCM acquisition. Commercial Flow CheckTM Fluorospheres (Beckman Coulter, Miami,
FL, USA) were used to assess the total counts of bacteria.

2.4. Cecal Proportion of IgA-Coated Bacteria

The proportion of IgA-coated bacteria (IgA-CB) in CC was determined by FCM
as previously described [48]. The CC homogenate was stained with rabbit anti-rat Ig
polyclonal antibody conjugated to fluorescein isothiocyanate (FITC) (Abcam, Cambridge,
UK). Bacteria were gated in a FacsAria SORP sorter (BD Biosciences) after PI staining
(Sigma-Aldrich) and according to their forward (FSC) and side scatter (SSC) characteristics.
Analysis was performed in the FCU of the CCiTUB using the FlowJo v.10 software.

2.5. Phenotypic Analysis of MLNs Lymphocytes

Lymphocytes from MLNs were extracellularly and intracellularly stained as previously
reported [16]. Mouse anti-rat monoclonal antibodies (mAb) conjugated to fluorochromes—
fluorescein isothiocyanate (FITC), phycoerythrin (PE), peridinin chlorophyll protein (PerCP),
allophycocyanin (APC) or brilliant violet 421 (BV421): FITC-TCRαβ, FITC-CD8β, FITC-
CD25, PE-CD161a, PE-TCRγδ, PE-CD4, PerCP-CD8α, APC-CD4, and BV421-CD45RA
(BD Biosciences) and APC-FoxP3 (eBioscience, Frankfurt, Germany). For extracellular
staining, cells were incubated with saturating amounts of mAb in PBS containing 2% Fe-
tal Bovine Serum (FBS) and 0.1% NaN3. For intracellular staining, cells were previously
extracellularly labeled with anti-CD4-PE and anti-CD25-FITC mAb, then treated with
Foxp3 fixation/permeabilization kit (eBioscience) and finally intracellularly stained with
anti-Foxp3-APC mAb. Cells were fixed with 0.5% p-formaldehyde and stored at 4 ◦C
in darkness until analysis by FCM. A negative control staining without any mAb and a
staining control for each mAb were included.

Analyses were performed using a Gallios Cytometer (Beckman Coulter, Miami, FL, USA)
in the FCU of CCiT-UB and by Flowjo v10 software.

2.6. Proliferative Activity of Lymphocytes from MLNs

Cells (105 cells/well) were incubated in quadruplicate in 96-well plates (TPP, Sigma-
Aldrich) and stimulated or not with concanavalin (Con) A (5 μg × mL−1, Sigma-Aldrich)
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for 48 h as previously described [16]. Cell proliferation was quantified using a BrdU Cell
Proliferation Assay kit (MerckMillipore, Darmstadt, Germany), according to manufac-
turer’s instructions. The proliferation rate was calculated by dividing the optical density of
ConA stimulated cells with the optical density of non-stimulated cells.

2.7. IgA Quantification

The concentrations of IgA in GW, SMGs, and in CC and fecal homogenates were
quantified by a sandwich ELISA (Bethyl Laboratories Inc., Montgomery, AL, USA) as
previously described [49]. The IgA content in SMGs and CC was normalized by total
protein concentration which was measured using the Pierce® 660 nm Protein Assay Reagent
(Thermo Fisher Scientific) following the manufacturer’s instructions.

2.8. Statistical Analysis

Data were statistically analyzed by IBM Social Sciences Software Program (SPSS,
version 26.0, Chicago, IL, USA) and Rstudio v4.04 (Rstudio, Inc., Boston, MA, USA) with R
version 3.6.1 (R Core Team 2021, R Foundation for Statistical Computing, Vienna, Austria).
The normality and homoscedasticity of the data were tested by Shapiro–Wilk’s and Levene’s
test, respectively. In this case, we applied a two-way ANOVA test and, if significant
differences were found, Tukey’s post hoc test was carried out. Non-parametric Aligned
Rank Transform for non-parametric factorial ANOVA (ART-ANOVA) followed by emmeans
post hoc (Tukey-adjusted p value) were applied, using the ARTool [45,46] and emmeans [47]
packages, respectively, for Rstudio.

When significant differences were detected (p ≤ 0.05), the p values obtained in the two-
way ANOVA or the ART-ANOVA for the variables exercise (E), hesperidin supplementation
(H), and the interaction between them (E × H) are indicated in bold in the legend box.
Changes due to the exercise are represented in the figure using different letters above the
bars. When the E × H interaction was significant, changes between particular groups were
represented with an asterisk above the respective bars.

3. Results

3.1. Changes in Morphometric Variables

The training program, both in non-supplemented animals and those supplemented
with hesperidin, induced a slight but significant increase in the body mass index (BMI) and
Lee index (Figure 1a,b, respectively). The final exhaustion test reduced both BMI and Lee
index with respect to the values present in trained rats (TE and TE24 groups vs. T group).
Such a decrease must be attributed to the weight lost (mainly water) due to exhaustion.
BMI and Lee index did not change due to hesperidin supplementation.

3.2. Changes in Cecal Microbiota

The content of total bacteria in the cecum was established in sedentary and runner
rats from non-supplemented groups and hesperidin-supplemented groups (Figure 2a).
Neither exercise nor hesperidin supplementation significantly changed the total content
of cecal bacteria. Likewise, we did not find significant variations in the abundance of
Lactobacillus, Bifidobacterium and Clostridium coccoides/Eubacterium rectale groups in cecum
due to hesperidin supplement or exercise (Figure 2b–d).
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(a) (b)

Figure 1. (a) Body mass index (BMI) and (b) Lee index in sedentary (SED) and runner rats (training for
five weeks) that were classified into T group, with values obtained 24 h after a regular training session,
TE group, with values obtained immediately after a final exhaustion test, and TE24 group, with
values obtained 24 h after the final exhaustion test. The non-supplemented groups are represented
by white bars and the hesperidin-supplemented groups by black bars. E = exercise; H: hesperidin
supplementation; E × H = interaction between E and H; NS = no significant differences. Data are
expressed as mean ± SEM (n = 8). Different letters between groups indicate significant differences
(p < 0.05) due to exercise.

(c)

(a) (b)

(d)

Figure 2. Total bacteria (counts ×109/g cecal content) (a); Lactobacillus (counts ×109/g cecal content)
(b); Bifidobacterium (counts ×109/g cecal content) (c); Clostridium coccoides/Eubacterium rectale (counts
×109/g cecal content) (d). The non-supplemented groups are represented by white bars and the
hesperidin-supplemented groups by black bars. CC = cecal content; SED = sedentary groups;
T = trained groups; TE = T groups with an additional exhaustion test; TE24 = TE groups 24 h after the
exhaustion test. Data are expressed as mean ± SEM (n = 8).
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3.3. Changes in the Number of IgA-Coated Bacteria

Overall, the amount of cecal bacteria coated to IgA did not change exclusively due
to exercise or hesperidin supplementation (Figure 3). Nevertheless, in those animals
supplemented with hesperidin, there was an increase in the proportion of bacteria coated
to IgA 24 h after carrying out the final exhaustion test. In these animals, the number of
IgA-coated bacteria was almost three-fold higher than that in the non-supplemented group.

Figure 3. Number of cecal bacteria coated to IgA (×106/g cecal content). The non-supplemented
groups are represented by white bars and the hesperidin-supplemented groups by black bars.
CC = cecal content; SED = sedentary groups; T = trained groups; TE = T groups with an addi-
tional exhaustion test; TE24 = TE groups 24 h after the exhaustion test. E = exercise; H: hesperidin
supplementation; E × H = interaction between E and H. Data are expressed as mean ± SEM (n = 8).
As E × H interaction was significant, Tukey’s post hoc test was carried out, and changes between
particular groups are represented with different letters above those groups that showed different
results, and changes due to hesperidin supplementation are represented with an asterisk.

3.4. Lymphocyte Composition of MLNs

Figure 4 summarizes the proportion of the main lymphocyte subsets found in MLNs
of sedentary and runner animals that were supplemented or not with hesperidin. As we
can see, in non-supplemented animals, exercise did not modify the proportion of T and B
lymphocytes. However, in those groups that received hesperidin, T cell proportion increased
by 14%, and B cell proportion diminished 24 h after exhaustion with respect to values obtained
immediately after the exhaustion test (Figure 4a,b). When considering the ratio between Th
and cytotoxic (Tc) cells in MLNs, an increase in the ratio was observed in trained animals,
regardless of hesperidin supplementation. However, immediately after the final session of
exhausting exercise, the ratio was lower and, 24 h later, it was recovered (Figure 4c).

The minor population of NKT cells, which represents about 1% of T cells, did undergo
some changes due to exercise just in the hesperidin-supplemented animals. There was
an increase in the percentage of NKT cells after exhaustion in hesperidin-supplemented
animals, which showed a lower proportion of these cells than the non-supplemented group
in the sedentary condition (about 60% of that of non-supplemented group) (Figure 4d).

The phenotype of activated and regulatory T cells was also considered in the Th
lymphocytes of MLNs. No changes due to exercise or hesperidin supplement were observed
in these two subsets (Table 1).
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(a) (b)

(c) (d)

Figure 4. Proportion of the main lymphocyte populations in MLNs: (a) T cells, (b) B cells,
(c) Th/Tc ratio, and (d) NKT cells. The non-supplemented groups are represented by white bars and
the hesperidin-supplemented groups by black bars. SED = sedentary groups; T = trained groups;
TE = T groups with an additional exhaustion test; TE24 = TE groups 24 h after the exhaustion test.
E = exercise; H: hesperidin supplementation; E × H = interaction between E and H; NS = no signifi-
cant differences. Data are expressed as mean ± SEM (n = 8). When E × H interaction was significant,
Tukey’s post hoc test was carried out, and changes between particular groups are represented with
different letters above those groups that showed different results, and changes due to hesperidin
supplementation are represented with an asterisk.

Table 1. Proportion of the activated and regulatory Th cells in MLNs.

Cells Diet SED (%) T (%) TE (%) TE24 (%)

CD4+CD25+ cell proportion
in Th cells

non-S 1 2.19 ± 0.183 2.16 ± 0.167 2.39 ± 0.222 2.05 ± 0.149
Hesp 2 2.27 ± 0.117 2.06 ± 0.217 2.52 ± 0.282 2.27 ± 0.131

CD4+CD25+ Foxp3+ cell
proportion in Th cells

non-S 1.79 ± 0.110 2.00 ± 0.1061 1.65 ± 0.260 1.75 ± 0.200
Hesp 2.06 ± 0.114 1.93 ± 0.158 1.78 ± 0.310 1.98 ± 0.119

1 non-S = non-supplemented group, 2 Hesp = hesperidin-supplemented group.

Figure 5 summarizes the proportion of the minor lymphocyte subsets found in MLNs
of sedentary and runner animals that were supplemented or not with hesperidin. NK cell
proportion underwent an increase just after exhaustion in both non-supplemented and
hesperidin-supplemented animals (Figure 5a). On the other hand, although the proportion
of γδT lymphocytes did not vary by either exercise or hesperidin supplementation in MLNs
(Figure 5b), when considering the distribution between CD8αα+ and CD8αβ+ cell subsets,
some changes associated with exercise appeared. In particular, we observed that 24 h after
the final exhaustion test, the proportion of γδT CD8αα+ cells decreased whereas that of
γδT CD8αβ+ cells increased (Figure 5c,d).
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Figure 5. Proportion of the minor lymphocyte populations in mesenteric lymph nodes: (a) NK cells,
(b) γδT cells, (c) γδT CD8αα+ cells, and (d) γδT CD8αβ+ cells. The non-supplemented groups are
represented by white bars and the hesperidin-supplemented groups by black bars. SED = sedentary
groups; T = trained groups; TE = T groups with an additional exhaustion test; TE24 = TE groups 24 h
after the exhaustion test. E = exercise; H: hesperidin supplementation; E × H = interaction between E
and H; NS = no significant differences. Data are expressed as mean ± SEM (n = 8). Statistical analysis
(ART-ANOVA test): Different letters indicate significant differences due to exercise.

3.5. Lymphoproliferative Activity of MLNs

The proliferative activity of lymphocytes from MLNs was established (Figure 6). Train-
ing for 5 weeks tended to decrease their proliferative activity in both non-supplemented and
hesperidin-supplemented groups. After the final exhaustion test, the lymphoproliferative
activity increased.

Figure 6. Proliferative activity of MLNs. The non-supplemented groups are represented by white
bars and the hesperidin-supplemented groups by black bars. SED = sedentary groups; T = trained
groups; TE = T groups with an additional exhaustion test; TE24 = TE groups 24 h after the exhaustion
test. E = exercise; H: hesperidin supplementation; E × H = interaction between E and H; NS = no
significant differences. Data are expressed as mean ± SEM (n = 8). Statistical analysis (ART-ANOVA
test): Different letters indicate significant differences due to exercise.
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3.6. Changes in Mucosal IgA

In the intestinal compartment, training or the final exhaustion test did not modify the
IgA content in either the GW, cecal content, or feces (Figure 7a–c, respectively). In contrast,
hesperidin supplementation did produce, overall, an increase in the IgA concentration
found in small intestine and the cecum. In fact, in this last compartment, trained rats
showed a three-fold increase in IgA content due to hesperidin supplementation. No
significant changes were observed in feces (Figure 7c).

 (c)

(a) (b)

(d)

Figure 7. IgA concentration in: (a) gut wash; (b) cecal content; (c) fecal homogenate; (d) submax-
illary glands. The non-supplemented groups are represented by white bars and the hesperidin-
supplemented groups by black bars. GW = gut wash; CC = cecal content; SMG = submaxillary glands;
SED = sedentary groups; T = trained groups; TE = T groups with an additional exhaustion test;
TE24 = TE groups 24 h after the exhaustion test; E = exercise; H: hesperidin supplementation;
E × H = interaction between E and H; NS = no significant differences. Data are expressed as
mean ± SEM (n = 8). Statistical analysis (ART-ANOVA test): global effect of hesperidin supplemen-
tation is indicated in the corresponding box above. When E × H interaction was significant, an
emmeans post hoc test (Tukey-adjusted p value for non-parametric data) was carried out, changes
due to hesperidin supplementation are represented with an asterisk.

We also studied the IgA content in the SMGs. The IgA concentration was not signifi-
cantly modified by training or final exhaustion test. Nevertheless, in general, supplementa-
tion with hesperidin decreased the IgA content in this mucosal compartment in most of the
studied situations (Figure 7d).

4. Discussion

Although moderate physical exercise is good for the prevention of many chronic dis-
eases, prolonged intense exercise may have negative health consequences, many of which
may be mediated by physiological pathways activated by chronic stress. In consequence,
among other effects, chronic exposure to stress exerts detrimental effects on immune func-
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tion [4,50] and also the gastrointestinal ecosystem [13]. In these situations, nutritional
supplements, such as polyphenol intake [51,52], could be useful for attenuating such con-
ditions. Here we assessed the effect of hesperidin supplementation on the functionality
of the intestinal immune system and the cecal microbiota of rats submitted to an intense
training and a final exhaustion test. Previously, we have demonstrated that hesperidin
supplementation during training partially improved exercise performance, enhanced the
innate immunity by means of increasing the NK cell function as well as the proportion of
phagocytic cells, and attenuated the release of some cytokines by macrophages. Moreover,
hesperidin prevented the leukocytosis induced by exhaustion and promoted a higher
proportion of Th cells in the thymus, blood, and spleen, 24 h after the exhaustion test [40].

Firstly, we focused on the gut microbiota which, in addition to its role in nutrient avail-
ability and vitamin synthesis, forms an intestinal barrier that helps to prevent pathogen
colonization [53]. In addition, in the last decade, there has been an exponentially growing
interest in the gut−brain axis, suggesting that microbiota has modulatory roles in neurode-
velopment, brain function, and neurodegenerative diseases, and environmental factors
such as diet and stress could modify this axis in a bidirectional pathway [54]. Although
some researchers showed changes in the intestinal microbiota composition due to intense
exercise [15,55,56], mostly studied by sequencing techniques, we could not detect alter-
ations in the targeted bacteria considered in any of the three exercise conditions studied.
The lack of significant changes in the gut microbiota could be due to the technique used
(FISH-FCM) with low sensitivity and applied to only a few bacterial groups. In further
studies, it would be necessary to apply a more sensitive assay, such as 16S rRNA sequencing
methodology, that will provide more sensitive values and a wider range of information or
even the Shotgun sequencing in order to obtain information regarding functionality in addi-
tion to the taxonomic data. On the other hand, we found that hesperidin supplementation
did not significantly affect cecal microbiota in either sedentary or runner rats. These results
agree with those reported by Unno et al. [57] and with an in vitro study showing that
hesperidin had no effect on Lactobacillus spp. cultures [58]. However, in healthy humans,
the consumption of orange juice for two months produced an increase in Lactobacillus
spp. [44], and the intake of orange juice for 60 days increased the abundance of Bifidobacteri-
aceae [59]. In addition, a previous study in Lewis rats using a similar dosage of hesperidin
increased the total bacteria counts and also the amount of Bifidobacterium and Lactobacil-
lus/Enterococcus [42] but had no effect on the C.coccoides/E.rectale abundance in the cecum
content of rats. The differences found for Bifidobacterium and Lactobacillus/Enterococcus
bacteria could be partially due to the different rat strain (Lewis vs. Wistar) that will induce
a different sensitivity to the flavanone intake.

Beyond gut microbiota, the intestinal immune system contains MLNs, where lympho-
cytes come into contact with dendritic cells charged with intestinal pathogens and will
be easily mobilized to the blood. We found that training for 5 weeks did not significantly
modify the proportion of total T cell population but increased the Th/Tc cell ratio in MLNs,
which was normalized immediately after exhaustion, in agreement with previous results
in this compartment [16] as well as in the spleen [10]. It is well known that exhaustion
mobilizes T lymphocytes, and from the decrease in Th/Tc proportion in the TE group with
respect to T group, it could be suggested that Th lymphocytes will be mobilized faster
than Tc cells. The mobilization of Th cells from MLNs or spleen will increase blood Th
cell proportion as previously reported in rats similarly trained and exhausted [10]. Later
on, lymphopenia occurs due to movement back to the lymphoid organs, which could be
responsible for the increase in the Th/Tc cell ratio in MLNs 24 h after exhaustion. In rats
receiving hesperidin supplement, we did not find differences in the Th/Tc cell ratio with
compared to non-supplemented animals but there was a higher T cell proportion and a
lower B cell proportion 24 h after exhaustion. A higher T cell proportion by hesperidin
has also been reported in blood from similarly trained and exhausted animals [40]. These
increases in T cell proportions in MLNs and blood of rats that received hesperidin agree
with the effect reported in the thymus, where it seems that the flavanone enhanced T
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cell maturation [40]. Likewise, it has been reported that, in non-trained rats, hesperidin
supplement did increase T cell proportion (both Th and Tc lymphocytes) in MLNs [41,42].

On the other hand, the study of activated Th or regulatory T cells in MLNs revealed
no changes due to exercise or hesperidin. However, the proportion of Tγδ cells with the
phenotype CD8αα+ decreased 24 h after the final exhaustion, which was not prevented
by hesperidin supplementation. Similarly, in both non-supplemented and hesperidin-
supplemented animals, NK cell proportion increased immediately after exhaustion, which
could be due to Th cell mobilization, decreasing the percentage of Th cells and reciprocally
increasing other lymphocyte proportions. Lastly, the NKT cell proportion in sedentary
rats was decreased by hesperidin supplementation, but those animals that received the fla-
vanone, increased NKT cell proportion just after exhaustion, which could be a consequence
of T cell mobilization in these animals.

The function of MLNs T lymphocytes, established by their proliferative ability, tended
to decrease by chronic and intensive training. However, the final exhaustion, even 24 h
later, increased their function, which is in agreement with results reported in similarly
trained and exhausted animals [16], although other researchers reported a reduced T-cell
proliferation [60]. Hesperidin supplementation did not change the results in terms of
lymphocyte proliferation. In fact, previous results in non-trained animals treated with a
similar dosage of hesperidin showed that it does not affect MLNs lymphocyte proliferative
response or the release of cytokines from these cells [42].

In addition to the gut microbiota and the MLNs lymphocytes, one of the main players
of the mucosal immune system is secretory IgA. This antibody plays an important role in
the intestinal surface where it neutralizes toxins and viruses, blocks the excessive bacterial
adherence or translocation, clears unwanted macromolecular structures at the epithelial
surface, and directs sampling of luminal antigen [61]. Very prolonged bouts of exercise
have been associated with a decreased secretory IgA production [62], which could explain,
at least in part, the higher susceptibility to mucosal infections observed in athletes [63,64].
Here we found that, in the intestinal compartment, the applied intensive exercise conditions
did not modify the IgA content, in agreement with a previous study [16], although in this
last case, a decreased salivary IgA concentration was observed. Although exercise was
not able to significantly modify mucosal IgA, hesperidin supplementation was able to
enhance IgA concentration in the small intestine and cecal content, which was observed
the most in chronically trained group (H-T group). In agreement, a similar hesperidin
supplementation in nonrunner rats showed higher small IgA content in the intestine but not
in the cecum [42], and the intake of a diet containing 0.5% hesperidin also increased fecal
IgA concentration [41]. Likewise, it has been suggested that flavonoids such as hesperidin
could increase mucosal IgA, among other immune-enhancing effects that could help in the
treatment of COVID-19 [23].

The fact that 24 h after exhaustion, rats treated with hesperidin raised the amount of
IgA-coated bacteria in the cecum is in agreement with the influence of hesperidin increasing
IgA levels in the small intestine and the cecal content reported here and, previously, in
cecum and feces [41,42]. This effect had already been observed in nonexercised animals [42],
and could reflect the protective role of the flavanone in the mucosal immune system that
appeared hours after exhaustion. Therefore, given this hesperidin intake consequence
along with its ergogenic effect, it could be important to consider its supplementation in
stressful situations, such as in some diseases, gastrointestinal complaints, and exhausting
exercise.

5. Conclusions

Chronic intense exercise followed by an exhausting test in rats induces changes in the
intestinal immune compartment as observed in the distribution and function of lympho-
cytes from mesenteric lymph nodes. Although the hesperidin supplementation applied
here did not prevent the main alterations in lymphocyte subsets, it was able to enhance
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IgA synthesis in the intestinal compartment, which could counteract the immune and
gastrointestinal barrier alterations induced by intense and exhausting exercise.
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Abstract: Epidemiologic studies have revealed that consuming green tea or coffee reduces dia-
betes risk. We evaluated the effects of the combined consumption of green tea catechins and coffee
chlorogenic acids (GTC+CCA) on postprandial glucose, the insulin incretin response, and insulin sen-
sitivity. Eleven healthy men were recruited for this randomized, double-blinded, placebo-controlled
crossover trial. The participants consumed a GTC+CCA-enriched beverage (620 mg GTC, 373 mg
CCA, and 119 mg caffeine/day) for three weeks; the placebo beverages (PLA) contained no GTC
or CCA (PLA: 0 mg GTC, 0 mg CCA, and 119 mg caffeine/day). Postprandial glucose, insulin,
glucagon-like peptide-1 (GLP-1), and glucose-dependent insulinotropic polypeptide (GIP) responses
were measured at baseline and after treatments. GTC+CCA consumption for three weeks showed
a significant treatment-by-time interaction on glucose changes after the ingestion of high-fat and
high-carbohydrate meals, however, it did not affect fasting glucose levels. Insulin sensitivity was en-
hanced by GCT+CCA compared with PLA. GTC+CCA consumption resulted in a significant increase
in postprandial GLP-1 and a decrease in GIP compared to PLA. Consuming a combination of GTC
and CCA for three weeks significantly improved postprandial glycemic control, GLP-1 response, and
postprandial insulin sensitivity in healthy individuals and may be effective in preventing diabetes.

Keywords: GIP; GLP-1; insulin sensitivity; type 2 diabetes; coffee chlorogenic acids; green tea catechins

1. Introduction

Type 2 diabetes, a condition involving insulin resistance and impaired insulin se-
cretion that progresses to a chronic hyperglycemic state [1], is a leading cause of death
worldwide [1–3]. Ameliorating the sustained hyperglycemia resulting from whole-body
insulin resistance is essential in preventing diabetes and its complications. Improving
insulin resistance and controlling blood glucose by adopting healthy dietary habits and
increasing physical activity in the early stages are essential factors for preventing diabetes
onset; however, no effective non-pharmacologic methods for reducing insulin resistance
have been established.

Blood glucose is strictly regulated by insulin, glucagon, and their feedback mecha-
nisms. In addition, incretins, such as glucose-dependent insulinotropic polypeptide (GIP)
and glucagon-like peptide-1 (GLP-1), are secreted from K cells in the upper part of the
small intestine and from L cells in the lower part of the small intestine in response to dietary
carbohydrates and fats, and they have important roles in regulating blood glucose levels
via insulin secretion from pancreatic β-cells [4,5]. GLP-1 and GIP also have extrapancreatic
effects and regulate physiologic functions related to glucose and energy homeostasis. The
extrapancreatic effects of GLP-1 include increasing the glucose uptake capacity of the liver
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and muscle and improving whole-body insulin sensitivity [4,6], while extrahepatic GIP
promotes fat accumulation via glucose and free fatty acid uptake in the adipocytes [7].

Green tea and coffee are popular beverages worldwide. Epidemiologic studies indicate
that consuming green tea and coffee reduces type 2 diabetes risk. Individuals typically
consuming over five cups of green tea [8] or three to six cups of coffee daily [9,10] are at a
lower risk of type 2 diabetes. However, the effect of green tea or coffee on insulin resistance
remains unclear [11–14], and the association of green tea and coffee with developing di-
abetes is also inconclusive. Green tea and coffee contain abundant polyphenols, such as
green tea catechins (GTC) and coffee chlorogenic acids (CCA), respectively, which reduce
the risk of developing type 2 diabetes and other metabolic diseases [15–19]. Venables
et al. [20] reported that consuming 890 mg of green tea extract containing GTC increases
insulin sensitivity by 13% in healthy individuals. Moreover, a single ingestion of CCA sup-
presses postprandial blood glucose levels [21] and promotes GLP-1 secretion [22]. Zuñiga
et al. [23] reported that subjects with impaired glucose tolerance who consumed CCA
(400 mg/d) for 12 weeks exhibited significantly reduced fasting blood glucose levels and
a lower insulinogenic index. These reports suggest that due to their distinct mechanisms
of action, the effects of GTC and CCA on glucose metabolism will be enhanced by their
combined ingestion. To our knowledge, the effects of the combined consumption of GTC
and CCA on hyperglycemia have not been evaluated.

Here, we hypothesized that the continuous combined consumption of GTC and CCA
would improve the postprandial glycemic response in healthy men. We examined the effects
of continuous combined consumption of GTC and CCA for three weeks on postprandial
glucose, insulin and incretin responses, and insulin sensitivity in healthy men. The primary
endpoint was the difference in the postprandial glucose response, secondary endpoints
were changes in the insulin, GLP-1, and GIP responses; insulin sensitivity, evaluated using
the Matsuda index; insulin resistance, evaluated using an index obtained by multiplying
the glucose area under the curve (AUC) and the AUC of insulin over 2 h (AUCins×glu); the
homeostatic model assessment of insulin resistance index (HOMA-IR) and homeostasis
model assessment β cell function (HOMA-β).

2. Materials and Methods

2.1. Subjects

Eleven healthy males (aged 20–60 years; fasting blood glucose ≤125 mg/dL) were
recruited through emails on 26 September 2016, and our website described the study out-
line. Exclusion criteria were a history of diabetes or cardiovascular disease, hypertension,
hypercholesterolemia, dyslipidemia, eating disorders, food allergies to the test food, exces-
sive alcohol intake (≥30 g/day), smoking habit, being a shift worker, or being determined
to be unqualified by the physician in charge. The study was conducted in accordance
with the ethical principles of the Declaration of Helsinki and was approved by the ethics
committee of the Kao Corporation (No. 16–35, 8 September 2016; Tokyo, Japan). All the
participants received verbal and written explanations and provided written informed con-
sent prior to registration. The trial was registered with the University Hospital Medical
Information Network (UMIN; http://www.umin.ac.jp/ (10 November 2022); Registration
No. UMIN000039514).

2.2. Study Design

In this randomized, double-blinded, placebo-controlled crossover trial including two
3-week intervention periods with a 2-week wash-out period, participants consumed either
a GTC- and CCA-enriched beverage (GTC+CCA) or a placebo beverage (PLA) containing
no GTC or CCA between September 2016 and December 2016 in the Tokyo metropolitan
area, Japan. The participants were enrolled and randomly allocated to the starting condition
with a random number generator by an independent researcher using the Excel spreadsheet
program (Microsoft Excel 2010, Microsoft Corp., Redmond, WA, USA). All persons involved
in the trial, including the participants, researchers who performed the interventions, and
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the supervising investigator, were blinded to the randomization. Participants were asked
to maintain their usual dietary habits and physical activities, and their intake of green tea
and coffee was limited to once daily during the entire study period. During the wash-out
period, food intake and exercise were not guided or restricted. After a 1-week run-in period,
baseline measurements were conducted after overnight fasting for at least 12 h before the
participants consumed a test meal [24]. During the 3-week intervention periods, the
participants consumed either the GTC+CCA or PLA beverages once daily after breakfast.
The daily diets three days before each examination period were assessed by registered
dietitians. The participants recorded individual dietary details of all meals during the
three days using a diet-recording form to demonstrate that their eating habits and exercise
levels had not changed. The content of the diet according to the dietary form and pictures
was analyzed by a dietician using Excel-Eiyou-kun Ver. 6 software (Kenpakusha, Tokyo,
Japan), and Hymena & Co (Tokyo, Japan) calculated the total calorie, carbohydrate, fat,
and protein intake. A day before the measurements, the participants were prohibited
from doing strenuous exercises, were required to ingest pre-packaged meals provided by
the study coordinator (total energy content: 2412 kcal/day, 14 E% from protein, 25 E%
from fat, and 61 E% from carbohydrate), and were asked to go to bed before midnight
without ingesting any food or beverage other than water after 9:00 pm. The energy of
the pre-packaged meals was 25 E% for breakfast, 24 E% for lunch, 21 E% for a snack, and
30 E% for dinner. The subjects arrived at the laboratory before 8:00 am on measurement
day. Height, weight, body fat (body fat scale, model TF-780, Tanita Corp., Tokyo, Japan),
waist circumference, and blood pressure (digital blood pressure monitor, model HEM-1000,
Omron, Japan) were measured. Blood was drawn from a brachial vein under fasting
conditions (0 h) and at 0.5, 1, 1.5, 2, 3, and 4 h after the test meal consumption (ingested
within 15 min; meal test S, Saraya Co., Ltd., Osaka, Japan) and subsequent intake of the test
beverage. The test beverages and meal test S were distributed by the study coordinator
immediately prior to ingestion. The test meal was a high-fat cookie made from flour, butter,
maltose, chicken egg, and baking powder, with an energy content of 592 kcal (6 E% from
protein, 43 E% from fat, and 50 E% from carbohydrates). The outcome measurements
were glucose, insulin, glucagon, C-peptide, GLP-1, and GIP concentrations; body weight;
body fat percentage; and waist circumference. Furthermore, the exploratory measurements
were for free fatty acids, ketone bodies, triglycerides, total bile acid, cortisol, glycoalbumin,
1,5-anhydroglucitol, high-sensitivity C-reactive protein, low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C), and total cholesterol.

2.3. Test Beverages

The following test beverages were prepared at the Kao Corporation: GTC+CCA
enriched beverage containing 620 mg GTC, 373 mg CCA, and 119 mg caffeine; and PLA
beverage containing 0 mg GTC, 0 mg CCA, and 119 mg caffeine (Table 1). GTC and CCA
in the active beverage and PLA beverages were determined by high-performance liquid
chromatography and dispensed industrially into bottles. Table 1 shows the polyphenols
composition of the GTC and CCA in active and PLA beverages.

Table 1. Composition of the test beverages.

PLA GTC+CCA

Catechin mg 0 31
Epicatechin mg 0 37
Gallocatechin mg 0 134
Epigallocatechin mg 0 120
Catechin gallate mg 0 23
Epicatechin gallate mg 0 41
Gallocatechin gallate mg 0 108
Epigallocatechin gallate mg 0 126
Total catechins mg 0 620
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Table 1. Cont.

PLA GTC+CCA

3-caffeoylquinic acid mg 0 104
4-caffeoylquinic acid mg 0 94
5-caffeoylquinic acid mg 0 102
3-feruloylquinic acid mg 0 25
4-feruloylquinic acid mg 0 23
5-feruloylquinic acid mg 0 25
Total chlorogenic acids mg 0 373
Caffeine mg 119 119

Abbreviations: GTC+CCA, green tea catechin + chlorogenic acid; PLA, placebo.

2.4. Analytical Procedure

Plasma and serum samples, collected from participants in the fasting state and after
intake of the test meal and test beverages, were snap-frozen in liquid nitrogen and stored
at −80 ◦C until the analyses. A plasma sample was used for glucose measurements, and a
serum sample was used for insulin measurements. Samples for measurement of glucagon,
active GLP-1, and total GIP were collected using BD P800 (Becton Dickenson, London, UK),
and their levels were measured using ELISA kits (glucagon: Mercodia, Uppsala, Sweden;
active GLP-1: Immune Biology Laboratories, Gunma, Japan; total GIP: Merck Millipore,
Darmstadt, Germany). Coefficients of variation were intra-assay for glucagon: 2.3%, GLP-1:
5.3%, GIP: 9.6%; inter-assay for glucagon: 4.3%, GLP-1: 9.2%, GIP: 7.2%. All other indices
were analyzed at LSI Medience, Co., Ltd. (Tokyo, Japan). Total AUCs for glucose, insulin,
glucagon, C-peptide, GLP-1, and GIP were calculated using the trapezoidal rule. The
Matsuda index of insulin sensitivity [25–27] was calculated from measurements obtained
after the test meal consumption. The insulin and glucose measurements were used to
calculate the HOMA-IR, HOMA-β, and AUCins×glu [28–30].

2.5. Statistical Analysis

Data were expressed as mean ± standard error unless otherwise indicated. The AUCs
were calculated using the trapezoidal rule, maximum concentration (Cmax), and effect
size. The 95% confidence intervals (CI) for the primary and secondary outcome measures
were calculated from values measured at each time point. The sample size was estimated
based on the results of a preliminary study as 12, assuming a significance level of 5% and
a statistical power of 80%. In the preliminary study, the effect size of the glucose AUC
was −0.681 (mg/dL·2 h) with a standard deviation of 0.857 (mg/dL·2 h). The following
statistical analyses were performed for the GTC+CCA and PLA conditions. Regarding
AUC and Cmax, differences between the first and second phases were determined for
each subject, and comparisons were performed between the sequence group using an
unpaired t-test to evaluate the effects of the interventions. Differences in the values at
each time-point were determined for each participant and entered into a linear mixed-
effect model with treatment, time, and treatment-by-time interaction as the fixed effects.
An unstructured variance-covariance matrix was applied to compare time points, and
empirical variances (EMPIRICAL option) were used to estimate the fixed effects. The
significance of the fixed effects was evaluated, and comparisons between treatments at
each time point were performed [31]. Pearson’s correlation coefficients or Spearman’s rank
correlation coefficients analyzed the relationship between pairs of variables. To confirm
the involvement of GLP-1 in altered insulin resistance due to GTC+CCA, we performed a
post hoc analysis of correlations of the difference in insulin resistance with the difference
in GLP-1 between GTC+CCA and PLA conditions. In all analyses, the significance level
was 5%. Significant differences were tested using the following statistical analysis software:
Microsoft Excel 14.0, SAS version 9.4 (SAS Institute Inc., Cary, NC, USA), and StatXact 8,
CrossOver module (Cytel Software, Cambridge, MA, USA).
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3. Results

3.1. Subjects

Eleven healthy men completed the trial, and all data collected were analyzed (Figure 1).
The number of subjects (n = 11) assessed and enrolled in the study was one less than the
estimated number of subjects needed (n = 12). The anthropometric measurements and blood
glucose-related hormone levels at baseline are presented in Table 2. Based on three days of
dietary records prior to the trial, the mean nutrient intake was: total energy intake for PLA:
2234 ± 85 kcal/d, GTC+CCA: 2219 ± 90 kcal/d; protein intake for PLA: 82.8 ± 3.0 g/d,
GTC+CCA: 82.8 ± 4.4 g/d; fat intake for PLA: 74.5 ± 4.1 g/d, GTC+CCA: 71.6 ± 4.1 g/d;
and CHO intake for PLA: 288.8 ± 10.5 g/d, GTC+CCA: 296.9 ± 11.4 g/d. Mean energy
intake, protein, fat, and CHO during the last three days before the interventions did not
differ significantly by treatment. Consumption of the GTC+CCA beverage for three weeks
was associated with a slight but significant weight reduction compared to consumption of
the PLA beverage (p = 0.035). No adverse events were observed.

Figure 1. Diagram illustrating the flow of participants through each stage of the randomized crossover
trial. Abbreviations: CCA, coffee chlorogenic acids; GTC, green tea catechins; PLA, placebo.

233



Nutrients 2022, 14, 5063

Table 2. Baseline physical characteristics, insulin-related indicators, and fasting blood constituents.

Baseline

Age y 41 ± 9
Height cm 174.2 ± 4.0
Weight kg 70.3 ± 9.4
Body mass index kg/m2 23.1 ± 2.7
Body fat % 20.3 ± 4.6
Waist circumference cm 84.5 ± 8.7
Systolic blood pressure mmHg 129 ± 15
Diastolic blood pressure mmHg 75 ± 12
Body temperature ◦C 36.1 ± 0.4
Glucose mg/dL 87 ± 5
Insulin μU/mL 4.2 ± 1.8
HOMA-IR 0.90 ± 0.36
Glucose AUC2h × Insulin AUC2h 7366 ± 4021
Matsuda Index 12.3 ± 4.6
HOMA-β 67.3 ± 34.4
GA % 13.3 ± 1.2
1,5-AG μg/mL 24.3 ± 5.2
HbA1c % 5.4 ± 0.3
h-CRP mg/dL 0.036 ± 0.052
LDL-C mg/dL 113 ± 24
HDL-C mg/dL 56 ± 13
TC mg/dL 193 ± 22
AST U/L 19 ± 5
ALT U/L 20 ± 11
ALP U/L 170 ± 33
γ-GTP U/L 28 ± 14
T4 μg/dL 7.1 ± 1.0
T3 ng/dL 104 ± 20
TSH μIU/mL 1.337 ± 0.629

Data are expressed as mean ± standard deviation (n = 11). Abbreviations: HOMA-IR, homeostatic model
assessment of insulin resistance index; GA, glycoalbumin; 1,5-AG, 1,5-anhydroglucitol; HbA1c, hemoglobin A1C;
h-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density
lipoprotein cholesterol; TC, total cholesterol; AST, aspartate aminotransferase; ALT, alanine aminotransferase;
ALP, alkaline phosphatase; γ-GTP, γ-glutamyl transpeptidase; T4, thyroxine; T3, triiodothyronine; TSH, thyroid-
stimulating hormone.

3.2. Blood Glucose and Insulin

The levels of fasting and postprandial glucose were within the normal range in all
subjects. Comparisons of measurements between the PLA and GTC+CCA conditions
using linear mixed-effect models revealed a treatment by time interaction (p = 0.002) for
the change in blood glucose but no main treatment effect (p = 0.183) (Figure 2). The total
AUC of glucose did not differ significantly between conditions (PLA: 367 ± 13 mg/dL·4h;
GTC+CCA: 350 ± 10 mg/dL·4h; effect size [95% CI]: −15.55 [−50.78 to 19.68]; p = 0.3442),
however, the Cmax for postprandial blood glucose was significantly lower in the GTC+
PLA condition (PLA: 118.5 ± 5.2 mg/dL; GTC+CCA: 105.5 ± 4.6 mg/dL; effect size
[95% CI]: −12.57 [−24.84 to −0.29]; p = 0.046). Analysis of insulin changes under the
GTC+CCA condition compared to the PLA condition also revealed the main treatment
effect (p = 0.003) and a treatment-by-time interaction (p = 0.028). Moreover, the total AUC of
postprandial insulin (PLA: 75.6 ± 9.3 μU/mL·4h; GTC+CCA: 57.5 ± 6.5 μU/mL·4h; effect
size [95% CI]: −17.02 (−27.21 to −6.82); p = 0.004 ] and Cmax [PLA: 41.5 ± 5.6 μU/mL;
GTC+CCA: 30.6 ± 4.1 μU/mL; effect size [95% CI]: −9.88 [−18.18 to −1.58]; p = 0.025)
were significantly lower under the GTC+CCA condition. The change in C-peptide revealed
a main effect of treatment (p = 0.012) and treatment-by-time interaction (p = 0.044). Ad-
ditionally, the change in glucagon revealed the main treatment effect (p = 0.004) and a
treatment-by-time interaction (p = 0.001) under the GTC+CCA condition compared with
the PLA condition.
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Figure 2. Changes in blood test results at fasting and after test meal consumption. White circles
indicate the initial values. Gray and black circles indicate placebo and GTC+CCA, respectively.
Treatment and treatment-by-time interactions were analyzed using linear mixed-effect models. Data
are expressed as mean ± standard error. (n = 11) * p < 0.05, ** p < 0.01. The acetoacetic acid was not
available for the statistical analysis due to a lack of convergence criteria. Abbreviations: AUC, area
under the curve; CCA, coffee chlorogenic acids; GIP, glucose-dependent insulinotropic polypeptide;
GLP-1, glucagon-like peptide-1; GTC, green tea catechins; PLA, placebo.
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3.3. Incretins

The change in the postprandial GLP-1 revealed the main treatment effect (p = 0.002)
and a treatment-by-time interaction (p < 0.001) in a mixed-effect model of the measure-
ment data (Figure 2). Moreover, consuming GTC+CCA for three weeks significantly in-
creased the postprandial GLP-1 AUC compared with the PLA (PLA: 25.3 ± 3.2 pmol/L·4h;
GTC+CCA: 37.2 ± 4.2 pmol/L·4h; effect size [95% CI]: 11.50 [4.88 to 18.13]; p = 0.003). The
change in the postprandial GIP also revealed a main treatment effect (p = 0.005) and a
treatment-by-time interaction (p = 0.003). Furthermore, the postprandial GIP AUC4h was
significantly decreased under the GTC+CCA condition compared with the PLA condition
(PLA: 1810.3 ± 159.2 pg/mL·4h; GTC+CCA: 1383.2 ± 105.4 pg/mL·4h; effect size [95% CI]:
−413.5 [−664.6 to −162.4]; p = 0.005).

3.4. Insulin Sensitivity and Insulin Secretion Indices

Statistical analyses of the HOMA-IR (index of fasting insulin resistance), AUCins×glu
(index of postprandial insulin resistance), Matsuda index (index of insulin sensitivity), and
HOMA-β (index of insulin secretion) are presented in Table 3. Consuming the GTC+CCA
beverage led to a significant decrease in the AUCins×glu of postprandial insulin resistance
(PLA: 8367 ± 1686; GTC+CCA: 5630 ± 1032; effect size [95% CI]: −2558 [−4697 to −420];
p = 0.024), and a significant increase in the Matsuda index of insulin sensitivity (PLA:
11.3 ± 1.5; GTC+CCA: 14.6 ± 1.4; effect size [95% CI]: 2.96 [0.88 to 5.05]; p = 0.011). The
fasting insulin resistance and secretion capacity indices were not significantly altered by
consuming the GTC+CCA beverage.

Table 3. Differences in physical characteristics, insulin-related indicators, and fasting blood con-
stituents between conditions after the intervention.

PLA GTC+CCA
Effect of Difference *

Mean (95% CI)
p-Value

Weight kg 70.7 ± 2.7 70.1 ± 2.7 −0.52 (−0.99, −0.05) 0.035
Body mass index kg/m2 23.2 ± 0.8 23.1 ± 0.8 −0.15 (−0.31, 0.01) 0.062
Body fat % 20.4 ± 1.4 20.6 ± 1.6 0.28 (−0.47, 1.03) 0.422
Waist circumference cm 85.0 ± 2.6 85.1 ± 2.6 0.15 (−0.66, 0.97) 0.681
Systolic blood pressure mmHg 130.3 ± 4.2 124.8 ± 4.3 −5.32 (−15.91, 5.27) 0.285
Diastolic blood pressure mmHg 80.3 ± 3.3 75.7 ± 3.7 −4.73 (−11.24, 1.77) 0.134
Body temperature ◦C 36.3 ± 0.1 36.3 ± 0.1 0.02 (−0.15, 0.18) 0.823
HOMA-IR 1.07 ± 0.15 0.90 ± 0.08 −0.15 (−0.33, 0.03) 0.099
Glucose AUC2h × Insulin AUC2h 8367 ± 1686 5630 ± 1032 −2558 (−4697, −420) 0.024
Matsuda Index 11.3 ± 1.5 14.6 ± 1.4 2.96 (0.88, 5.05) 0.011
HOMA-β 76.0 ± 10.3 64.6 ± 7.4 −9.50 (−22.08, 3.09) 0.122
GA % 13.2 ± 0.4 13.0 ± 0.4 −0.19 (−0.48, 0.10) 0.167
1,5-AG μg/mL 25.7 ± 1.7 24.9 ± 1.8 −0.79 (−1.84, 0.25) 0.121
HbA1c % 5.3 ± 0.1 5.4 ± 0.1 0.04 (−0.03, 0.10) 0.245
h-CRP mg/dL 0.04 ± 0.02 0.04 ± 0.01 −0.01 (−0.02, 0.01) 0.397
LDL-C mg/dL 108.7 ± 7.0 110.9 ± 6.8 2.57 (−8.43, 13.56) 0.610
HDL-C mg/dL 53.3 ± 2.7 52.1 ± 3.5 −1.30 (−4.41, 1.81) 0.369
TC mg/dL 191.3 ± 7.5 186.9 ± 7.4 −3.48 (−20.55, 13.58) 0.655
AST U/L 19.8 ± 1.6 18.9 ± 1.5 −0.97 (−3.39, 1.46) 0.390
ALT U/L 17.3 ± 2.3 17.5 ± 2.2 0.28 (−3.48, 4.05) 0.869
ALP U/L 176.2 ± 13.4 171.6 ± 10.5 −4.40 (−19.39, 10.59) 0.523
γ-GTP U/L 26.8 ± 4.8 26.4 ± 4.3 −0.33 (−2.61, 1.94) 0.748
T4 μg/dL 7.1 ± 0.3 7.3 ± 0.3 0.18 (−0.46, 0.82) 0.543
T3 ng/dL 120.2 ± 7.1 121.2 ± 5.4 0.45 (−5.77, 6.67) 0.874
TSH μIU/mL 1.3 ± 0.1 1.3 ± 0.1 0.01 (−0.22, 0.23) 0.942

Data are expressed as mean ± standard error. Differences between the PLA and GTC+CCA conditions were
analyzed. * Difference means “CGA+CCA” treatment—“PLA” treatment (n = 11). Abbreviations: GTC-GCA,
green tea catechin + chlorogenic acid; PLA, placebo; HOMA-IR, homeostatic model assessment of insulin resistance
index; GA, glycoalbumin; 1,5-AG, 1,5-anhydroglucitol; HbA1c, hemoglobin A1C; h-CRP, high-sensitivity C-
reactive protein; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TC,
total cholesterol; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase;
γ-GTP, γ-glutamyl transpeptidase; T4, thyroxine; T3, triiodothyronine; TSH, thyroid-stimulating hormone.
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3.5. Blood Biochemical Values

The blood sample measurements are presented in Figure 2 and Table 3. Mixed-effect
models of the measurement data revealed treatment by time interactions for postprandial
free fatty acid (p = 0.002), 3-hydroxybutyric acid (p = 0.002), and cortisol (p = 0.006), and a
main treatment effect (p < 0.001) and a treatment-by-time interaction (p = 0.003) for bile acid.
None of the measured indices of fasting blood glucose control differed remarkably between
both conditions, except that glycoalbumin decreased after GTC+CCA consumption in 64%
of the subjects (p = 0.167).

3.6. Correlations between the Differences in Insulin Sensitivity with the Difference in GLP-1

Figure 3 illustrates the correlation analyses of the change in the GLP-1 AUC with
the change in the AUCins×glu and the Matsuda index change between the GCT+CCA and
PLA conditions. GLP-1 change positively correlated with a change in the Matsuda index
of insulin sensitivity between the GTC+CCA and PLA conditions (r = 0.655, p = 0.029).
Further, the differences in changes in the GLP-1 AUC between the GTC+CCA and PLA
conditions tended to be negatively correlated with the differences in postprandial insulin
resistance due to GTC+CCA consumption (r = −0.553, p = 0.078).

Figure 3. Correlations of differences in insulin resistance indices and AUC of GLP-1 after consuming
GTC+CCA and PLA. ΔGLP-1, Δ AUCglu×ins, and ΔMatsuda index for each subject was calculated by
subtracting the AUC of GLP-1, AUCglu×ins, and Matsuda index in the GTC+CCA treatment from
those of the PLA treatment. The relationship between pairs of variables is presented using Pearson’s
correlation coefficient (n = 11). Abbreviations: AUC, area under the curve; CCA, coffee chlorogenic
acids; GLP-1, glucagon-like peptide-1; GTC, green tea catechins; PLA, placebo.

4. Discussion

In this study, the effects of the continuous consumption of combined GTC and CCA
on glucose metabolism, insulin sensitivity, and incretin secretion were evaluated. To
the best of our knowledge, this study is the first to report the effects of the combined
consumption of GTC and CCA, and our findings suggest that their combined consumption
significantly improved postprandial whole-body insulin sensitivity, markedly increased
GLP-1 secretion, decreased GIP secretion, and enhanced insulin sensitivity, possibly by
increasing GLP-1 secretion.

The present study revealed that combined supplementation with GTC and CCA sig-
nificantly decreased insulin resistance index (AUCins×glu) values and improved insulin
sensitivity index (Matsuda index) values after the high-fat and high-carbohydrate meal.
Previous intervention studies have demonstrated that consuming green tea or GTC im-

237



Nutrients 2022, 14, 5063

proves insulin resistance [15,17,20,32,33]. In animal studies, GTC consumption leads to a
significant decrease in extracellular lipids in muscle, which is one of the mechanisms for im-
proving insulin resistance [34]. A review on coffee and CCA also reported that short-term
consumption of coffee, in contrast to habitual coffee consumption, might improve insulin
sensitivity [35,36]. In animal studies, CCA increases sodium-glucose co-transporter-1 levels
and promotes GLP-1 secretion [37]. Regarding the enhanced GLP-1 secretion following
GTC and CCA consumption (additionally or synergistically), the increase observed in this
study was remarkable compared to that in a previous study of single polyphenol consump-
tion (GCT or CCA alone) that evaluated the association between improved postprandial
hyperglycemia due to coffee polyphenols alone and increased GLP-1 secretion [22], or
a study that examined the effects of CCA independently on postprandial GLP-1 secre-
tion [38]. These findings indicate that combined supplementation with dietary polyphenols
from green tea and coffee may effectively prevent diabetes onset due to their synergistic
beneficial effects compared to single-polyphenol supplementation.

Among other food components, a single ingestion of green plant membranes and
their continuous consumption for 90 days increases postprandial GLP-1 secretion [39]. The
direct effect of green plant membrane ingestion on intestinal endocrine cells prolonged the
process for digestion and absorption of dietary fat and carbohydrates in the small intestine
and had an indirect effect via neural signals, such as cholecystokinin; these are suggested
mechanisms underlying the increase in GLP-1 secretion [39]. The weight loss we observed
after three weeks of combined GTC and CCA consumption may be partly due to appetite
suppression resulting from the increased postprandial GLP-1 secretion or inhibitory effects
of suppressed GIP secretion on fat accumulation. Furthermore, changes in daily food intake
during the intervention period should be considered. Administration of GLP-1 analogs
significantly reduces body weight, mainly via changes in food intake [40,41]. Therefore,
it is critical to understand the neural systems involved in the effects of GLP-1 analogs to
reduce food intake and body weight [42,43]. In this study, the increase in postprandial
GLP-1 might be related to the weight loss observed, and further evaluation is needed.

GLP-1 secretion induced by the combined consumption of GTC and CCA may be pro-
moted by the following two mechanisms. First, the glucose-sensing mechanism via sodium-
glucose co-transporter-1 or a GLP-1 exocytosis mechanism due to glucose metabolism in
L cells might be directly affected by GTC and CCA, or by nutritional components altered
by GTC and CCA [34,44,45]. Second, the suppressive effect of GTC and CCA on glucose
absorption in the small intestine might change the site of absorption to the lower part of
the small intestine, thereby increasing the stimulation of L cells [37,46,47]. However, the
GLP secretion mechanism associated with the combined consumption of GTC and CCA
remains to be clarified.

This study had limitations. First, the sample size was small, with eleven men, and
the participants were healthy, non-diabetic individuals. Thus, it is unclear whether GLP-
1 secretion would be similarly promoted or if insulin resistance would be improved in
people with severe insulin resistance or diabetes. In addition, since there were no women
in the study group, the results of this study can only be related to men and cannot be
inferred in general. The effects of the combined consumption of GTC and CCA should be
confirmed by additional studies with larger sample sizes, including men and women with
insulin resistance. Moreover, caffeine is one of the pharmacologically active components
of green tea and coffee. While the effect of caffeine consumption to improve glucose
tolerance has been suggested, its effect on glucose levels varies from study to study [48]. In
contrast, several studies have reported that caffeine increases insulin secretion but does not
necessarily improve glucose levels in oral glucose challenge tests [49–52], suggesting that
caffeine could influence insulin clearance. In this study, the caffeine quantity was the same
under the PLA and GTC+CCA conditions; nonetheless, we cannot rule out the possibility
that caffeine, GTC, and CCA contributed to the observed effects.
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5. Conclusions

Our findings demonstrated that the continuous, combined consumption of GTC and
CCA for three weeks suppressed hyperglycemia and insulin after consuming a high-fat
test meal containing 75 g of glucose and improved insulin sensitivity in healthy males. In
addition, combined consumption of GTC and CCA promoted postprandial GLP-1 secretion
and suppressed GIP secretion, suggesting that the increase in GLP-1 might at least partly
account for improvements in insulin sensitivity.
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Abstract: The Wnt/β-Catenin pathway alterations present in colorectal cancer (CRC) are of special
interest in the development of new therapeutic strategies to impact carcinogenesis and the progression
of CRC. In this context, different polyphenols present in natural products have been reported to have
modulatory effects against the Wnt pathway in CRC. In this study, we evaluate the effect of two
polyphenol-rich coffee extracts and chlorogenic acid (CGA) against SW480 and HT-29 CRC cells. This
involved the use of MTT and SRB techniques for cell viability; wound healing and invasion assay
for the evaluation of the migration and invasion process; T cell factor (TCF) reporter plasmid for the
evaluation of transciption factor (TCF) transcriptional activity; polymerase chain reaction (PCR) of
target genes and confocal fluorescence microscopy for β-Catenin and E-Cadherin protein fluorescence
levels; and subcellular localization. Our results showed a potential modulatory effect of the Wnt
pathway on CRC cells, and we observed a reduction in the transcriptional activity of β-catenin. All
the results were prominent in SW480 cells, where the Wnt pathway deregulation has more relevance
and implies a constitutive activation of the signaling pathway. These results establish a starting
point for the discovery of a mechanism of action associated with these effects and corroborate the
anticancer potential of polyphenols present in coffee, which could be explored as chemopreventive
molecules or as adjunctive therapy in CRC.

Keywords: chlorogenic acid; coffee extracts; colorectal cancer; Wnt/β-catenin pathway; therapeutic targets

1. Introduction

Polyphenols are natural organic compounds of particular interest in nutrition and
functional food [1]. Dietary polyphenols play an important role in human health by
regulating cellular metabolism, chronic disease, and cell proliferation [2,3]. To date, several
polyphenols have been identified in different natural products, such as coffee which
contains phenolic acids such as chlorogenic, caffeic, and feluric [4]; however, their impact
on human health has not been fully characterized. Polyphenols from coffee regulate
different biological processes, exhibiting chemopreventive, antioxidant, anti-inflammatory,
and anticancer properties in in vitro and in vivo studies [5]. Some epidemiological studies
also suggest that regular coffee consumption influences the prevention of cardiovascular
diseases, obesity, diabetes, and some types of cancer [6,7].

Colorectal cancer (CRC) is one of the most frequent cancers globally, occupying third
place after lung and prostate cancer in men and breast cancer in women. Additionally, 10%
of all newly diagnosed cases and cancer-related deaths are associated with CRC [8]. Age,
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genetic and environmental factors play an important role in the development of CRC, and
some studies have established a range of hereditary for CRC from 12% to 32%, suggesting
that a large proportion of cases (68–82%) have modifiable risk factors, such as overweight
and obesity, alcohol consumption, and processed meat intake, among others [9].

The development of CRC is strongly influenced by hereditary factors such as familial
adenomatous polyposis (FAP) or Lynch syndrome; however, approximately 80% of cases
are sporadic. The events leading to CRC develop slowly through a sequential progression
and are staggered. Two pathways of CRC initiation have been described, the adenoma-
carcinoma sequence, related to 60–85% of cases, and the alternative, or serrated, pathway,
related to 15–40% of cases. These models include mutations in signaling pathways such as
Wnt, mitogen-activated protein kinases (MAPK), transforming growth factor-beta (TGF-β),
and p53. Tubular, tubulovillous, and villous adenomas are the most common lesions
related to sporadic tumors in the adenoma-carcinoma sequence, where the most frequent
molecular alterations are related to mutations in the adenomatous polyposis coli (APC)
gene. On the other hand, the “serrated neoplastic pathway” describes the progression
of serrated polyps, including sessile serrated adenomas and traditional serrated adeno-
mas, with colorectal cancer. This pathway is associated with β-Catenin, BRAF mutation,
and microsatellite instability, triggering CRC phenotypes such as CpG island methylator
phenotype (CIMP) [10,11].

The Wnt pathway, widely studied for its importance in processes of embryogenesis,
tissue homeostasis, and cell-cell adhesion, plays a crucial role in the initiation, progression,
and metastasis of CRC. Wnt pathway activation depends on the alteration of its components
and their functions. The transduction of the pathway includes processes such as the
secretion of Wnt proteins, identification of Wnt co-receptors, silencing of the β-catenin
destruction complex that includes proteins such as (APC and GSK3-β), translocation of
β-catenin to the nucleus, recruitment of cofactors, and transcriptional activation of genes
such as Cyclin D1 (CCND1), MYC, and JUN (Figure 1). Some aberrant functions in these
processes can influence the development of cancer. In CRC, it has been shown that about
90% of cases are a consequence of damage to one of these Wnt pathway processes, especially
APC loss-of-function mutations, β-catenin activation mutations leading to hyperactivation,
and increased frizzled family receptors. However, APC and β-catenin mutations are
generally mutually exclusive, with somatic APC mutations being found in more than 80%
of sporadic colorectal tumors and β-catenin mutations in about 48% of tumors without
APC mutation [12,13].

Recently, some studies have shown the anticancer activity of different polyphenols
present in natural products such as grapes, apples, berries, herbs, spices, and drinks such
as coffee. In colorectal cancer specifically, polyphenols show the capability of modulating
the Wnt/β-catenin pathway using different regulatory mechanisms such as the decreased
phosphorylation of GSK3-β by silibinin and epigalocatequin galato (EGCG) and destabi-
lization of the β-catenin/TCF complex by resveratrol [14]. Coffee is the main natural source
of chlorogenic acid (CGA), an hydroxycinnamic acid that is the most abundant polyphe-
nol in natural products. Several in vitro and in vivo studies using CGA have shown its
antioxidant activity, inhibition of mutagenic and carcinogenic N-nitroso compounds, DNA
damage inhibition, and suppression of reactive oxygen species-mediated nuclear factor
activation (NF-κB) [15]. Regarding the modulatory effect of CGA, some in vitro and in vivo
studies have shown effects related to the regulation of the Wnt pathway, for example,
inhibition of adipogenesis in murine fibroblast cells [16], inhibition of cell differentiation in
human pulp stem cells [17], and antitumor activity in murine breast cancer models [18].
Additionally, we recently reported the biological effect of CGA and caffeic acid related to
the inhibition of cell migration as a first approach to the study of the effect of polyphe-
nols present in coffee in colorectal cancer models at the in vitro level [19]. However, the
modulatory effect of coffee polyphenols on the Wnt pathway has not been studied in CRC
models. For these reasons, in the present study, we explore the possible modulation of the
Wnt/β-catenin pathway by CGA and two coffee extracts rich in polyphenols to evaluate the
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influence of treatments on cell proliferation, gene expression, Wnt transcriptional activity,
and β-catenin and E-cadherin subcellular localization, using SW480 and HT-29 colorectal
cancer cell lines.

 
Figure 1. Mechanism of modulation of the Wnt/β-catenin pathway by coffee polyphenols. (a) Normal
OFF state. The β-catenin degradation complex regulates the levels of β-catenin and controls its
transcriptional activator activity (b) The normal ON state. The β-catenin degradation complex doesn’t
work, β-catenin levels increase, and translocation to the nucleus possibility its transcriptional activity.
The possible mechanism of modulation associated with coffee polyphenols; CGA (Chrologenic acid),
TC (Toasted coffee), and GC (Gree coffee) decrease the levels of β-catenin in the cytoplasm and
nucleus, possibly through a β-catenin degradation mediation and nuclear translocation inhibition.
Figure adapted from [14].

2. Materials and Methods

2.1. Chemical and Reagents

Neochlorogenic acid (99.3%), cryptochlorogenic acid (99.8%), and caffeic acid (98.5%)
used in quantification analysis were purchased from Biopurify, Chengdu, China, and
chlorogenic acid (99%) from was purchased from Extrasinthese, Genay, France. Chlorogenic
acid ≥ 95% (titration) product reference (Ref.) C3878-1G, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), Wnt CHIR 99021 inductor, and iCRT14 inhibitor were
purchased from Sigma-Aldrich, Burlington, MA, USA. Acidified isopropyl alcohol, PBS,
fetal bovine serum (FBS), Dulbecco’s modified eagle’s medium (DMEM), Roswell Park
Memorial Institute (RPMI) 1640 medium, penicillin, and streptomycin were purchased
from GIBCO, Grand Island, NY, USA. The TCF Reporter Plasmid Kit Ref. # 17-285 was
purchased from Merck Millipore, Burlington, MA, USA.

2.2. Quantification of Chlorogenic Acids and Xanthines by HPLC-DAD

A total of 100 mg of each extract (GC and TC), obtained as previously described [19],
were reconstituted with 70% ethanol centrifuged at 13,000 RMP for 10 min; the supernatant
was transferred to a 20 mL volumetric flask, and the volume was adjusted. The super-
natant was diluted using mobile phase, in proportions of 1 in 20, for the determination of
neochlorogenic and cryptochlorogenic acids, and in proportions of 1 in 100 for the determi-
nation of chlorogenic acid. For the determination of xanthines, theobromine (99%), caffeine
(199.8%), catechin (99%), and epicatechin (90%), the supernatant was diluted using mobile
phase, in proportions of 1 in 20. An external standard method was used for quantification
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in an HPLC Agilent 1200 Series LC System CA, USA, using a Zorbax column SB-C18 from
Merck, Burlington, MA, USA.

2.3. Cell Culture

Human cell lines SW480 (ATCC, Manassas, VA, USA; CCL-228) and HT-29 (ATCC,
Manassas, VA, USA; HTB-38™) derived from colorectal adenocarcinoma, were used. SW480
and HT-29 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) and
RPMI 1640 medium GIBCO, Grand Island, NY, USA, respectively, supplemented with
10% fetal bovine serum and antibiotics. The cellular passages were made at 70% of cell
confluence. The cells were cultured under controlled conditions at 5% CO2, 70% humidity,
and 37 ◦C.

2.4. Cytotoxicity, Migration, and Invasion Studies

Two coffee extracts rich in green and toasted polyphenols (GC, TC) and CGA were
prepared and used as previously reported [19]. In brief, all treatments were dissolved in
a culture medium before treating the cells at different concentrations. The cytotoxicity
of CGA and coffee extracts was assessed using MTT and SRB assays in 96 well plates
at 2 × 104 cells/well. Cell viability was expressed as a percentage of the control as (ab-
sorbance of treated cells−absorbance of background controls)/(absorbance of nontreated
cells−absorbance of background controls) ×100. For evaluation of cell migration, SW480
and HT-29 cells were seeded in 24-well plates at 4 × 105 cells/well, and a scratch was made
with a 10 μL pipette tip, using subtoxic concentrations of 750 μg/mL (GC), 500 μg/mL
(TC), and 187 μg/mL (CGA). The images were captured using an inverted microscope
(Eclipse Ti-s) with a DsFi1c digital camera from Nikon, Tokyo, Japan (magnification: 10×)
at 0, 24, 48, 72, 96, and 120 h. A total of 144 bright-field images were included for each
biological replicate, after which, the images were analyzed for segmentation and quantifica-
tion with Bio-EdiP from ITM, Medellin, Colombia [20]. A scratch in non-treated cells (NTC)
was employed to support normal wound healing progression in vitro. For the invasion
test, the commercial fluorometric Kit CytoSelect™ 96-well cell invasion assay from Cell
Biolabs San Diego, CA, USA was used, treating the 2 × 104 cells/well for 24 h at concentra-
tions of 750 μg/mL, 1500 μg/mL, and 2000 μg/mL for GC; 500 μg/mL, 750 μg/mL, and
1000 μg/mL for TC; and 150 μg/mL, 375 μg/mL, and 750 μg/mL for CGA. Migration and
invasion tests were in serum-free media conditions, and bovine serum albumin (BSA) was
used as a chemoattractant in the invasion test. The procedure was performed following
the manufacturer’s instructions. The suspension of HT-29 and SW480 cells in a culture
medium without fetal bovine serum (FBS) was added to the upper chamber and in the
lower chamber FBS, it was applied as a chemoattractant. Finally, the fluorescence was read
with the fluorescence plate reader (GloMax-Multi Detection System by Promega, Madison,
WI, USA) at 480 nm/520 nm.

2.5. Wnt Pathway Reporter Assay

For the Wnt pathway reporter assay, SW480 and HT-29 cells were seeded in 12 well
plates at 3 × 105 cells/well. After 24 h, cells were transfected in serum and antibiotic-free
media with 1 μg of TOP-Flash (plasmid that contains wild type TCF binding sites) or
1 μg of Fop-Flash (plasmid that contains mutated TCF binding sites), both from Millipore,
using Lipofectamine® 2000 from Thermo Fisher, Waltham, MA, USA. Cells were treated
24 h after transfection with different concentrations of coffee extracts, CGA, or molecules
to control the induction and inhibition of the Wnt pathway, such as CHIR 99021 and
iCRT14, respectively. The luciferase activity was determined at 24 h of treatments using the
Luciferase Assay System from Promega. The efficiency of transfection was determined by
flow cytometry using GFP reporter plasmid. The promoter activity was expressed as the
net of TOP-Flash relative light units after the substation of the associated FOP-flash relative
light units. All assays were performed in triplicate.
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2.6. RNA Isolation and RT-PCR

Total RNA was extracted with a Trizol solution (Ref. T9424), from Sigma, Burlington,
MA, USA) according to the manufacturer’s instructions. The concentration of RNA was
determined by spectrophotometry (Nanodrop 2000/2000C, Thermofisher, Waltham, MA,
USA). Two micrograms of total RNA were reverse-transcribed with the RevertAid Reverse
Transcriptase kit (Ref. EP0442, Thermofisher, Waltham, MA, USA) with reaction conditions
of 25 ◦C for 6 min, followed by 42 ◦C for 6 min and 70 ◦C for 6 min. Finally, cDNA from
SW480 and HT-29 cells treated with GC, TC, and CGA for 24 h was stored at −20 ◦C.

2.7. Wnt Target Gene Analysis

For this purpose, quantitative PCR analysis was run in the Thermocycler CFX96 system
(Bio-Rad, Hercules, CA, USA) with the Maxima SYBR Green qPCR Master Mix (2X) (Ref.
K0252, Thermo Fisher) according to the manufacturer’s protocol. Cycling conditions were
95 ◦C for 5 min, followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 60 s. GAPDH was
used as an endogenous reference. The 2−ΔΔCt method was used to calculate the differences
in the expression levels of CTNNB1, CDH1, and CCND1 during the different treatments. All
experiments were run in triplicate to indicate intra-assay variation. The primer sequences
were as follows: CTNNB1 forward (F): 5′-TCCGAATGTCTGAGGACAAGC-3′, reverse (R):
5′-CCAAGATCAGCAGTCTCATTCCA-3′; CDH1 (F): 5′-TCCTGGGCAGAGTGAATTTTG-3′,
(R): 5′-CTGTAATCACACCATCTGTGC-3′; CCND1 (F): 5′-GAAGATCGTCGCCACCTG-3′, (R):
5′-TCGACATGGAGTCCCAGGA-3′; and GAPDH (F): 5′-AACGGGAAGCTTGTCATCAA-3′,
(R): 5′-TGGACTCCACGACGTACTCA-3′.

2.8. Subcellular Localization of Wnt Proteins

To determine the subcellular localization of Wnt proteins, cell staining and confocal
microscopy were carried out. Briefly, 15 × 104 cells were seeded in 24 well plates with circu-
lar glass covers overnight. The next day, the cells were treated with different concentrations
of coffee extracts and CGA for 24 h. Afterward, the medium was removed, and cells were
fixed in 4% formaldehyde in PBS for 15 min and permeabilized by 0.5% Triton X-100 in
PBS for 5 min. After permeabilization, the samples were treated with a blocking solution
(Invitrogen, Waltham, MA, USA) for 45 min and then incubated with primary antibodies
(against β-catenin and E-cadherin) in TBS overnight. The following day, the cells were
washed with PBS and incubated with secondary antibodies from Thermofisher, Waltham,
MA, USA). (Alexa-Fluor™488-anti-rabbit and/or Alexa-Fluor™568-anti-mouse IgG) for
45 min. Each sample was washed, mounted, and monitored with an FV1000 Olympus laser
scanner confocal microscope from Evident corporation, Tokyo, Japan.

2.9. Statistical Analysis

GraphPad 6 was used to perform statistical analysis (GraphPad Software (version
number 6)) from GraphPad Software Inc, San Diego, CA. USA. The number of observations
represents the categorical data. The variables with normal distributions were denoted
by the mean and standard deviation. The variations in cell viability, open wound area,
invasion, qPCR data, and immunofluorescence were analyzed using a two-way ANOVA.
A p-value of ≤0.05 was considered statistically significant.

3. Results

3.1. Quantification of Chlorogenic Acids, Xanthines, and Catechins

The main metabolites in coffee extracts (Table 1) were determined by HPLC (high-
performance liquid chromatography) equipped with a PDA (photodiode-array) detec-
tor. GC presented a concentration of chlorogenic acid 4.4 times greater than TC, while
neochlorogenic and cryptochlorogenic acids, as well as caffeine and theobromine, showed a
slightly higher concentration than TC. None of the studied extracts presented a quantifiable
concentration of chatechin or epichatechin.
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Table 1. The chlorogenic acids, xanthines, and catechins in green and toasted coffee extracts (GC, TC)
by HPLC-DAD. All analyzes were performed on three independent samples. ND, not detectable.
NA, not applicable. RSD, relative standard deviation.

Chlorogenic
Acids

Neochlorogenic Acid Chlorogenic Acid
Cryptochlorogenic

Acid
Caffeic Acid

mg/100 g
sample RSD mg/100 g

sample RSD mg/100 g
sample RSD mg/100 g

sample RSD

Green coffee 1114.50 1.205 17,715.79 4.451 2025.56 6.614 ND NA

Toasted coffee 1485.62 2.023 3996.50 2.087 2095.93 1.929 ND NA

Xanthines and
catechins
content

Theobromine Caffeine Catechin Epicatechin

mg/100 g
sample RSD mg/100 g

sample RSD mg/100 g
sample RSD mg/100 g

sample RSD

Green coffee 406.51 7.599 2878.03 6.225 ND NA ND NA

Toasted coffee 563.84 2.796 3372.86 1.860 ND NA ND NA

3.2. Cytotoxicity Activity

The cytotoxic activity of GC, TC, and chlorogenic acid (CGA) against SW480 and
HT-29 cells was determined by the MTT and SRB methods for 24 and 48 h treatment times
(Supplementary Figure S1), and 48 h treatment by MTT (Figure 2). All treatments showed
similar cytotoxic activity with the two methods employed and were comparable with a
dose/time-dependent tendency to decrease the cell viability. All treatments were more
effective in SW480 cells than in HT-29 cells. A significant decrease in cell viability was
observed with doses above 1500 μg/mL for GC and TC, and above 325 μg/mL for CGA.
Even the highest dose (3000 μg/mL) at 48 h did not cause a significant decrease in cell
viability in HT-29 cells. Figure 2A,B shows the difference between the cytotoxicity caused
by GC and TC in SW-480 and HT-29 cells. Furthermore, for CGA (Figure 2C), only the
highest concentration (3000 μg/mL) significantly decreased the viability of HT-29 cells. All
treatments were evaluated by the SRB method (Supplementary Figure S1). Table 2 shows
the IC50 values for all the evaluated treatments by MTT and SRB methods in HT-29 and
SW480 cell lines. The data for the MTT analysis in SW480 cells were extracted from our
previous report [19].

Figure 2. The cytotoxic activity at 48 h measured by MTT in the colorectal cancer cell lines SW480
and HT-29. Treatments with green coffee extract (GC) (A), toasted coffee extract (TC) (B), and CGA
(C). Values are expressed as the mean ± SEM of at least three independent experiments. Two-way
ANOVA, difference to non-treated cells, * p ≤ 0.05, ** p ≤ 0.01; ns: non-significant differences.
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Table 2. Half maximal inhibitory concentration (IC50) values by MTT and SRB methods on SW480
and HT-29 cells treated with green and toasted coffee extracts (GC, TC) and chlorogenic acid (CGA).

IC 50 Value by MTT
SW480 HT-29

24 h 48 h 24 h 48 h

Green coffee 4325 μg/mL 2555 μg/mL 17,715 μg/mL 8416 μg/mL
Toasted coffee 3922 μg/mL 2226 μg/mL 9918 μg/mL 13,247 μg/mL

CGA 686.6 μg/mL 598.3 μg/mL 8114 μg/mL 6733 μg/mL

IC 50 Values by SRB
24 h 48 h 24 h 48 h

Green coffee 4676 μg/mL 2799 μg/mL 129,197 μg/mL 48,366 μg/mL
Toasted coffee 3656 μg/mL 1590 μg/mL 58,901 μg/mL 16,484 μg/mL

CGA 2844 μg/mL 1338 μg/mL 72,945 μg/mL 18,379 μg/mL

3.3. Wound Healing Assay

To determine the effect of treatments on cell migration inhibition, wound healing
assays were performed using subtoxic doses of GC (750 μg/mL), TC (500 μg/mL), and
CGA (187 μg/mL). Pictures to monitor the healing process were taken every 24 h. The
cytotoxic activity results reported in the previous section are in accordance with the wound
healing inhibition activity. All treatments have a higher impact on the decrease in the
wound closure area in SW480 cells than in HT-29 cells (Figure 3). The wound closure rate
was diminished in all treatments in both cell lines, even though the behavior is different. In
SW480 (Figure 3A) the wounds healed at a slow rate with respect to the NTC (non-treated
cells) during the first 48 h; after which, the wound closure rate decreased, reaching lower
values than the initial condition. On the other hand, the results of HT-29 cells (Figure 3B)
showed an effect comparable to the control condition, with a tendency to close the wound.
CGA treatment significantly inhibited the rate of wound healing, followed by GC and CT,
compared with the NTC. The data for the wound healing analysis in SW480 cells were
extracted from our previous report [19].

Figure 3. The inhibition of cellular migration on SW480 (A) and HT-29 (B) cell lines non-treated
(blue) and treated with GC (orange), TC (grey), and CGA (yellow). Cell migration was observed
with an inverted microscope (10× magnification) at intervals of 24 h over 120 h. Representative
images are on the left panel. The right panel shows the quantitative analysis of cell migration by
the percentage of wound closure. Values are expressed as the mean ± SEM of three independent
experiments. Two-way ANOVA, difference to non-treated cells, * p ≤ 0.05 and ** p ≤ 0.01.
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3.4. Invasion Assay

The CytoSelect™ 96-well cell invasion assay was used to evaluate the effect of treat-
ments on cell invasion. Three subtoxic doses were selected for each treatment: 750 μg/mL,
1500 μg/mL, and 2000 μg/mL for GC; 500 μg/mL, 750 μg/mL, and 1000 μg/mL for TC; and
150 μg/mL, 375 μg/mL, and 750 μg/mL for CGA. To observe the basal level of invasion of
both cell lines, two control conditions were used: with and without chemoattractant, to which
no treatment was applied. Finally, the invasive cells that were able to cross the extracellular
matrix protein membrane to the lower chamber were quantified with a fluorometric method,
where fluorescence values are proportional to the number of invasive cells. The results of the
controls showed a greater activation effect for the invasion in response to the chemoattractant
in SW480 cells, which agrees with the migratory properties observed before for this cell line.

The results of the effect of the coffee extracts and CGA showed a powerful inhibition
of the invasion of SW480 cells compared to the control with chemoattractant (Figure 4A),
consistent with the cytotoxic and anti-migratory activities of the treatments on these cells.
Additionally, TC 1000 μg/mL had an effect comparable to the control without chemoat-
tractant while CGA 750 μg/mL exceeded the inhibition effect of invasion compared to
this control. In contrast, the results for HT-29 cells (Figure 4B) showed a lower effect for
the inhibition of cell invasion, considering that only the treatments with higher doses of
TC and CGA had a significant impact compared to the control with a chemoattractant.
However, these treatments had a higher effect on inhibition of invasion compared to the
control without chemoattractant.

Figure 4. The inhibition of the invasion process of SW480 (A) and HT-29 (B) cell lines. The percentage of
relative fluorescence units (RFU) is proportional to the number of invasive cells. FBS 10% was used as a

250



Nutrients 2022, 14, 4880

chemoattractant control and treatment exposure was 24 h. Values are expressed as the mean ± SEM
of three independent experiments. Two-way ANOVA, the difference to non-treated cells, * p ≤ 0.05
and ** p ≤ 0.01.

3.5. Top/Fop Flash Assay

To determine if the treatments had an impact on the regulation of transcriptional
activity of the Wnt/β-catenin pathway, HT-29, and SW480 cells were transfected with the
TOP/FOP Flash reporter plasmid and treated with subtoxic doses of GC (1500 μg/mL),
TC (750 μg/mL), and CGA (375 μg/mL) for 24 h. As controls of the regulation of the Wnt
pathway, doses lower than the IC50 were employed. For positive and negative regulation
of the pathway, the selective inducer CHIR 99021 (10 μM) and the selective inhibitor
iCRT14 (40 μM) were included in the experiments. As we expected, the results in SW480
cells (Figure 5A) show a substantial effect on the induction of pathway activation with
CHIR, while the inhibition effect of the transcriptional activity of the pathway by iCRT14
is significant compared to the NTC condition. Treatments with GC and TC did not have
significant differences in the regulation of the pathway, while CGA had a comparable effect
with the selective inhibitor. In the case of HT-29 cells (Figure 5B), the effect of the inducer
was lower than in SW480, and treatments with GC, TC, and CGA had a trend of negative
regulation of the pathway. However, only TC and CGA had significant values, and CGA
had a comparable effect to the selective inhibitor.

Figure 5. The inhibition of TCF promotor activation of the Wnt pathway plasmid reporter system in
SW480 (A) and HT-29 (B) cell lines. CHIR 99021 was used as a pathway inductor and iCRT14 as an
inhibitor. Treatment exposure was 24 h after transfection. Values are expressed as the mean ± SEM of
three independent experiments. Two-way ANOVA, difference to non-treated cells, * p ≤ 0.05 and
** p ≤ 0.01.

3.6. Changes in mRNA Expression Levels of CDH1, CTNNB1, and CCND1

qPCR analysis was used to find possible differences in the mRNA expression levels of
genes related to the Wnt/β-catenin pathway, such as CDH1 (which encodes for E-cadherin),
CTNNB1 (which encodes for β-catenin), and CCND1 (which encodes for cyclin D1). GAPDH
was used to normalize expression levels. The treatments included two subtoxic doses
of each treatment for 24 h: GC (1500 μg/mL and 2000 μg/mL), TC (750 μg/mL and
1000 μg/mL), and CGA (375 μg/mL and 750 μg/mL). The results are shown in Figure 6.
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Figure 6. (CGA) Chlorogenic acid, (TC) toasted coffee extract, and (GC) green coffee extract modulation
of the mRNA expression levels of CDH1, in green bars (which encodes for E-cadherin); CTNNB1, in
blue bars (which encodes for β-catenin); and CCND1, in red bars (which encodes for Cyclin D1) in
SW480 (A) and HT-29 (B) cell lines. Values are expressed as the mean ± SEM of three independent
experiments. Two-way ANOVA, difference to non-treated cells, * p ≤ 0.05 and ** p ≤ 0.01. ns: non-
significant differences.

In the case of E-cadherin in SW480 cells, we found a significant increase in mRNA
levels with TC at the highest doses, while GC and CGA mainly had a negative regulatory
effect. For HT-29 cells, we observed a tendency for mRNA levels to increase only in
GC with 2000 μg/mL. For β-catenin mRNA levels in both SW480 and HT-29 cells, all
treatment conditions showed a negative expression regulation effect, being stronger in
SW480. Likewise, cyclin D1 expression levels decreased significantly in both cell lines, as
expected in accordance with the result found regarding the negative regulation of β-catenin
mRNA levels.

3.7. Subcellular Localization of β-Catenin and E-Cadherin Proteins

Confocal microscopy was performed to determine the effect of the treatments on the
subcellular localization of β-catenin and E-cadherin proteins. SW480 and HT-29 cells were
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exposed for 24 h to GC 1500 μg/mL, TC 750 μg/mL, and CGA 375 μg/mL. The results of the
previously described assays showed the increased sensitivity of SW480 cells for all treatments.
Consistently with this, we observed that under control conditions without any treatment,
the distribution of nuclear β-catenin was significantly different between SW480 and HT-29
(Figure 7). Specifically, the results showed high levels of nuclear β-catenin in SW480 cells,
whereas we observed a specific distribution of cytoplasmic and cell membrane β-catenin in
HT-29 cells, which correlates with a high percentage of β-catenin/E-cadherin co-localization.

Figure 7. Subcellular localization of β-catenin (green) and E-cadherin (red) proteins in SW480 and
HT29 cells treated with chlorogenic acid (CGA), roasted coffee (TC), and green coffee (GC) at 24 h.
The panel (A) includes representative images, and the (B) panel is the β-catenin protein fluorescence
intensity in both treated cell lines. The images were captured through an Olympus FV1000 confocal
laser scanner microscope with a 60x objective and image scale of 150 μm. Values are expressed as the
mean ± SEM of three independent experiments. Two-way ANOVA, difference to non-treated cells,
** p ≤ 0.01; # = number.

The response to the treatments in SW480 cells (Figure 7) showed a decreased β-catenin
fluorescence intensity compared to the control condition, which was most marked in GC,
followed by TC and CGA, while the fluorescence intensity levels of E-cadherin remained
similar. On the other hand, for HT-29 cells, no nuclear β-catenin staining was observed, and
the levels of co-localization between β-catenin and E-cadherin proteins were found to be
high in the control condition and maintained in treatments. Thus, during all the treatments,
we did not find significant differences in the cellular distribution of β-catenin/E-cadherin,
and the β-catenin fluorescence intensity was similar to the control condition.
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4. Discussion

Phytochemicals and their derivatives are promising options for preventing and treat-
ing diseases such as cancer. In vitro and in vivo studies and clinical trials have shown their
regulation of various physiological processes, such as inflammation reduction, cell differen-
tiation regulation, and protection against oxidative damage of organelles and DNA [21–23].
In recent decades, polyphenols have been highlighted in the context of phytochemicals,
and several recent studies have reported on different types of cancer, such as liver, breast,
prostate, and CRC [24–26].

Diet is the primary source of polyphenols in humans. Coffee, tea, apple juice, and
red wine are the most consumed beverages worldwide and represent the main sources
of polyphenols in the diet [27,28]. Epidemiological studies on the relationship between
colorectal cancer and coffee consumption are inconclusive because results vary by study
design, cancer site, gender, and ethnicity. However, current evidence suggests an inverse
relationship in case-control studies where the category of high coffee consumption is
associated with a 15% to 21% decreased risk of colon cancer [29]. Among the bioactive
components of coffee, which include caffeine, melanoidins, and diterpenes, the most
abundant polyphenols are chlorogenic, caffeic, and ferulic acids, the levels of which may
vary depending on the coffee species, degree of roasting, and preparation technique [30].

Exposure to coffee polyphenols could promote colorectal cancer chemoprevention
through diverse mechanisms, such as the activation of anti-mutagenic pathways, modifi-
cation of the microbiome, or modulation of signaling pathways critical for cancer devel-
opment [31]. The Wnt pathway plays a critical role in the carcinogenesis and progression
of colorectal cancer. Recent studies show the ability of some polyphenols to regulate the
Wnt pathway, suggesting the potential of these molecules as a chemopreventive treatment
or chemotherapeutic alternative against CRC [32]. However, the involvement of coffee
polyphenols in the modulation of the Wnt pathway has not been explored in CRC models.

The present study evaluated the effect of two coffee extracts rich in polyphenols as
well as the independent effect of CGA, the most abundant polyphenol in coffee. SW480 and
HT-29 colorectal cancer cells were treated to analyze the effect of these using cellular and
molecular approximations, such as cytotoxic potential, migration, invasion modulation,
and Wnt pathway transcriptional activity.

In the first instance, MTT and SRB analyses were carried out to determine the cytotoxic
effect of green coffee extract (GC), toasted coffee extract (TC), and CGA. The SRB method
was used because the mechanism of action of the MTT method is related to the reduction
capacity of mitochondrial enzymes, and there are reports of interference caused by some
polyphenols due to their antioxidant activity [33]. On the other hand, the metabolic activity
of MTT reduction can differ between cell lines and be related to the induction of injury
and cell death. At the same time, the SRB method, based on binding to slightly acidic total
proteins, is considered a complementary test for determining the cytotoxic potential [34,35].
In this way, we obtained a complete perspective of the effects of the evaluated treatments.
Both methods show a similar trend of decreased cell viability which is more evident in
SW480 cells. This trend is most marked in the treatments with CGA, followed by TC and
GC (Table 2). However, the MTT (Figure 2) method showed minor IC50 values in the
evaluated cell lines that could be related to the mechanism of action, perhaps mainly to
metabolic pathways.

TC treatment showed a higher cytotoxic effect in this study than in GC (Figure 2).
During the roasting process, the number of polyphenols such as CGA in coffee diminished,
and flavonoids increased [30]. The quantification results demonstrated this effect of the
roasting process, showing that CGA levels decreased in TC, and xanthine, theobromine,
and caffeine increased (Table 1). These conditions, together with the generation of new
bioactive molecules such as melanoidins during the roasting process [36,37], could be
related to the biological effect of TC.

The IC50 values for CGA in the CRC cell lines found in this study were higher than in
previous reports. However, the highest sensitivity continues to be found in SW480 cells,
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as in the report of Aires et al. where the exposure of HT-29 and SW480 cells to resveratrol
for 72 h resulted in IC50 values of 70 μM and 40 μM, respectively [38]. On the other hand,
quercetin showed similar behavior, with IC50 values of 75 μM for HT-29 cells and a 70%
inhibition of viability with a dose of 80 μM in SW480 cells [39,40].

This effect was evident in the wound healing cell migration assay, where a more signifi-
cant effect on migration inhibition was observed in SW480 cells with treatments at subtoxic
doses (Figure 3A). The effect was comparable in all treatments, where we found a migration
inhibition behavior up to 120 h of follow-up. In HT-29 cells (Figure 3B), the effect observed on
migration inhibition was less pronounced than in SW480, and CGA had a higher inhibition.
Reports on the migration inhibition activity of curcumin on these cell lines showed that HT-29
cells are less sensitive than SW480 cells [41]. Another related report showed the same effect
on SW480 cells compared to DLD1 cells, where resveratrol decreased the migration capability,
mainly in SW480 [42]. In cell invasion experiments, the behavior was similar, considering
that we found the treatments to have a more powerful effect in SW480 cells, where the in-
hibition of cell invasion was dose-dependent, and the effect of treatments was notable and
comparable to the control without chemoattractant (0% SFB) (Figure 4A). The experiments
showed that the invasive capabilities of HT-29 cells are less significant than those of SW480,
even with chemoattractant (10% SFB); in addition, the treatments with significant differences
in decreasing the invasion were CGA and TC (Figure 4B).

After observing the biological effect of treatments on the evaluated in vitro models,
differences were found at the cytotoxic level and in the modulation of cell migration and
invasion capabilities. Therefore, we performed some experiments to determine whether
these effects could be related to the modulation of the Wnt pathway. For this, we initially
used the reporter assay system Top/Fop flash, which uses a plasmid that includes the TCF
transcription factor sequence. The increase and translocation of β-catenin to the nucleus
implies the formation of the β-catenin/TCF complex, inducing the expression of target
genes of the Wnt pathway [43]. The results obtained (Figure 5) show that decreasing
the transcriptional activation of the plasmid has an effect that is more pronounced with
the CGA treatment compared with the specific inhibitor iCRT14 in both cell lines, except
in the case of HT-29 cells where the effect of CGA was comparable with TC. Previous
reports evaluated the levels of the basal intrinsic activation of the Wnt pathway using
the Top/Fop flash system and showed a change up to 19-fold higher in Wnt pathway
activation in SW480 vs. HT-29 cells [44]. Meanwhile, another report described a difference
of 1.7 for HT-29 to 52.1 for SW480 [45]. This difference in the level of basal activity of the
Wnt pathway between cell lines could explain the different effects of the Wnt inductor
CHIR and the response to treatments where the induction of transcriptional activity was
much higher in SW480 cells only. In addition, the effect on the decrease in transcriptional
activity was evident and comparable with other studies that report the effect of some
polyphenol extracts and compounds on CRC cells, i.e., the HS7 fraction of the TC. These
include camphoratus extract, which showed an inhibition effect on the Wnt pathway on
SW480, HCT116, and HT-29 cells, decreasing the transcriptional activity by between 50
and 60% [46]. Another report showed that silibinin significantly inhibits the activity of the
pathway at 24 h of treatment with 100 μM in SW480 cells [47].

The regulation of the Wnt pathway was explored with a reporter assay. We performed
qPCR experiments to determine the influence of the treatments on the expression of genes
related to the pathway, such as CTNNB1 (which encodes for β-catenin), CDH1 (which
encodes for E-cadherin), and the Wnt pathway target gene CCND1 (which encodes for
cyclin-D1). The results showed that CDH1 expression levels increase in SW480 cells with TC
at 1000 μg/mL and decrease with GC and CGA (Figure 6). In HT-29 cells, all treatments had
significant differences. For CTNNB1 and CCND1, a significant decrease in the expression
levels was observed, particularly in SW480 cells, while for CTNNB1 mRNA levels in HT-
29 cells, some doses of treatments with TC and CGA had no significant differences in
comparison with the control. A previous report showed the basal expression level of the
CTNNB1 gene on the CCD18-CO normal colon fibroblast and SW480, Caco-2, and HT-29
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colorectal cancerous cells. CTNNB1 was downregulated in HT-29 and Caco-2 cells, and
the levels in SW480 and CCD18-CO were higher and similar. Previous studies showed
the effect of natural compounds on regulating the expression of these genes related to
the pathway. For example, a study reported the effect of two metabolites of ellagitannins,
MPhA and MPhb in Caco-2 and CCD18-CO cells, where the treatments did not alter the
expression level of CTTNB1 in either cell line [48]. Another study reported the effect
of lupeol on CTNNB1 expression levels in SW480 and HCT116 after 24 h of treatment,
where the expression was significantly downregulated only in HCT116 cells at the higher
doses of 80 μM; however, the protein levels in SW480 also decreased. For cyclin D1 in
SW480 cells, the gene expression was downregulated from doses of 40 μM and 20 μM in
HCT116 cells [49]. In addition, the downregulation of CTNNB1 and CDH1 gene expression
was significant at 24 h in HT-29 cells, using doses of 120 μM and 50 μM of phenethyl
isothiocyanate and sulforaphane, the major isothiocyanates of broccoli [50].

On the other hand, a series of studies report the effect of some natural compounds on
the expression of cyclin D1 in models of colorectal cancer, such as diospyros kaki thunb
(DKC), which decreased protein and mRNA levels at concentrations of 50 μg/mL, mainly in
SW480 cells, after 24 h [51]. In addition, safflower seed (Carthamus tinctorius L.) was recently
shown to decrease the expression of cyclin D1 mRNA at concentrations of 100 μg/mL at
24 h, with LoVo and HT-29 cells being more sensitive to treatment compared to SW480
and HCT116 [52].

Finally, we performed immunostaining experiments to determine the location at the
subcellular level of E-cadherin and β-catenin. For HT-29 cells (Figure 7), we did not observe
changes in the subcellular location or co-localization of these proteins with the treatments,
with β-catenin mainly in the membrane. On the other hand, in SW480 cells, it was possible
to show that the treatments had the effect of reducing the amount of β-catenin, in addition
to increasing the amount of β-catenin/E-cadherin co-localization, confirming a potential
modulatory effect on the Wnt pathway. Very few studies on polyphenols have addressed
the regulation of the Wnt pathway through fluorescence microscopy techniques. One
of these few studies showed the effect of some synthetic derivatives of sibylline, where
concentrations of 4 μM for 24 h increased the levels of E-cadherin and decreased β-catenin
in HCT116 cells [53].

In summary, in the present work, we observed a biological effect of chlorogenic acid
and polyphenol-rich coffee extracts on cell migration and invasion, possibly related to
transcriptional regulation of the Wnt pathway, which was most pronounced in SW480 cells.
The difference in the sensitivity of this cell line compared to HT-29 cells, which were less
sensitive, could be related to aspects such as the genetic background of each cell line, which
influences the activity levels of the Wnt pathway, and the different protein levels, which
are related to transport and detoxification processes.

First, the genetic and epigenetic background of SW480 promotes a higher activation
of the Wnt pathway than HT-29. The effect of the treatments on the modulation of the
Wnt pathway would be more evident in the cell line with the highest activation of the
pathway. The consensus molecular subtypes (CMS) of CRC establish four molecular
subtypes based on gene expression profiles that have specific implications in the clinical
context, independent of the stage of the disease [54]. This classification is influenced mainly
by the tumoral microenvironment; however, in vitro models could show diverse CMS.
Colorectal cell lines have been used to identify multiple and specific molecular aberrations
for all CMS of CRC. In this context, a multi-omics study established that the HT-29 cell line
in the CMS3 metabolic type is related to tubulovillous adenomas with serrated features
and more prevalent KRAS mutations. The SW480 cell line was classified in the CMS4
mesenchymal class, a relatively aggressive phenotype related to serrated adenomas, high
levels of TGF-β, and very high somatic copy number alteration (SCNA), and are known to
be pro-inflammatory and pro-angiogenesis. In the clinical context, these classifications are
determined at advanced stages [55]. Mutations of the APC protein indicate the difference
in the Wnt pathway activity levels in both evaluated cell lines. APC is truncated at the

256



Nutrients 2022, 14, 4880

carboxyl-terminal end at residue 1338 in SW480 and residue 1555 in HT-29 [56]. APC
truncated mutations in SW480 compromise some crucial domains in APC, such as the
β-catenin inhibitory domain (CID). This has high relevance for β-catenin targeting for
ubiquitination and also plays a role in the interaction between the SAMP binding site in
APC with axin for the degradation complex, conformation, and stabilization [57]. The
reduction in APC truncated protein through RNA interference technology decreases the
proliferation of six types of colorectal cancer cells and decreases tumor growth in vivo [57].
On the other hand, another study suggests mechanisms that explain how the truncated
APC with CID loss promotes β-catenin deubiquitination by the reverse binding of β-TrCP
and USP7 [58].

The implications of APC for the regulation of phosphorylation, ubiquitination, degra-
dation, nuclear transport of β-catenin, and the affectation levels of the APC protein are
reflected in the Wnt pathway activation, where these mutations imply inhibition of the
degradation of β-catenin in SW480 but not in HT-29, DLD-1, and the wild type APC
HCT116 cells.

Secondly, protein levels related to the transport of substances, mainly export, as well as
cell detoxification processes between the cell lines evaluated, were reported, including high
levels of MDR1 (multidrug resistance gene) in SW480 and an undetectable protein level of
WB in HT-29 cells [38]. The MDR1 coding by the ABCB1 gene is a member of the superfamily
of ATP-binding cassette (ABC) transporters, and the inhibition effect of polyphenols has been
reported [59]. Moreover, the BCRP (breast cancer resistance protein) detected in HT-29 cells
works as an efflux pump with broad substrate recognition [60] and facilitates the detoxification
or expulsion of the treatments. This acts to reduce its effects, while a dynamic of decreased
levels of MDR1 in SW480 cells due to polyphenol treatments favors its effect by increasing the
intracellular amounts.

Furthermore, some studies have reported different levels of UDP-glucuronosyltransferases
(UGTs) in colorectal cancer cells. These UGTs are involved in the glucuronidation process that
facilitates the elimination of substances in cells, including phenolic compounds. Low levels
of UGT proteins are associated with high drug-induced toxicity, and, in contrast, a high level
of UGT is related to the loss of the bio-availability of treatments, premature glucuronidation,
and lack of efficiency [61]. In this context, different isoforms of UGT1A are expressed in HT-29
cells and not in HCT116, influencing the intracellular accumulation of tanshinone IIA (TSA),
a phytochemical from the Chinese medical herb Salvia miltiorrhiza bunge (danshen), and
reducing its antitumoral effect in HT29 cells [62]. On the other hand, HT-29 cells are resistant to
treatment with ganetespib, a specific inhibitor of HSP90, while SW480 and HCT116 cells are
susceptible to this treatment. Another study evidenced a high correlation between IC50 levels
and UGT1A expression, and this effect was reverted with UGT1A knockdown siRNA-mediated
in HT29 cells [63].

In this study, we were able to detect the activation levels of the Wnt pathway in both
cell lines by analyzing the control conditions, such as cell migration and invasion. The
Wnt pathway has been reported to be related to tumor progression, promoting migration
and invasion processes. The behavior of these phenomena is higher in untreated SW480
cells [64]. The invasion capability of multiple CRC cells was reported, and the difference in
the number of invasive cells was 49.7 for HT-29 compared to 169.5 for SW480. In addition,
the level of expression of proteins related to the invasion process, such as vimentin, N-
cadherin, and ZEB1, was very high in SW480 and low in HT-29 cells [65]. Similarly, in the
reporter assay for the evaluation of transcriptional activity, we observed that the specific
inhibitor of GSK-3β, the Wnt inducer CHIR, was much more effective in SW480 cells. In
contrast, in HT-29 cells, the activation level of the pathway was lower with the inductor
treatment, suggesting a possible mechanism of phosphorylation-ubiquitination degrada-
tion different from HT-29. This process could be related to the previously-mentioned
truncated APC protein, where APC mutations present in SW480 compromise the β-catenin
inhibitory domain (CID) [58,66]. In addition, in the controls of the immunostaining tests,
the difference in the quantity and subcellular location of β-catenin between both cell lines

257



Nutrients 2022, 14, 4880

was evident. We observed a more significant presence of nuclear β-catenin exclusively in
SW480 cells. Furthermore, our results showed that coffee polyphenol extracts and CGA
reduce the fluorescence intensity of β-catenin in SW480 cells and downregulate the cyclin
D1 expressions, suggesting a potential Wnt/b-catenin pathway modulation. This pathway
has been established as an important therapeutic target in CRC, and natural and synthetic
molecules have been established as modulators and drug candidates for prevention and
treatment strategies [67].

5. Conclusions

The study of the effect of bioactive molecules on natural products has been of great
interest, particularly regarding the polyphenols present in the diet and their effect on
CRC and the Wnt pathway. In the present study, the effect of two coffee extracts rich in
polyphenols (green coffee and toasted coffee) and CGA on the inhibition of cell viability
and modulation of the migratory and invasive properties of SW480 and HT-29 CRC cells
was demonstrated. This effect was also accompanied by the potential modulation activity
of the Wnt/β-catenin pathway, evidenced through a decrease in the expression of related
genes, CTNNB1 (which encodes for β-catenin), CDH1 (which encodes for E-cadherin),
and the Wnt pathway target gene CCND1 (which encodes for cyclin-D1). In addition,
decreased reporter activation for the TCF4 promoter and changes in β-catenin protein
fluorescence levels were observed. For all treatments, SW480 cells had a higher sensitivity
than HT-29 cells, and the activity of CGA treatments was more evident, followed by TC
and GC. These differences in sensitivity between cell lines could be related to the level of
mutations in the APC gene, which are in turn directly related to the regulation of β-catenin
and Wnt pathway modulation. In addition, the differences in the expression profiles of
proteins involved in the cellular detoxification of polyphenols contribute to the higher
impact of treatment on SW480 cells. Our results provide an exciting starting point on the
effect of polyphenols in coffee in the context of CRC and the Wnt pathway. More studies
are necessary to determine the specific regulatory mechanism of these molecules on the
pathway and the possible implications of the metabolism and the interaction with the
microbiota in the in vivo context.
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Abstract: Cocoa constitutes one of the richest sources of dietary flavonoids with demonstrated
anti-diabetic potential. However, the metabolic impact of cocoa intake in a diabetic context remains
unexplored. In this study, metabolomics tools have been used to investigate the potential metabolic
changes induced by cocoa in type 2 diabetes (T2D). To this end, male Zucker diabetic fatty rats
were fed on standard (ZDF) or 10% cocoa-rich diet (ZDF-C) from week 10 to 20 of life. Cocoa
supplementation clearly decreased serum glucose levels, improved glucose metabolism and produced
significant changes in the urine metabolome of ZDF animals. Fourteen differential urinary metabolites
were identified, with eight of them significantly modified by cocoa. An analysis of pathways revealed
that butanoate metabolism and the synthesis and degradation of branched-chain amino acids and
ketone bodies are involved in the beneficial impact of cocoa on diabetes. Moreover, correlation
analysis indicated major associations between some of these urine metabolites (mainly valine, leucine,
and isoleucine) and body weight, glycemia, insulin sensitivity, and glycated hemoglobin levels.
Overall, this untargeted metabolomics approach provides a clear metabolic fingerprint associated to
chronic cocoa intake that can be used as a marker for the improvement of glucose homeostasis in a
diabetic context.

Keywords: polyphenols; urine metabolites; type 2 diabetes; branched-chain aminoacids;
untargeted metabolomics

1. Introduction

Type 2 Diabetes (T2D) is the most prevalent metabolic disease in the world, with a
large socio-sanitary impact due to its chronic macro- and micro-vascular complications [1].
T2D is characterized by the elevation of blood glucose resulting from defects in insulin
secretion, insulin action, or both. [2]. There are several glucose-lowering drugs available
for the treatment of diabetes; however, most of them have potential adverse effects and are
not completely effective in preventing the progression of the disease [3]. Therefore, more
research in this area is crucial to develop alternative therapeutic agents or strategies that
might reduce the harmful effect of diabetes and its associated complications.

Natural products rich in phenolic compounds represent promising candidates for the
treatment of diabetes, due to their good effectiveness in glucose metabolism, and their low
cost and toxicity [4]. Particularly, flavonoids, the most abundant phenolic compounds in
fruits and vegetables, have been described as multitarget agents with great therapeutic
potential for diabetes management [5]. In this regard, cocoa constitutes one of the richest
sources of dietary flavonoids, mainly flavanols which is gaining importance in research
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since it has been proven to reduce the pathogenesis of diabetes and its complications [6].
Notably, our previous studies have demonstrated that cocoa supplementation improves the
glucose metabolism in diabetic animals [7] and has beneficial effects on associated diabetic
complications, mainly arterial stiffness [8] and nephropathy [9]. Several mechanisms have
been described as being involved in these positive outcomes [10], including a possible
prebiotic effect of cocoa [11]. However, the precise underlying mechanisms of these an-
tidiabetic actions are not fully understood. In this sense, knowing how cocoa modulates
metabolic pathways significantly affected in diabetes could be essential to further clarify its
final biological actions.

Over the last years, metabolomics approaches have been successfully applied to eval-
uate metabolite alterations related to metabolic disease, such as diabetes [12], as well as
to investigate the metabolic response to a nutritional intervention by characterizing the
disturbed metabolites between control and treated groups [13]. Untargeted metabolomic
approaches are especially useful, as they offer information on the levels of endogenous
small molecule metabolites, presented in a biological sample without a priori informa-
tion [14]. This comprehensive analysis unravels metabolite profile modifications and
detects alterations in biological pathways and biochemical processes, providing further
insight into the molecular mechanisms involved in the nutritional intervention. Particularly,
nuclear magnetic resonance (NMR) is the most common analytical technique used to reveal
profiles of metabolites involved in the tricarboxylic acid (TCA) cycle, amino acid, and
carbohydrates metabolism, all of them suggested as significant pathways disturbed in
diabetic models [15]. Indeed, the NMR study of biofluids has been proven to be useful
to investigate the anti-diabetic activity of several plants’ bioactive compounds [15–18] as
well as dietary flavonoids [19,20]. However, at present, there are no studies evaluating the
metabolic impact of cocoa consumption in a diabetic setting, which could certainly help to
better understand the mechanisms underlying its anti-diabetic activity.

Therefore, this study was aimed to identify potential metabolic changes that could
be involved in the beneficial effect of cocoa on diabetes. To this end, we have performed
an untargeted NMR-based metabolomics analysis along with a multivariate analysis in
an in vivo model of T2D, the Zucker diabetic fatty (ZDF) rats. Our strategic approach has
revealed significant differences in the urine metabolic profiles between control (ZDF) and
cocoa supplemented (ZDF-C) diabetic animals. In addition, main differential metabolites
and metabolic pathways affected by the cocoa intake in diabetic animals have been identi-
fied. Overall, these results provide new insights on the mechanism underlying the impact
of cocoa on T2D, improving the functional understanding of its anti-diabetic effects.

2. Materials and Methods

2.1. Diets, Animals, and Experimental Design

Diets were prepared from an AIN-93G formulation (Panlab S.L., Barcelona, Spain).
A 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 AIN-93G diet. The total
polyphenolic content of the cocoa powder, as determined with the Folin-Ciocalteu method,
was 2.4 g/100 g on a dry matter basis. The main cocoa flavonoids were determined by
LC-MS, as previously described [8]. Monomeric epicatechin (382.0 mg/100 g) and catechin
(115.2 mg/100 g) were the major flavanols in the extract, together with appreciable amounts
of procyanidins B1 (35.2 mg/100 g) and B2 (132.2 mg/100 g). The resulting cocoa diet was
isoenergetic and its composition is given in Supplementary Table S1.

Male ZDF rats and their Zucker lean controls (ZL) were purchased from Charles River
Laboratories (L’arbresle, France) at 9 weeks of age. Animals were acclimated for one week
under standard controlled conditions (21 ◦C ± 1 ◦C; 12 h day/night cycle). After that, the
ZDF rats were randomly sorted into two groups (eight animals per group) that received the
standard AIN-93G diet (ZDF), or the same control diet supplemented with 10% of cocoa
(ZDF-C), for 10 weeks. The lean Zucker rats (ZL) (n = 6) received the standard AIN-93G
diet. During the experiment, food and water were available ad libitum. Body weight and

264



Nutrients 2022, 14, 4127

blood glucose in overnight fasted animals were followed weekly during the entire study
and food intake was monitored three times per week. The 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).

2.2. Biochemical Determinations

At 20 weeks of age, the animals were fasted overnight, and blood samples were
collected for biochemical analysis. Blood glucose was determined using an Accounted
Glucose Analyser (LifeScan España, Madrid, Spain). Serum insulin and Hb1Ac were
analyzed with ELISA kits (Rat Insulin, Mercodia, Uppsala, Sweden; HbA1c Kit Spinreact,
BioAnalitica, Madrid, Spain). The fasting plasma concentrations of both glucose and insulin
were used to calculate the indices of homeostatic model assessment of the insulin resistance
(HOMA-IR) and insulin secretion (HOMA-B) according to the following formulas: HOMA-
IR = fasting insulin (mU/mL) X fasting glucose (mM)/22.5 and HOMA-B = 20 X fasting
insulin (mU/mL)/[fasting glucose (mM) − 3.5], respectively. Triacylglycerols (TG), HDL-
Cholesterol and LDL-Cholesterol were determined in serum by kits (BioSystems, Madrid,
Spain) as described elsewhere [8].

One week before the end of the study, a glucose tolerance test was performed. Briefly,
after overnight fasting, 35% glucose solution (2 g/kg of body weight) (Sigma Chemical,
Madrid, Spain) was administrated to the rats by intraperitoneal injection. Blood samples
were obtained from the tail vein before the glucose load (t = 0) and at, 30, 60, 90, and 120 min,
after the glucose administration and glucose levels were measured using an Accounted
Glucose Analyzer (LifeScan España, Madrid, Spain). The integrated glucose response (area
under the curve, AUC) over a period of 120 min after glucose overload was also calculated.

2.3. Preparation of Urine Samples and NMR Analysis

The 23 h urine samples were collected by means of metabolic cages at the end of the
experiment, and were prepared and analyzed using standardized and optimized protocols,
as previously described [21]. Briefly, the urine samples were thawed at room temperature
before 540 μL of urine was mixed with 60 μL of buffer (KH2PO4, 1.5 M, pH 7.4 made up in
2H2O) containing 5.8 mM mM trimethylsilyl propionate (TSP) and 2 mM NaN3. Following
centrifugation (12,000× g, 4 ◦C, 5 min) to remove solids, 550 μL of sample were transferred
into 5 mm SampleJet NMR tubes and immediately loaded onto a refrigerated SampleJet
robot (Bruker Biospin, Germany) and maintained at 4 ◦C until NMR analysis

The NMR area associated with the concentration of each metabolite was obtained after
the spectral analysis by using an in-house lineshape fitting based on an algorithm developed
to deconvolute the pre-processed NMR spectra by using Lorentzian and Gaussian functions
to minimize the fitting error. The NMR areas were transformed into concentration units
by using specific conversion factors depending on the proton numbers of the molecular
structure generating the signal and a TSP internal standard as previously described [22].
Finally, the metabolite concentrations were normalized by using PQN normalization [23]
to avoid urine dilution effects. Resonances assignment and metabolite identification was
verified using the Chenomx and the Human Metabolome Database (HMDB).

2.4. Statistical and Multivariate Analysis

The data from biochemical parameters 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. All the data were presented as mean ± standard deviation (SD).
For the metabolomics study, the median and interquartile range concentration of each
metabolite was compared by using non-parametric Wilcoxon rank-sum text. A GraphPad
Prism version 8.00 (GraphPad software, Inc., La Jolla, CA, USA) was used. The level of
significance was p < 0.05.
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Multivariate analysis was used to analyze the metabolomics differences of urine of
the different groups. Principal components analysis (PCA) was performed to describe
the metabolic profiles among groups. This unsupervised method allows us to identify
the maximum number of uncorrelated principal components that together explain the
maximum amount of variance in the NMR metabolomic data set. Prior to running the
PCA, we auto scaled the input data and then transformed to create a composite score for
each principal component. The loading analysis of the principal components was used
to identify the most relevant molecular components. Orthogonal partial least squares
discriminant analysis (OPLS-DA) was applied as the supervised regression modelling for
discriminating groups. The validity of the models against overfitting was estimated by
the parameter R2Y, and the predictive ability was described by Q2 values. Furthermore,
the differential metabolites of variable importance in the projection (VIP) from the OPLS-
DA were utilized to screen the biomarkers. Relationship strength between differential
metabolites and physiological parameters was assessed using the two tailed Pearson’s
correlation test. The correlation was considered significant when the absolute value of
Pearson’s correlation coefficient r was > 0.5. Finally, identified metabolites were submitted
to the metabolite set enrichment analysis (MSEA) module in MetaboAnalyst 5.0 using
HMDB identifiers. The Kyoto Encyclopedia of Genes and Genomes (KEGG) was used
as input.

3. Results

3.1. Effect of Cocoa Supplementation on Physiological Parameters

The metabolic characteristics of the ZL and ZDF animals are shown in Table 1. At
20 weeks of life, the body weight of ZDF and ZDF-C rats were significantly increased as
compared to non-diabetic ZL animals. Likewise, both ZDF groups showed hyperglycemia,
hyperinsulinemia, increased HbA1c levels, and glucose intolerance (AUC), which con-
firmed their hyperphagic and diabetic state. However, all these parameters were signifi-
cantly improved in diabetic animals that were supplemented with cocoa. Moreover, cocoa
intake was also effective in reducing insulin resistance (HOMA-IR) and glucose intolerance
(AUC) in ZDF rats, as well as increasing beta-cell function (HOMA-B). On the contrary, the
serum levels of HDL-Cholesterol, LDL-Cholesterol, and TG, were significantly elevated in
both ZDF groups in comparison to the ZL group, and there were no differences between
those animals fed with standard (ZDF) or with cocoa diet (ZDF-C). These results indicate
that a cocoa rich diet significantly improved glucose homeostasis but not lipid profile, in
20-weeks old ZDF rats.

Table 1. Biological parameters of Zucker lean rats (ZL), Zucker diabetic fatty rats fed with control diet for
10 weeks (ZDF), and Zucker diabetic fatty rats fed with cocoa diet for 10 weeks (ZDF-C). Data represent
the means ± SD of 6–8 animals. Different letters denote statistically significant differences, p < 0.05.

ZL ZDF ZDF-C

Body weight (g) 329 ± 41 a 444 ± 82 b 400 ± 12 c

Glucose levels (mg/dL) 86 ± 90 a 238 ± 71 b 118 ± 11 c

Insulin levels (ng/mL) 0.40 ± 0.02 a 4.36 ± 0.50 b 1.14 ± 0.22 c

HbA1c (%) 4.38 ± 0.19 a 10.40 ± 1.58 b 6.09 ± 0.79 c

AUC (mmol/L/min) 1803 ± 96 a 4044 ± 60 b 3049 ± 33 c

HOMA IR 2.60 ± 0.20 a 90.96 ± 14.26 b 12.22 ± 1.36 c

HOMA B 149.81 ± 22.21 a 169.52 ± 46.20 a 227.83 ± 14.32 b

TG (mmol/L) 0.39 ± 0.09 a 2.74 ± 0.24 b 2.87 ± 0.31 b

HDL-Cholesterol (mmol/L) 2.27 ± 0.22 a 2.85 ± 0.37 b 3.08 ± 0.32 b

LDL-Cholesterol (mmol/L) 0.92 ± 0.09 a 2.28 ± 0.33 b 2.82 ± 0.31 c

3.2. Metabolic Analysis of Urine Samples

An untargeted approach using 1H-NMR techniques was used to explore the metabolomics
changes in the urine of ZL, ZDF and ZDF-C animals. A total of 37 metabolites were identified
and quantified in the urine of lean and diabetic rats (Supplementary Table S2). A representative
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1H-NMR spectrum of one of the urine samples with the metabolite assignment is shown in
Supplementary Figure S1.

To obtain a preliminary understanding of the overall differences in metabolites be-
tween groups, and the degree of variability among the samples within the group, we
achieved an exploratory PCA on the entire dataset. As shown in Figure 1A, the first two
components (PC1 and PC2) were enough to identify specific group molecular characteris-
tics, explaining 55% of the variance in the data (37% and 18%, respectively). PC1 showed
a clear separation among non-diabetic ZL and the two diabetic groups, driven by higher
concentration of creatinine, 2-oxoisocaproate and nicotinamide-N-oxide in the ZL group,
together with a lower concentration of glucose and 4-hydroxy phenylacetate (Figure 1B).
On the other side, PC2 was not enough to separate ZDF-C and ZDF groups, but it can be
achieved using PC1 and PC2 together. Altogether, our results strongly indicated that cocoa
supplementation modify the urinary metabolic profile of ZDF diabetic animals.

Figure 1. (A) Principal components analysis (PCA) score plots from urine samples from normal lean
(ZL), diabetic (ZDF), and cocoa-supplemented diabetic (ZDF-C) rats, at 20 weeks of life. (B) Loading
plot of PC1.

3.3. Identification of Potential Biomarkers Associated with the Cocoa Ingestion in ZDF Rats

Based on this initial observation, the OPLS-DA supervised method was employed
to explain the differences caused by cocoa intake in diabetic Zucker rats. As shown in
Figure 2A, a clear separation between the two groups (ZDF and ZDF-C) was observed as
demonstrated by the OPLS-DA scores scatter plot. Moreover, R2Y and Q2 parameters were
relatively high with good predictive ability and reliability (R2Y = 0.812 and Q2 = 0.729,
respectively), which was able to manifest the changed trend in metabolites between groups.
In order to discover the potential metabolites contributing to the group classification, the
variable importance in the projection (VIP) values of the obtained multivariate analysis
OPLS-DA model was used. Establishing a cut-off VIP values above 1.0 and the significance
level p < 0.05, we found 14 endogenous metabolites that could be identified as potential
biomarkers (Figure 2B). For the cocoa intake, the most common metabolites enrichment
were valine, isoleucine, leucine, 2-oxoglutarate, alanine, and hippurate. On the other
hand, 3-indolelsulfate, D_unknow4 metabolite, acetoacetate, urea, 4-hidroxyphenillactate,
suberate, formate, and glucose, were enriched in the diabetic control rats.
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Figure 2. (A) Orthogonal partial least squares discriminant analysis (OPLS-DA) score plots from
urine samples of diabetic (ZDF) and cocoa-supplemented diabetic (ZDF-C) rats at 20 weeks of life.
(B) VIP values derived from OPLS-DA. The blue and red boxes on the right indicate whether the
mean metabolite abundance is increased (red) or decreased (blue) in ZDF-C vs. ZDF.

For these 14 metabolites, we further assessed their differential urine concentration
between groups, yielding eight metabolites (valine, leucine, isoleucine, acetoacetate, urea,
hippurate, 3- indolelsulfate, and D_unknow4) that were significantly modified by the cocoa
intake (Figure 3).

Figure 3. Altered urine metabolites between the diabetic (ZDF) and cocoa-supplemented diabetic
(ZDF-C) rats at 20 weeks of life: (A) valine, (B) leucine, (C) isoleucine, (D) acetoacetate, (E) urea,
(F) hippurate, (G) 3- indolelsulfate, and (H) D_unknow4 metabolite levels. Data represent the
means ± SD of 6–8 animals. Different letters denote statistically significant differences, p < 0.05.
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3.4. Correlation Analysis between Urine Metabolites and Biomarkers Associated with Cocoa Intake

Next, we investigate the relationship between the significant metabolites identified
in the urine of diabetic animals and the clinical parameters related to glucose and lipid
metabolisms. To this end, a Pearson’s correlation analysis was conducted. The results were
presented as a correlation heatmap, where green color indicates a positive correlation and
red color indicates a negative one (Figure 4). A significant positive association was found
between the levels of acetoacetate, 3-indolelsulfate, and the D_unknown4 metabolite and in-
creased body weight, glycaemia, and HbA1c, as well as with insulin resistance (HOMA-IR)
and glucose intolerance (AUC). However, valine and isoleucine were negatively correlated
with all these parameters. Likewise, the levels of leucine showed significantly negative
correlations with glucose, HbA1c, and AUC. The results also showed that urea exhibited
a positive and significant association with the increased levels of glucose and HbA1c.
Interestingly, hippurate levels, despite of all the other metabolites, were positively linked
with an increase in the beta cell function (HOMA-B). On the other hand, increased LDL
levels were positively associated with valine, isoleucine, and leucine.

Figure 4. Heatmap of correlation between the main significantly altered urine metabolites and
biochemical biomarkers related to diabetes. Pearson correlation values were used for the matrix.
Green color indicates a positive correlation, whereas red color indicates a negative correlation; the
intensity of the color represents the degree of association. * Represents adjusted p < 0.05.

3.5. Analysis of Biomarker Networks and Reconstruction of Metabolic Pathways

To further explore the metabolic pathways associated to the cocoa intake in diabetic ani-
mals, we performed a metabolite set enrichment analysis (MSEA) using the KEGG database
as a framework (MetaboAnalyst 5.0). The enriched analysis showed the main metabolic
routes modulated by the cocoa intake under diabetic conditions (Figure 5). Among them,
butanoate metabolism, valine, leucine, and isoleucine degradation and biosynthesis, pan-
tothenate and CoA biosynthesis, and synthesis and degradation of ketone bodies, were
significantly enriched (p < 0.05) (Table 2). Therefore, these pathways represent the potential
targeted pathways of cocoa intake in the diabetic condition. Based on the above results, a
correlation network graph responding to the cocoa intake was constructed (Figure 6).
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Figure 5. Metabolite set enrichment analysis of significantly altered urine metabolites according to
the KEGG database.

Table 2. Top pathways enriched with metabolites having significantly altered abundance in Zucker dia-
betic fatty rats fed with cocoa diet (ZDF-C), as identified by the pathway analysis using MetaboAnalyst.

Top Pathways Total Compounds Hits p Value FDR * Metabolites Identified

Butanoate metabolism 15 2 0.0015 0.026 Acetoacetate, 2-oxoglutarate

Valine, leucine and isoleucine
degradation 40 5 0.0023 0.026

Isoleucine, Leucine, Valine,
Acetoacetate,

4-Methyl-2-oxopentanoate

Pantothenate and CoA
biosynthesis 19 1 0.0032 0.026 Valine

Synthesis and degradation of
ketone bodies 5 1 0.0051 0.031 Acetoacetate

Valine, leucine and isoleucine
biosynthesis 8 5 0.01 0.047 Isoleucine, Leucine, Valine,

Threonine, Acetoacetate,

Aminoacyl-tRNA biosynthesis 48 5 0.019 0.047 Isoleucine, Leucine, Valine,
Alanine, Lysine

* FDR is the p value adjusted using False Discovery Rate.
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Figure 6. Schematic representation depicting the interrelationships of the disturbed metabolic path-
ways identified by 1H NMR urine analysis. Green (significantly increased), and red (not significantly
increased), as compared to ZDF (p < 0.05 is significant).

4. Discussion

The anti-diabetic potential of cocoa has previously been described both in pre-diabetic [7]
and in diabetic ZDF animals [8]. Cocoa exerts these beneficial effects via multiple mechanisms,
including antioxidant and anti-inflammatory effects, as well as by increasing both insulin
secretion and insulin action [10]. Likewise, cocoa intake can modify the composition of
the gut microbiota in ZDF rats, and these changes have been closely associated with the
improved glucose homeostasis [11]. Herein, we show for the first time that chronic cocoa
supplementation for 10 weeks significantly modified the urinary profile of diabetic fatty rats.
These findings are in concordance with those of Massot-Cladera et al. [24] who exposed that
the consumption of a cocoa-rich diet for 3 weeks resulted in a different urinary metabolic
pattern in normal Wistar rats. In contrast, in a recent human intervention study, chronic
consumption ofprocyanidin-rich cocoa (10 weeks) was found to have a marginal impact on
serum metabolome in male endurance athletes [25]. Likewise, the biological response of a
free-living population to the daily consumption of dark chocolate for two weeks only had a
significant metabolic impact in subjects with essential high anxiety [26]. Together, these data
seem to indicate that the effects of cocoa on the human metabolome are highly dependent
on the stress situations of individuals, highlighting the beneficial implications of cocoa on
the metabolic response to stress. According to this, our results further support the positive
effects of the cocoa consumption on stress-associated metabolic abnormalities, like those that
appear in animals with diabetes.

In the present study, we applied NMR-based metabolomics and multivariate analysis,
including PCA and OPLS-DA, to study the metabolic profile of ZDF rats and discriminate
the protective effect of a cocoa-rich diet. A total of 14 potential biomarkers associated with
diabetes and obesity were identified, which were related to disturbed metabolic pathways
involving valine, leucine and isoleucine biosynthesis, synthesis and degradation of ketone
bodies, butanoate metabolism, pantothenate and CoA biosynthesis and aminoacyl-tRNA
biosynthesis, among others. The chronic supplementation of diet with 10% of cocoa powder
interfered in these metabolic pathways by restoring potential biomarkers back to normality
or even improving them, which might be part of the protective mechanism of cocoa on the
disrupted diabetic metabolism.
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Overt diabetes is characterized by an increased conversion of proteins into glucose via
hepatic gluconeogenesis, contributing to worsen the hyperglycemia. In agreement, many
reports have shown a positive correlation between insulin resistance and elevated plasma
levels of branched chain amino acids (BCAAs, such as valine, leucine, isoleucine) [27–29].
The mechanistic explanation for this correlation seems to include an enhanced turnover of
BCAAs, rather than an increase in their biosynthesis [28]. Moreover, blood accumulation
of BCAAs leads by itself to the development of further insulin resistance [27,30], whereas
the decreased dietary consumption of BCAAs without calorie restriction enhances energy
expenditure and improves insulin sensitivity in mice [31].

However, not many studies have examined the level of amino acids in the urine of
diabetic patients. Salek et al. [32] showed in db/db diabetic mice a decrease in the ex-
cretion of several amino acids, including valine and leucine. Interestingly, an increase of
the amino acid concentration in the urine has been reported in diabetic patients follow-
ing rosiglitazone treatment [33], suggesting that this change could be associated to the
pharmacological treatment that, by reducing insulin resistance, also decreases the demand
for amino acids as substrates for gluconeogenesis. Likewise, urinary metabolomic data
indicate that physical activity improves insulin sensitivity in diabetic patients and raises
BCAA excretion [34]. In the present study, we have observed an inverse correlation be-
tween the urine concentration of BCAAs, mainly valine and isoleucine, with body weight,
HOMA-IR and glucose tolerance test AUC. Therefore, the increased amino acid excretion
observed in cocoa-fed diabetic rats is suggestive of a less active hepatic gluconeogenesis
and, accordingly, improvedperipheral sensitivity to insulin [35].

Consistent with the common increased protein breakdown in diabetic patients [32,36],
the high levels of urea, the final product of amino acid catabolism, were also present in ZDF
urinary samples in comparison with non-diabetic rats, but cocoa administration entirely
normalized this parameter. The mechanism involved in this phenomenon might include
the amelioration of insulin resistance and the improvement of insulin production and
secretion, as we have previously described [7].

In addition, leucine and isoleucine are also considered ketogenic amino acids since
they are degraded entirely or in part into acetoacetyl-CoA and/or acetyl-CoA. In the liver,
acetoacetyl-CoA is converted to acetoacetate and then to acetone and β-hydroxybutyrate.
Their ability to form ketone bodies is particularly evident in inadequately controlled
diabetes, in which the liver produces large amounts of ketone bodies from both fatty acids
and the ketogenic amino acids. In contrast, by observing the reduction of acetoacetate in
the urine of ZDF-C rats, we can speculate that the cocoa rich-diet is able to prevent the
enhancement of ketone body synthesis associated to insulin resistant states. Moreover, the
low levels of urinary acetoacetate in the present study are correlated with the low levels of
T2D biomarkers, such as, body weight, glycemia, insulinemia, HbA1c, HOMA-IR values,
or glucose intolerance.

Interestingly, metabolite enrichment analyses and KEGG pathway map also revealed
significant differing metabolites belonging to the butanoate metabolism, including not
only acetoacetate but also 2-oxoglutarate. Butanoate metabolism, also known as butyrate
metabolism, outlines the metabolic destiny of short-chain fatty acids or short-chain alcohols
produced by the intestinal bacterial fermentation of fiber. Many of these molecules are
ultimately used in the production of ketone bodies, as the aforementioned acetoacetate,
the synthesis of lipids, or as precursors of the tricarboxylic acid (TCA) cycle or glutamate
synthesis. The supplementation of diet for 10-weeks with cocoa significantly increased
urine 2-oxoglutarate levels in ZDF rats compared with the values observed in ZL animals
(p = 0.001), but not in ZDF rats receiving the standard diet. Thus, the increased presence
of 2-oxoglutarate, one of the most important TCA cycle intermediates, may be due to
an enhancement in overall mitochondrial biogenesis induced by the cocoa, or increased
TCA substrate availability related to the previously mentioned amelioration of ketogenesis
and gluconeogenesis. The effects of cocoa and its constituents on energy metabolism
have been extensively studied [24,26] with dissimilar results. Massot-Cladera et al. [24]
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observed that the administration of a diet containing 10% cocoa to healthy Wistar rats
decreased urinary excretion of energy intermediates, such as citrate, 2-oxoglutarate, and
N-methylnicotinamide, which is opposite to our current data obtained in diabetic rats.
These differential results highlight that the effects of cocoa intake on health are highly
determined by the (patho)physiological state of individuals.

Moreover, diabetic rats receiving the cocoa-rich diet also excreted greater amounts
of the glycine conjugate of benzoic acid, hippurate, compared with those receiving the
standard diet. Although hippurate is a normal constituent of the endogenous urinary
metabolite profile, enhanced excretion has been associated with gut microbial metabolism
of polyphenol-rich components of the diet, such as vegetables, tea, coffee [37,38], and
cocoa [24]. It has been proposed that, in addition to the availability of precursors in the
diet, the absence or presence of urinary hippurate is also influenced by variations of the
intestinal microbiota. In agreement, we and others have previously described a marked
gut dysbiosis in ZDF rats [11,39], whereas chronic cocoa supplementation modified the
gut microbiota to a healthier profile in diabetic rats [11]. Interestingly, decreased hippurate
excretion was found in a 1H-NMR-based metabonomic analysis of urine samples from
obese individuals [40] or type 2 diabetic patients [32], as well as in Zucker (fa/fa) obese
rats compared to Zucker (fa/-) lean controls [32]. On the contrary, weight loss has been
linked to higher hippurate excretion in both humans [40] and animals [41]. Consistent
with this, we have described that a cocoa-rich diet is able to reduce the body weight of
ZDF rats without modifying the daily food intake, probably by variations in the activity
of gut microbiota and basal energy expenditure [11]. The beneficial effects of increased
hippurate production on glucose metabolism needs further studies, but it has been reported
that its precursor, hippuric acid, potentiates glucose stimulated insulin secretion from beta
cells [42], which is in agreement with the positive correlation observed herein between
hippurate and HOMA-B values.

Conversely, cocoa-fed diabetic rats excreted lower amounts of other metabolites aris-
ing from gut microbial-host metabolism, such as 3-indolesulfate, a derived product of
tryptophan [43]. The study of Dou et al. [44] showed that the uremic solute 3-indolesulfate
was able to cause oxidative stress in endothelial cells by increasing nicotinamide ade-
nine dinucleotide phosphate (NADPH)-oxidase activity and ROS production. Obesity
and diabetes are considered chronic inflammatory diseases closely related with oxidative
stress [45], and cocoa consumption has long been demonstrated to have antioxidant effects
and to improve the metabolic profile in diabetes [6,8]. Mechanistically, we previously
reported that cocoa intake prevented ROS production through downregulating the protein
expression of NADPH oxidase in ZDF rat aorta, which may be beneficial in decreasing the
risk of the cardiovascular disease associated to diabetes [8]. Thus, our present results, in
agreement with those of other authors [24], indicate that the reduced urinary concentration
of 3-indolesulfate observed in ZDF-C rats reflects the antioxidant capacity of cocoa.

5. Conclusions

This study shows, for the first time, that a controlled and realistic supplementation of
diet with cocoa powder induced changes in the urinary metabolome of diabetic animals
(Figure 6). The use of a holistic approach, such as untargeted metabolomics, allowed us
to disclose how cocoa can modulate the endogenous metabolism, thus providing further
insights into the positive effects that chronic cocoa intake has in a diabetic context.

Specifically, the novelty of this study is that the treatment of diabetic animals with
cocoa markedly increased urinary BCAAs levels, while reducing acetoacetate values,
possibly indicating a decrease in gluconeogenesis as well as in ketogenesis and, therefore,
an improvement of insulin sensitivity and glycemic control (Figure 6). It is conceivable
that improved insulin action would also lead to the stimulation of protein synthesis and
the further reduction of circulating BCAAs. Since BCAA catabolic intermediates feed into
other metabolic pathways, such as the TCA cycle, when in excess, BCAAs may disturb the
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mitochondrial function. Consequently, it is reasonable to infer that cocoa’s beneficial effects
could be due in part to its impact on energy metabolism.

Finally, it is worth noting that while the ZDF rats have an obesity phenotype, not all
changes observed in this model may be generalizable to the entire human forms of T2D.
Additional studies are needed to determine which of these pathways and changes observed
in this model, in addition to an elevation of BCAA excretion, are also observed in humans.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu14194127/s1, Table S1: composition of the experimental control
and cocoa-rich diets. Table S2: metabolites identified in the urine of lean and diabetic rats. Figure S1:
representative 600-MHz 1H-NMR spectrum of a urine sample including metabolite assignment.

Author Contributions: Conceptualization, M.Á.M. and E.F.-M.; data curation, S.S., N.A. and X.C.;
formal analysis, S.S., N.A., D.Á.-C. and M.C.; funding acquisition, M.Á.M., E.F.-M., S.R. and C.Á.;
investigation, M.Á.M., D.Á.-C. and S.R.; methodology, M.Á.M., D.Á.-C. and S.R.; project administration,
M.Á.M., E.F.-M., S.R. and C.Á.; writing original draft M.Á.M. and E.F.-M.; writing—review and editing
M.Á.M., E.F.-M. and S.R. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the grant RTI2018-095059-B-I00 and PID2020-116134RB-I00
and funded by MCIN/AEI/10.13039/501100011033/ and by “ERDF A way of making Europe”.

Institutional Review Board Statement: All the experiments were conducted according to the Euro-
pean Union (2010/63/EU) and Spanish (RD 53/2013) legislation and with the approval of the Animal
Care and Use Committee of the Community of Madrid (PROEX 304/15).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request to the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. International Diabetes Federation. IDF Diabetes Atlas, 10th ed.; International Diabetes Federation: Brussels, Belgium, 2021;
Available online: https://www.diabetesatlas.org (accessed on 21 March 2020).

2. American Diabetes Association; Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes. Diabetes Care
2021, 44, S15–S33.

3. Palanisamy, S.; Yien, E.L.H.; Shi, L.W.; Si, L.Y.; Qi, S.H.; Ling, L.S.C.; Lun, T.W.; Chen, Y.N. Systematic review of efficacy and
safety of newer antidiabetic drugs approved from 2013 to 2017 in controlling HbA1c in diabetes patients. Pharmacy 2018, 6, 57.
[CrossRef] [PubMed]

4. Márquez Campos, E.; Jakobs, L.; Simon, M.-C. Antidiabetic Effects of Flavan-3-ols and Their Microbial Metabolites. Nutrients
2020, 12, 1592. [CrossRef]

5. Dinda, B.; Dinda, M.; Roy, A.; Dinda, S. Dietary plant flavonoids in prevention of obesity and diabetes. Adv. Protein Chem. Struct.
Biol. 2020, 120, 159–235.

6. Ramos, S.; Martín, M.A.; Goya, L. Effects of Cocoa Antioxidants in Type 2 Diabetes Mellitus. Antioxidants 2017, 6, 84. [CrossRef] [PubMed]
7. Fernández-Millán, E.; Cordero-Herrera, I.; Ramos, S.; Escrivá, F.; Alvarez, C.; Goya, L.; Martín, M.A. Cocoa-rich diet attenuates

beta cell mass loss and function in young Zucker diabetic fatty rats by preventing oxidative stress and beta cell apoptosis. Mol.
Nutr. Food Res. 2015, 59, 820–824. [CrossRef] [PubMed]

8. Álvarez-Cilleros, D.; López-Oliva, M.E.; Morales-Cano, D.; Barreira, B.; Pérez-Vizcaíno, F.; Goya, L.; Ramos, S.; Martín, M.A.
Dietary cocoa prevents aortic remodeling and vascular oxidative stress in diabetic rats. Mol. Nutr. Food Res. 2019, 30, e1900044.
[CrossRef] [PubMed]

9. Álvarez-Cilleros, D.; López-Oliva, E.; Goya, L.; Martín, M.A.; Ramos, S. Cocoa intake attenuates renal injury in Zucker Diabetic
fatty rats by improving glucose homeostasis. Food Chem. Toxicol. 2019, 127, 101–109. [CrossRef]

10. Martín, M.A.; Goya, L.; Ramos, S. Antidiabetic actions of cocoa flavanols. Mol. Nutr. Food Res. 2016, 60, 1756–1769. [CrossRef]
11. Álvarez-Cilleros, D.; Ramos, S.; López-Oliva, M.E.; Escrivá, F.; Álvarez, C.; Fernández-Millán, E.; Martín, M.A. Cocoa diet modulates

gut microbiota composition and improves intestinal health in Zucker diabetic rats. Food Res. Int. 2020, 132, 109058. [CrossRef]
12. Arneth, B.; Arneth, R.; Shams, M. Metabolomics of Type 1 and Type 2 Diabetes. Int. J. Mol. Sci. 2019, 20, 2467. [CrossRef] [PubMed]
13. Zhang, A.; Sun, H.; Wang, P.; Han, Y.; Wang, X. Recent and potential developments of biofluid analyses in metabolomics. J.

Proteome 2012, 75, 1079–1088. [CrossRef] [PubMed]
14. Klassen, A.; Faccio, A.T.; Canuto, G.A.; da Cruz, P.L.; Ribeiro, H.C.; Tavares, M.F.; Sussulini, A. Metabolomics: Definitions and

significance in systems biology. Adv. Exp. Med. Biol. 2017, 965, 3–17. [PubMed]

274



Nutrients 2022, 14, 4127

15. Hasanpour, M.; Iranshahy, M.; Iranshahi, M. The application of metabolomics in investigating anti-diabetic activity of medicinal
plants. Biomed. Pharmacother. 2020, 128, 110263. [CrossRef] [PubMed]

16. Sajak, A.A.B.; Mediani, A.; Dom, N.S.M.; Machap, C.; Hamid, M.; Ismail, A.; Khatib, A.; Abas, F. Effect of Ipomoea aquatica
ethanolic extract in streptozotocin (STZ) induced diabetic rats via 1H NMR-based metabolomics approach. Phytomedicine 2017, 36,
201–209. [CrossRef]

17. Azam, A.A.; Pariyani, R.; Ismail, I.S.; Ismail, A.; Khatib, A.; Abas, F.; Shaari, K. Urinary metabolomics study on the protective
role of Orthosiphon stamineus in Streptozotocin induced diabetes mellitus in rats via 1H NMR spectroscopy. BMC Complement.
Altern. Med. 2017, 17, 278. [CrossRef]

18. Mediani, A.; Abas, F.; Maulidiani, M.; Khatib, A.; Tan, C.P.; Ismail, I.S.; Shaari, K.; Ismail, A.; Lajis, N. Metabolic and biochemical
changes in streptozotocin induced obese-diabetic rats treated with Phyllanthus niruri extract. J. Pharm. Biomed. Anal. 2016, 128,
302–312. [CrossRef]

19. Chen, K.; Wei, X.; Zhang, J.; Pariyani, R.; Jokioja, J.; Kortesniemi, M.; Linderborg, K.M.; Heinonen, J.; Sainio, T.; Zhang, Y.; et al.
Effects of Anthocyanin Extracts from Bilberry (Vaccinium myrtillus L.) and Purple Potato (Solanum tuberosum L. Var. ‘Synkeä
Sakari’) on the Plasma Metabolomic Profile of Zucker Diabetic Fatty Rats. J. Agric. Food Chem. 2020, 68, 9436–9450. [CrossRef]

20. Singh, A.K.; Raj, V.; Keshari, A.K.; Rai, A.; Kumar, P.; Rawat, A.; Maity, B.; Kumar, D.; Prakash, A.; De, A.; et al. Isolated
mangiferin and naringenin exert antidiabetic effect via PPARγ/GLUT4 dual agonistic action with strong metabolic regulation.
Chem. Biol. Interact. 2018, 280, 33–44. [CrossRef]

21. Dona, A.C.; Jiménez, B.; Schäfer, H.; Humpfer, E.; Spraul, M.; Lewis, M.R.; Pearce, J.T.M.; Holmes, E.; Lindon, J.C.; Nicholson, J.K.
Precision high-throughput proton NMR spectroscopy of human urine, serum, and plasma for large-scale metabolic phenotyping.
Anal. Chem. 2014, 86, 9887–9894. [CrossRef]

22. Serkova, N.; Fuller, T.F.; Klawitter, J.; Freise, C.E.; Niemann, C.U. 1H-NMR–based metabolic signatures of mild and severe
ischemia/reperfusion injury in rat kidney transplants. Kidney Int. 2005, 67, 1142–1151. [CrossRef] [PubMed]

23. Dieterle, F.; Ross, A.; Schlotterbeck, G.; Senn, H. Probabilistic quotient normalization as robust method to account for dilution of
complex biological mixtures. Application in 1H NMR metabonomics. Anal Chem. 2006, 78, 4281–4290. [CrossRef] [PubMed]

24. Massot-Cladera, M.; Mayneris-Perxachs, J.; Costabile, A.; Swann, J.R.; Franch, À.; Pérez-Cano, F.J.; Castell, M. Association
between urinary metabolic profile and the intestinal effects of cocoa in rats. Br. J. Nutr. 2017, 117, 623–634. [CrossRef]

25. Tabone, M.; García-Merino, J.A.; Bressa, C.; Guzman, N.E.R.; Rocha, K.H.; Chu Van, E.; Castelli, F.A.; Fenaille, F.; Larrosa,
M. Chronic Consumption of Cocoa Rich in Procyanidins Has a Marginal Impact on Gut Microbiota and on Serum and Fecal
Metabolomes in Male Endurance Athletes. J. Agric. Food Chem. 2022, 70, 1878–1889. [CrossRef] [PubMed]

26. Martin, F.P.; Rezzi, S.; Peré-Trepat, E.; Kamlage, B.; Collino, S.; Leibold, E.; Kastler, J.; Rein, D.; Fay, L.B.; Kochhar, S. Metabolic
effects of dark chocolate consumption on energy, gut microbiota, and stress-related metabolism in free-living subjects. J. Proteome
Res. 2009, 8, 5568–5579. [CrossRef] [PubMed]

27. Jang, C.; Oh, S.F.; Wada, S.; Rowe, G.C.; Liu, L.; Chan, M.C.; Rhee, J.; Hoshino, A.; Kim, B.; Ibrahim, A.; et al. A branched-chain
amino acid metabolite drives vascular fatty acid transport and causes insulin resistance. Nat. Med. 2016, 22, 421–426. [CrossRef]

28. Menni, C.; Fauman, E.; Erte, I.; Perry, J.R.; Kastenmuller, G.; Shin, S.Y.; Petersen, A.K.; Hyde, C.; Psatha, M.; Ward, K.J.; et al.
Biomarkers for type 2 diabetes and impaired fasting glucose using a nontargeted metabolomics approach. Diabetes 2013, 62,
4270–4276. [CrossRef]

29. Wang, T.J.; Larson, M.G.; Vasan, R.S.; Cheng, S.; Rhee, E.P.; McCabe, E.; Lewis, G.D.; Fox, C.S.; Jacques, P.F.; Fernandez, C.; et al.
Metabolite profiles and the risk of developing diabetes. Nat. Med. 2011, 17, 448–453. [CrossRef]

30. Bloomgarden, Z.J. Diabetes and branched-chain amino acids: What is the link? Diabetes 2018, 10, 350–352. [CrossRef]
31. Cummings, N.E.; Williams, E.M.; Kasza, I.; Konon, E.N.; Schaid, M.D.; Schmidt, B.A.; Poudel, C.; Sherman, D.S.; Yu, D.; Arriola

Apelo, S.I.; et al. Restoration of metabolic health by decreased consumption of branched-chain amino acids. J. Physiol. 2018, 596,
623–645. [CrossRef]

32. Salek, R.M.; Maguire, M.L.; Bentley, E.; Rubtsov, D.V.; Hough, T.; Cheeseman, M.; Nunez, D.; Sweatman, B.C.; Haselden, J.N.;
Cox, R.D.; et al. A metabolomic comparison of urinary changes in type 2 diabetes in mouse, rat, and human. Physiol. Genom.
2007, 29, 99–108. [CrossRef] [PubMed]

33. Van Doorn, M.; Kemme, M.; Ouwens, M.; van Hoogdalem, E.J.; Jones, R.; Romijn, H.; de Kam, M.; Schoemaker, R.; Burggraaf, K.;
Cohen, A. Evaluation of proinflammatory cytokines and inflammation markers as biomarkers for the action of thiazolidinediones
in Type 2 diabetes mellitus patients and healthy volunteers. Br. J. Clin. Pharmacol. 2006, 62, 391–402. [CrossRef] [PubMed]

34. Benetti, E.; Liberto, E.; Bressanello, D.; Bordano, V.; Rosa, A.C.; Miglio, G.; Haxhi, J.; Pugliese, G.; Balducci, S.; Cordero, C.
Sedentariness and Urinary Metabolite Profile in Type 2 Diabetic Patients, a Cross-Sectional Study. Metabolites 2020, 10, 205.
[CrossRef] [PubMed]

35. Cordero-Herrera, I.; Martín, M.A.; Escrivá, F.; Álvarez, C.; Goya, L.; Ramos, S. Cocoa-rich diet ameliorates hepatic insulin
resistance by modulating insulin signaling and glucose homeostasis in Zucker diabetic fatty rats. J. Nutr. Biochem. 2015,
26, 704–712. [CrossRef] [PubMed]

36. Wohl, P.; Krušinová, E.; Klementová, M.; Wohl, P.; Kratochvílová, S.; Pelikánová, T. Urinary urea nitrogen excretion during the
hyperinsulinemic euglycemic clamp in type 1 diabetic patients and healthy subjects. Physiol. Res. 2008, 57, 247–252. [CrossRef]

37. Clarke, E.D.; Collins, C.E.; Rollo, M.E.; Kroon, P.A.; Philo, M.; Haslam, R.L. The relationship between urinary polyphenol
metabolites and dietary polyphenol intakes in young adults. Br. J. Nutr. 2022, 127, 589–598. [CrossRef]

275



Nutrients 2022, 14, 4127

38. Clifford, M.N.; Copeland, E.L.; Bloxsidge, J.P.; Mitchell, L.A. Hippuric acid as a major excretion product associated with black tea
consumption. Xenobiotica 2000, 30, 317–326. [CrossRef] [PubMed]

39. Cabello-Olmo, M.; Oneca, M.; Torre, P.; Sainz, N.; Moreno-Aliaga, M.J.; Guruceaga, E.; Díaz, J.V.; Encio, I.J.; Barajas, M.; Araña,
M. A Fermented Food Product Containing Lactic Acid Bacteria Protects ZDF Rats from the Development of Type 2 Diabetes.
Nutrients 2019, 11, 2530. [CrossRef]

40. Calvani, R.; Miccheli, A.; Capuani, G.; Tomassini Miccheli, A.; Puccetti, C.; Delfini, M.; Iaconelli, A.; Nanni, G.; Mingrone, G. Gut
microbiome-derived metabolites characterize a peculiar obese urinary metabotype. Int. J. Obes. 2010, 34, 1095–1098. [CrossRef]

41. Wang, Y.; Lawler, D.; Larson, B.; Ramadan, Z.; Kochhar, S.; Holmes, E.; Nicholson, J.K. Metabonomic investigations of aging and
caloric restriction in a life-long dog study. J. Proteome Res. 2007, 6, 1846–1854. [CrossRef]

42. Bitner, B.F.; Ray, J.D.; Kener, K.B.; Herring, J.A.; Tueller, J.A.; Johnson, D.K.; Tellez Freitas, C.M.; Fausnacht, D.W.; Allen, M.E.;
Thomson, A.H.; et al. Common gut microbial metabolites of dietary flavonoids exert potent protective activities in β-cells and
skeletal muscle cells. J. Nutr. Biochem. 2018, 62, 95–107. [CrossRef] [PubMed]

43. Meyer, T.W.; Hostetter, T.H. Uremic solutes from colon microbes. Kidney Int. 2012, 81, 949–954. [CrossRef] [PubMed]
44. Dou, L.; Jourde-Chiche, N.; Faure, V.; Cerini, C.; Berland, Y.; Dignat-George, F.; Brunet, P. The uremic solute indoxyl sulfate

induces oxidative stress in endothelial cells. J. Thromb. Haemost. 2007, 5, 1302–1308. [CrossRef] [PubMed]
45. Rani, V.; Deep, G.; Singh, R.K.; Palle, K.; Yadav, U.C. Oxidative stress and metabolic disorders: Pathogenesis and therapeutic

strategies. Life Sci. 2016, 148, 183–193. [CrossRef]

276



Citation: González-Rámila, S.; Sarriá,

B.; Seguido, M.Á.; García-Cordero, J.;

Bravo-Clemente, L.; Mateos, R. Effect

of Olive Pomace Oil on

Cardiovascular Health and

Associated Pathologies. Nutrients

2022, 14, 3927. https://doi.org/

10.3390/nu14193927

Academic Editors: Egeria Scoditti

and Alice J. Owen

Received: 8 August 2022

Accepted: 19 September 2022

Published: 22 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

Effect of Olive Pomace Oil on Cardiovascular Health and
Associated Pathologies

Susana González-Rámila, Beatriz Sarriá, Miguel Ángel Seguido, Joaquín García-Cordero, Laura Bravo-Clemente

and Raquel Mateos *

Department of Metabolism and Nutrition, Institute of Food Science, Technology and Nutrition (ICTAN-CSIC),
Spanish National Research Council (CSIC), José Antonio Nováis 10, 28040 Madrid, Spain
* Correspondence: raquel.mateos@ictan.csic.es

Abstract: Background: olive pomace oil (OPO) is a nutritionally relevant fat due to its high oleic acid
content (C18:1) and the presence of a wide range of minor bioactive components. Although numerous
in vitro and preclinical studies have been developed to study some of its characteristic components,
the health effect of prolonged OPO consumption is unknown. Methods: a randomised, blinded, cross-
over, controlled clinical trial was carried out in 31 normocholesterolemic and 37 hypercholesterolemic
subjects. Participants consumed 45 g/day of OPO or sunflower oil (SO) for 4 weeks, each preceded
by a 3-week run-in/wash-out phase with corn oil (CO). Results: regular consumption of OPO and
SO had no statistically significant effect on any of the markers related to lipid profile, blood pressure,
and endothelial function in both groups, except for eNOS levels, which were close to statistical
significance due to the effect of oil (OPO and SO) (p = 0.083). A decrease in visceral fat (p = 0.028) in
both groups was observed after OPO intake, accompanied by an increment of leptin (p = 0.017) in the
hypercholesterolemic group. Conclusion: reducing visceral fat after prolonged OPO intake might
contribute to improve cardiometabolic status, with a potentially positive effect on the vascular tone.
Further clinical trials are needed to confirm the present results.

Keywords: cardiovascular health; clinical trial; endothelial function; olive pomace oil; sunflower oil;
visceral fat

1. Introduction

Cardiovascular disease is the prevalent cause of morbidity and mortality worldwide,
affecting millions of individuals every year. One of the most relevant environmental
factors contributing to the development of this pathology is the diet [1]. In this sense, the
Mediterranean Diet (MD) is considered one of the best models of healthy eating due to its
beneficial effects on chronic non-communicable diseases, such as cardiovascular disorders,
diabetes, obesity, and inflammation [2]. The main source of fat in this dietary pattern is olive
oil [2]. This oil is obtained exclusively from olives and, depending on the technological
process to which it is subjected, different commercial categories are obtained: extra virgin
olive oil (EVOO), virgin olive oil (VOO), olive oil (OO), mild and intense), and olive pomace
oil (OPO) [3]. The health benefits attributed to olive oil consumption, particularly reducing
the risk of cardiovascular diseases, have been related to EVOO and VOO consumption due
to its preferably monounsaturated fat and its high content of phenolic compounds [4,5].
However, in countries such as Spain, where the olive oil consumption is deeply rooted,
the main competitors in the olive market are seed oils (high oleic sunflower oil (HOSO),
sunflower oil (SO), etc.) [6]. These oils are mainly used for frying, and their low economic
costs are the main reason for their elevated consumption [7,8]. This situation represents an
opportunity for OPO because its composition gives the ideal characteristics for frying and,
in addition, its market value is quite competitive [9,10].

OPO is obtained from alperujo, a solid by-product consisting of pieces of olive skin,
pulp, pits, and stones [3,11]. This oil is characterised by its high oleic acid content, and
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its specific composition in minor components, mainly triterpenic acids and dialcohols,
squalene, tocopherols, sterols, aliphatic fatty alcohols, and phenolic compounds [3,9]. The
refining process carried out on this oil causes the loss of some of the triterpenic acids and
phenolic compounds contained in alperujo [3]. However, concentrations of the minor
components present in the refined pomace oil are found in amounts that are likely to induce
beneficial effects on health, particularly on cardiovascular health [3].

In fact, numerous in vitro and preclinical studies have evaluated one or more compo-
nents of OPO’s minor fraction with promising results [12–15]. In addition, the long-term
effect of OPO consumption at nutritional doses has been evaluated in two clinical trials de-
veloped by our research group. In the first clinical trial, OPO was compared to HOSO [16],
whereas in the second, OPO was compared to SO, a polyunsaturated fat. This present study
is focused on the second study. Recently, the comparison of the two clinical trials has been
published [17].

Thus, the aim of this study was to determine the possible beneficial role of OPO on
biomarkers of cardiovascular health and associated pathologies (hypertension, inflam-
mation, diabetes, and obesity) in healthy volunteers and subjects at cardiovascular risk
(hypercholesterolemic volunteers), in order to comparatively test the dietary treatment in
both groups. The effect of OPO was compared to SO (control fat), given the high consump-
tion of this seed oil. Corn oil (CO), a seed oil other than SO, was used as run in/wash
out oil.

2. Materials and Methods

2.1. Study Design

The study was a randomized, blind, crossover, and controlled clinical trial with a
duration of 14 weeks. After a 3-week run-in stage, in which all volunteers consumed
CO to wash out the effect of oil consumed in their habitual diet, half of the participants
were randomly assigned to the OPO and the other half to the SO oil, both in the healthy
and in the at-risk groups. After the first 4-week intervention, a 3-week wash-out period
with CO followed, and subsequently, participants consumed the other oil (OPO or SO)
during the same period of 4 weeks (Figure 1). Randomization of participants to OPO or SO
(control) interventions was performed using Microsoft® Excel 2016 software in a 1:1 ratio.
Assignment of codes to participants, randomization and allocation to each oil were carried
out by different members of the research team. To blind participants, oils were presented in
identical plastic bottles with different taps for each type of oil (OPO, SO, and CO).

Figure 1. Design of the intervention study with olive pomace oil (OPO) and sunflower oil (SO). Corn
oil (CO) was used during run-in and wash-out.

2.2. Participants and Setting

Of the 109 subjects interviewed, the volunteers who met the inclusion criteria (age be-
tween 18–55 years, body mass index (BMI) between 18–25 kg/m2; specific inclusion criteria
for healthy and at-risk volunteers were based on serum lipid levels as stated below), were
43 women and 29 men, aged 19 to 59 years old, with a BMI between 19.0 and 32.0 kg/m2.
The study groups were formed according to the serum total and LDL-cholesterol (LDL-C)
concentrations determined in a pre-screen consented blood analysis. Healthy participants
were assigned to the normocholesterolemic group when total cholesterol (TC) and LDL-
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C levels were below 200 mg/dL and 135 mg/dL, respectively. At-risk volunteers were
assigned to the hypercholesterolemic group when TC was between 200–300 mg/dL and
LDL-C between 135–175 mg/dL (Figure 2). The exclusion criteria established were: suf-
fering from acute or chronic pathologies, except hypercholesterolemia for the risk group,
having digestive disorders/pathologies (gastric ulcer, Crohn’s disease, inflammatory bowel
syndrome, etc.), smoking, pregnant women, vegetarians, on antibiotic treatment three
months before starting the study, or taking medication, hormones, or vitamins or di-
etary supplements.

 

Figure 2. Study flow diagram (Consolidated Standards of Reporting Trials, CONSORT 2010).

The recruitment was conducted between June and September 2019 mainly through
our database of participants in previous studies, social networks and by placing flyers at
the Institute of Food Science, Technology and Nutrition (ICTAN) and at the Complutense
University of Madrid campus (UCM). Volunteers interested in the study received additional
information by e-mail and telephone. Finally, those who met the inclusion criteria were
invited to a meeting to explain the study in detail, and answer questions raised by the
attendees. The study was approved by the Clinical Research Ethics Committee of the
Hospital Universitario Puerta de Hierro, at Majadahonda in Madrid (Spain), and by the
Bioethics Committee of the Consejo Superior de Investigaciones Científicas (CSIC). It also
followed the guidelines laid down in the Declaration of Helsinki for experiments in humans.
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Before starting the study, we ensured that we obtained signed informed consent from all
participants. The study was registered in Clinical Trials (NCT04998695).

2.3. Intervention

The intervention study was conducted during October-December 2019 at the Human
Nutrition Unit (HNU) of the ICTAN. All volunteers consumed 45 g/day of oil according
to the intervention phase (OPO, SO, and CO) to cover 20% of the daily energy intake
of monounsaturated fats (equivalent to 44–67 g/day for 2000–3000 Kcal/d, respectively)
following the Spanish Society of Community Nutrition (SENC) recommendations. To this
end, one litre of oil per week was provided for family consumption to avoid using any
other culinary oil. Participants were required to maintain their dietary and lifestyle habits
unchanged, except for some foods rich in mono- and polyunsaturated fat (olives, sunflower
seeds, nuts, avocado, margarine, butter, and mayonnaise, except if prepared with the study
oils), which were restricted during the study.

2.4. Chemical Characterization of the Study Oils

The oils used in the study were analysed according to the following standardized methods:
ISO 12228-2:2014 method for the determination of sterols.
Regulation (EEC) N◦. 2568/91 Annex V for determining triterpenic alcohols.
Regulation (EEC) N◦. 2568/91 Annex XIX for determining aliphatic alcohols.
Regulation (EEC) N◦. 2568/91 Annex X for determining fatty acid composition.
ISO 9936:2016 for determining tocopherols and tocotrienols.
Triterpenic acids were analysed following the method of Pérez-Camino & Cert [18],

and squalene was determined by gas chromatography [19]. Phenols were analysed by
high-performance liquid chromatography with on-line diode array detection (HPLC-DAD)
according to the procedure developed by Mateos et al. [20].

2.5. Dietary Assessment and Compliance

As indicated in the intervention section, participants were asked to maintain their
dietary habits and lifestyle unchanged during the study. To assess if they did, at each visit,
participants completed a 24-h questionnaire for the day prior to the visit, and a detailed
record of food intake for 72 h, in which they recorded the ingredients, units, or quantity of
food, as well as the time and place where they ate. A Manual of Nutrition and Dietetics [21]
was provided to the participants to facilitate the interpretation of home food measurements
and usual portions. Compliance with food restrictions and the correct intake of oil was
controlled by weekly calling and/or emailing participants.

Macronutrients (proteins, carbohydrates, and lipids), dietary fibre and vitamin E
intake were calculated using the program DIAL (Department of Nutrition and Bromatology,
Faculty of Pharmacy, Complutense University of Madrid, Madrid, Spain), as well as to
estimate the total caloric intake.

2.6. Blood Sample Collection

Fasting blood samples were collected after an overnight fast using BD Vaccuette®

tubes (Greiner Bio-One GmbH, Kirchdorf an der Krems, Austria) with EDTA or without
anticoagulant to separate plasma and serum, respectively. Subsequently, samples were
centrifuged, aliquoted, and stored at −80 ◦C until analysis.

2.7. Primary Outcomes and Other Outcomes Measures

Primary outcomes were markers related to cardiovascular health: lipid profile, blood
pressure, and endothelial function. Secondary outcomes were biomarkers associated with
diabetes, obesity, and inflammation.
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2.7.1. Biochemical Analysis

Biochemical analysis of metabolic markers in serum was performed following pro-
cedures of reference as established by the Spanish Society of Clinical Biochemistry and
Molecular Pathology (Sociedad Española de Bioquímica Clínica y Patología Molecular
(SEQC). TC, triglycerides (TG), high-density lipoprotein (HDL) cholesterol, apolipoprotein
A1 (Apo A1), and apolipoprotein B (Apo B) were determined using a Roche Cobas Integra
400 plus analyser (Roche Diagnostics, Mannheim, Germany). In addition, the Friedewald
formula was used to estimate LDL-C and VLDL (very low-density lipoprotein) content,
and Apo B/Apo A1, LDL/HDL, and TC/HDL ratios were calculated. Alanine (ALAT)
and aspartate (ASAT) aminotransferases were analysed spectrophotometrically following
standard procedures.

2.7.2. Blood Pressure

Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured with
an OMRON® M2 HEM-7121-E sphygmomanometer (OMRON HEALTHCARE Co., Ltd.,
Kyoto, Japan). Participants rested in a sitting position for 15 min before measurement,
which was taken in triplicate in the non-prevailing arm, waiting 5 min between each.

2.7.3. Endothelial Function

Circulating levels of E-selectin, P-selectin, and the enzyme endothelial nitric oxide
synthase (eNOS) were determined in plasma by ELISA following the protocols of Cloud-
Clone Corp. (Katy, TX, USA). Spectrophotometric reading was performed using a Bio-Tek®

Synergy™ HT Multi-Detection microplate reader controlled by BioTek®Gen5 software
version 2.01.14 (BioTek Instruments, Winooski, VT, USA). Intercellular (ICAM-1) and
vascular (VCAM-1) adhesion molecules were determined in serum samples with Bio-Plex®

Pro Human Cytokine ICAM-1 and VCAM-1 kits (Bio-Rad, Hercules, CA, USA) using a
MAGPIX™ Multiplex fluorescence reader operating with the Bio-Plex Pro Wash Station and
the Bio-Plex Manager™ MP software for data processing (Luminex Corporation, Austin,
TX, USA).

2.7.4. Diabetes and Obesity Biomarkers Analysis

Glucose, insulin, and glycosylated haemoglobin (HbA1c) were determined in serum
samples following recommendations of the Spanish Society of Clinical Biochemistry
and Molecular Pathology (SEQC). From the glucose and insulin data, insulin resistance
(HOMA-IR) and pancreatic beta-cell function (HOMA-β) were calculated according to
the mathematical model known as HOMA (Homeostasis Model Assessment) proposed
by Matthews et al. [22]: HOMA-IR = [Glucose (mg/dL) × Insulin (mU/L)]/405; HOMA-
β = [(360 × Insulin (mU/L)/(Glucose (mg/dL) − 63)]. In addition, insulin sensitivity was
determined using the QUICKI (“Quantitative Insulin Sensitivity Check Index”), based on a
logarithmic model calculated from fasting glucose and insulin concentrations using the
following equation QUICKI = 1/[log Insulin (mU/L) + log Glucose (mg/dL)].

The hormones insulin, glucagon, incretin gastric inhibitory polypeptide (GIP), as well
as glucagon-like peptide type 1 (GLP-1), C-peptide, and ghrelin; along with the adipokines
leptin, resistin, plasminogen activator inhibitor-1 (PAI-1), visfatin, adiponectin, and adipsin
were analysed in serum samples using the Bio-Plex® ProTM Human Diabetes Panel 10-Plex
kit (Bio-Rad, Hercules, CA, USA) in the MAGPIX™ Multiplex fluorescence reader and
Bio-Plex Manager™ MP software (Luminex Corporation, Austin, TX, USA).

2.7.5. Anthropometry and Body Composition

Height and body perimeters (waist, abdomen, and brachial) were measured in tripli-
cate using a wall-mounted height measuring rod (Soehnle Professional, GmBH, Backnang,
Germany) and a tape measure (Fisaude ADE, Madrid, Spain), respectively. Weight, vis-
ceral, and body fat percentages were estimated by single-frequency tetrapolar electrical
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bioimpedance using a Tanita® BC 601 segmental body composition analyser with a digital
scale included (Tanita Europe BV, Amsterdam, The Netherlands).

2.7.6. Inflammatory Biomarker Analysis

Pro-inflammatory (IL-1β, IL-2, IL-6, IL-7, IL-8, IL-12(p70), IL-17) and anti-inflammatory
(IL-4, IL-10 and IL-13) interleukins (IL), interferon-gamma (IFN-γ), and tumour necrosis
factor alpha (TNF-α), as well as monocyte chemoattractant protein 1 (MCP-1), macrophage
inflammatory protein 1 beta (MIP-1β), granulocyte colony-stimulating factor (G-CSF),
and granulocyte monocyte colony-stimulating factor (GM-CSF) were analysed in serum
samples using Bio-Plex ProTM Human Cytokine Grp I Panel 17-Plex kits in the MAGPIX™
Multiplex fluorescence reader and Bio-Plex Manager™ MP software (Luminex Corporation,
Austin, TX, USA). In addition, high-sensitivity C-reactive protein (CRP) was also deter-
mined in serum samples with an automated ultra-sensitive turbidimetric method (AU2700
Chemistry Analyzer, Olympus Corp., Japan).

2.7.7. Antioxidant Capacity and Oxidation Biomarkers

Antioxidant activity was measured in serum samples by the ABTS radical cation [23]
and the oxygen radical absorbance capacity (ORAC) methods [24], and the reducing
capacity was determined by the ferric reducing/antioxidant power (FRAP) assay [25].
Trolox was used as standard, and results were expressed as μM of Trolox equivalent (TE).
Low-density lipoprotein oxidation (LDLox) levels were determined in serum samples by
ELISA assay according to the protocols of the Cloud-Clone Corp. kit (Katy, TX, USA). These
parameters were analysed using a Bio-Tek® Synergy™ HT Multi-Detection plate reader
(Highland Park, Winooski, Vermont 05404-0998 USA) controlled by BioTek®Gen5 software
version 2.01.14.

Malondialdehyde (MDA) levels, a biomarker of lipid oxidation, was determined
in serum samples by high-performance liquid chromatography (HPLC) following the
methodology proposed by Mateos et al. [26]. For this purpose, a 1200 series HPLC equip-
ment (Agilent Technologies, Santa Clara, CA, USA) and a Nucleosil 120 C18 column
(25 mm × 0.46 mm, particle size 5 μm, TeknoKroma, Barcelona, Spain) were used.

2.8. Sample Size Calculation and Statistical Analysis

To estimate the sample size, the G*Power 3.1.9.7 program was used, considering TC
concentration as the main variable and the study design [randomized, blind, crossover,
and controlled clinical trial, in which all subjects consumed both test (OPO) and control
oils (SO)]. Other premises considered, following previous studies with a similar design,
were: a statistical power of 80%, a level of significance of 0.05, two tail, a standard de-
viation of 25, mean of pre-post differences of 13.4 units, and an effect size of 0.54 [27].
A sample size of 30 volunteers was established. Finally, considering their TC and LDL-C
concentration, 72 subjects were recruited and allocated in the normocholesterolemic or
hypercholesterolemic groups, although only n = 31 healthy and n = 37 at risk volunteers
completed the study. These numbers were higher than the sample size of 30 initially
calculated and allowed for adequate statistical analysis.

For the statistical design, the following factors were considered as two fixed effects:
group (normocholesterolemic/hypercholesterolemic) and treatment (OPO/SO, repeated
measures), and the order of oil intake (starting with OPO or SO within each group) was
considered as a random effect.

The statistical models applied to analyse the results of this study were:
1. A general linear repeated measures model to study energy, macronutrient, and

micronutrient intake throughout the study, considering that the order of intake of the test
and control oils would not affect the overall dietary pattern of the volunteers. In each
group (normocholesterolemic and hypercholesterolemic), baseline, initial (pre-treatment),
and final (post-treatment) results with OPO and SO were compared. Results are shown as
mean ± standard error of the mean (SEM).
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2. A linear mixed model was applied to study the rate of change [(final value—initial
value)/initial value] of each variable. This statistical model considers the order of intake
of the oils, presenting the data in a correlated and non-constant variability form. This
statistical model was also applied to the initial and final mean values. The statistical model
was full factorial, considering that group (normocholesterolemic hypercholesterolemic),
treatment oil (OPO and SO) and interaction group*treatment. Pre- and post-treatment data
are shown as mean ± standard error of the mean (SEM), and the rate of change is expressed
as a percentage ± SEM.

Normality of data distribution was verified by the Kolmogorov-Smirnov test, and a
box-plot analysis was performed for all variables before statistical analysis. In addition, the
Bonferroni test (within each group) was applied to compare pairwise the effect of the intake
of each oil (OPO and SO). The significance level was set at p < 0.05. Data were analysed
using SPSS software (version 27.0; SPSS, Inc., IBM Company, Armonk, NY, USA).

3. Results

3.1. Chemical Composition of the Study Oils

The chemical characterisation of OPO, SO, and CO is shown in Table 1. OPO was a
monounsaturated fat with an oleic acid (C18:1) content of 74.32%, followed by palmitic acid
(C16:0), and linoleic acid (C18:2) with a content of 10.78% and 9.02%, respectively. Linoleic
acid (C18:2) was the main fatty acid in SO (58.46%) and in corn oil (CO) (50.52%), followed
by oleic acid (C18:1), with a content of 29.76% in SO and 35.36% in CO. As for minor
components, squalene was present in the three oils, with a higher concentration in OPO
(675 ppm) compared to SO (314 ppm) and CO (548 ppm). In the case of tocopherols, while
OPO (195 mg/kg) and SO (217 mg/kg) showed a high content of α-tocopherol (vitamin E),
CO stood out for its γ-tocopherol content (205 mg/kg). Tocotrienols were only detected in
CO (19 mg/kg). Regarding sterols composition, the content was highest in CO (8962 ppm),
followed by OPO (3344.2 ppm) and SO (2820.5 ppm). However, it should be noted that
triterpenic alcohols (745 mg/kg) and triterpenic acids (191 mg/kg), as well as aliphatic
alcohols (1681 mg/kg), were mainly detected in OPO, compared to their low or no content
in SO and CO, respectively. Finally, the phenol content was below 2 mg/kg in the three oils
(Table 1).

Table 1. Chemical composition of olive pomace oil (OPO), sunflower oil (SO), and corn oil (CO).

OPO SO CO

Fatty acids (%)

C 12:0 (Lauric acid) - <0.01 0.01
C 14:0 (Myristic acid) 0.02 0.08 0.04
C 16:0 (Palmitic acid) 10.78 6.43 10.60

C 16:1 (Palmitoleic acid) 0.84 0.14 0.15
C 17:0 (Margaric acid) 0.06 0.03 0.07

C 17:1 (Margaroleic acid) 0.10 0.03 0.05
C 18:0 (Stearic acid) 3.10 3.63 2.03
C 18:1 (Oleic acid) 74.32 29.76 35.36

C 18:2 (Linoleic acid) 9.02 58.46 50.52
C 20:0 (Arachidic acid) 0.48 0.26 0.48
C 18:3 (Linolenic acid) 0.68 0.09 0.04

C 20:1 (Eicosenoic acid) 0.33 0.16 0.31
C 22:0 (Behenic acid) 0.19 0.69 0.17
C 22:1 (Erucic acid) - <0.01 <0.01

C 24:0 (Lignoceric acid) 0.08 0.24 0.17
Trans Oleic (t-C18:1) 0.28 0.03 0.02

Trans Linoleic + Trans Linolenic
(t-C18:2 + t-C18:3) 0.15 0.19 1.15
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Table 1. Cont.

OPO SO CO

Squalene (ppm)

Squalene (ppm) 675 314 548

Tocopherols (mg/kg)

α-Tocopherol (Vit. E) 195 217 33
β-Tocopherol <2 9 <2
γ-Tocopherol <2 <2 205
δ -Tocopherol <2 <2 6

Tocotrienols (mg/kg)

A-Tocotrienol - - 10
β-Tocotrienol - - <2
Υ-Tocotrienol - - 5
Δ-Tocotrienol - - <2

Sterols (%)

Cholesterol 0.19 0.12 0.21
Brassicasterol <0.10 <0.1 0.62

24-Methylcholesterol <0.10 0.12 0.92
Campesterol 3.06 8.40 20.75
Campestanol 0.16 0.07 0.92
Stigmasterol 1.23 6.90 6.85

Δ7-Campesterol <0.10 2.70 <0.10
Δ5,23-Stigmastadienol 0.32 0.34 <0.10

Clerosterol 1.08 0.66 0.70
β-Sitosterol 88.64 53.67 61.09
Sitostanol 1.44 0.64 2.11

Δ5-Avenasterol 1.82 3.08 3.90
Δ5,24-Stigmastadienol 1.35 1.08 0.51

Δ7-Stigmastenol 0.50 16.29 0.63
Δ7-Avenasterol 0.19 5.93 0.78

Δ-Sitosterol apparent 94.65 59.47 68.31
Total Sterols (ppm) 3344.2 2820.5 8962.0

Triterpenic alcohols (mg/kg)

Erythrodiol + Uvaol 745 <1.0 <1.0

Phenols (mg/kg)

Total phenols <1.0 <1.0 <1.0

Triterpenic acids (mg/kg)

Oleanolic acid 187 <2.0 <2.0
Ursolic acid <2.0 <2.0 <2.0

Maslinic acid <2.0 <2.0 <2.0

Aliphatic alcohols (mg/kg)

C22 + C24 + C26 + C28 1681 38 29

3.2. Baseline Characteristics of Participants and Dietary Control

Of the 109 screened for assessment, only 72 participants were recruited. Two partici-
pants dropped out due to incompatibility with their work, one due to medical prescription,
and one was lost to follow-up (the study flow diagram is shown in Figure 2). Thus, 68 par-
ticipants (31 normocholesterolemic and 37 hypercholesterolemic) successfully completed
the study. Although an effort was made to ensure equal representation of both sexes
in the two groups, at the end there were more normocholesterolemic women (23) than
men (8), although hypercholesterolemic men (19) and women (18) were balanced. The
baseline characteristics of participants are presented in Table 2. Two hypercholesterolemic
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volunteers presented unusually high inflammatory biomarkers (outliers) and thus were
excluded in the statistical analysis of inflammation results.

Table 2. Baseline characteristics of participants.

Normocholesterolemic
(n = 31)

Hypercholesterolemic
(n = 37)

Men, n 8 19
Women, n 23 18

Age (years) 30 ± 2 41 ± 2
BMI (kg/m2) 23 ± 2 26 ± 1

Waist circumference (cm) 78 ± 2 85 ± 2
Total cholesterol (mg/dL) 172 ± 3 239 ± 5
LDL-cholesterol (mg/dL) 93 ± 3 148 ± 5

Systolic blood pressure (mmHg) 110 ± 2 121 ± 2
Diastolic blood pressure (mmHg) 74 ± 1 81 ± 2

Values represent mean ± SEM. BMI: body mass index; LDL: low-density lipoprotein.

Table 3 shows energy, macronutrient, micronutrient, and dietary fibre intake during
the study. Energy, protein, carbohydrate, and lipid values did not change significantly
in both population groups after OPO and SO intervention (p < 0.05) (Table 3). These
data confirm that the volunteers followed the instructions of not changing their dietary
habits during the study. The total caloric intake showed mean values between 1906 and
2081 Kcal/day, slightly below normal limits [28]. In relation to macronutrient intake, the
mean values for proteins (84 g/day), carbohydrates (188 g/day), and lipids (92 g/day)
represented 16.7%, 37.5%, and 41.3%, respectively. In accordance with the recommended
daily intake and nutritional targets for the Spanish population, the data for proteins and
lipids were found to be above the recommendations and, in the case of carbohydrates, their
values were under the recommendation (50–60% of the total diet) (Table 3) [28].

Saturated fatty acids (SFA) intake values ranged between 28 and 31 g/day (12.6 and
14% of the total diet), above 7–8% of the recommended total daily energy [28]. However,
OPO and SO consumption did not show significant variations in SFA values (p < 0.05). As
for monounsaturated fatty acids (MUFA), significant changes (p < 0.001) were observed
in both groups after OPO and SO intake. According to the multiple comparisons test, the
results showed that, after regular consumption of OPO, there was a significantly increased
consumption of this nutrient (with a mean value of 44.5 g/day), reaching 20% of the
total energy of the diet [28]. In contrast, MUFA values remained constant after the SO
intervention, with an average intake of 29.5 g/day, which represented 13.3% of the total
energy [28] (Table 3). This result was expected considering that OPO is a rich source of
MUFA compared to SO, whose fat is mostly polyunsaturated (Table 1). Polyunsaturated
fatty acid (PUFA) intake showed significant changes (p < 0.001) in the normocholesterolemic
and hypercholesterolemic groups after the intervention with OPO and SO. The Bonferroni
test revealed that, in line with the dietary intervention, after OPO consumption, there was
a significant decrease in PUFA intake (11–13 g/day, equivalent to 5–6% of total dietary
energy), and an increase after regular intake of SO (29–31 g/day, equivalent to 13–14% of
total dietary energy). It is worth mentioning that in the run-in and wash-out stages (before
the start with OPO and SO intervention), the mean PUFA values (22–27 g/day, equivalent
to 10–12%, respectively) were higher than those observed with basal diet consumption
(13.5 g/day, equivalent to 6% of total energy). The reason was that the CO used during
these stages (run-in and wash-out) is a rich source of PUFA. The recommendation of 5%
PUFA of total dietary energy was close to those achieved after the OPO intervention (5–6%
of total dietary energy) and the basal stage (6% of total energy) (Table 3).
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Table 3. Energy intake and dietary components during the intervention trial with the two oils, olive
pomace oil (OPO) and sunflower oil (SO) *.

Normocholesterolemic
n = 31

p
Value

**

Hypercholesterolemic
n = 37

p
Value

**OPO SO OPO SO

Baseline Initial Final Initial Final Oil Baseline Initial Final Initial Final Oil

Energy
(kcal/day) 1976 ± 70 1906 ± 77 1949 ± 78 1996 ± 85 1982 ± 82 0.314 2081 ± 79 2061 ± 78 2042 ± 72 2025 ± 72 2043 ± 74 0.455

Proteins
(g/day) 84 ± 4 78 ± 3 80 ± 3 84 ± 5 81 ± 4 0.621 92 ± 4 88 ± 4 83 ± 4 88 ± 4 81 ± 3 0.103

Carbohyd-
rates

(g/day)
187 ± 10 182 ± 12 181 ± 11 186 ± 11 182 ± 10 0.942 195 ± 12 199 ± 10 195 ± 9 188 ± 10 187 ± 10 0.427

Lipids
(g/day) 89 ± 4 88 ± 4 90 ± 4 93 ± 4 93 ± 5 0.400 91 ± 4 90 ± 4 93 ± 4 94 ± 4 98 ± 4 0.124

SFA
(g/day) 28 ± 2 28 ± 2 28 ± 2 31 ± 2 28 ± 2 0.287 29 ± 2 28 ± 2 28 ± 2 28 ± 2 28 ± 2 0.773

MUFA
(g/day) 38 ± 2 a 30 ± 2 b 44 ± 3 a 31 ± 1 b 28 ± 2 b 0.000 41 ± 2 a 30 ± 1 b 45 ± 2 a 31 ± 1 b 31 ± 2 b 0.000

PUFA
(g/day) 15 ± 1 a 22 ± 2 b 11 ± 1 c 23 ± 2 bd 29 ± 2 d 0.000 12 ± 1 a 23 ± 1 b 13 ± 1 a 27 ± 1 bc 31 ± 2 d 0.000

Cholest-
erol

(mg/day)
325 ± 23 308 ± 23 337 ± 23 319 ± 19 340 ± 29 0.668 372 ± 21 311 ± 22 317 ± 24 312 ± 21 351 ± 23 0.067

Dietary
fibre

(g/day)
20 ± 2 17 ± 1 17.5 ± 0.1 18 ± 1 20 ± 1 0.137 22 ± 2 22 ± 1 22 ± 1 22 ± 1 22 ± 1 0.964

Vitamin E
(mg/day) 9.7 ± 0.8 a 14 ± 1 b 17 ± 1 b 14 ± 1 b 22 ± 2 c 0.000 120 ± 14 a 121 ± 13 b 137 ± 18 c 146 ± 13 c 114 ± 11 d 0.000

* Values represent mean ± SEM. Data were analysed using a general linear repeated measures model. According
to the Bonferroni test, values with different superscript letters correspond to significant differences within the
normocholesterolemic N or hypercholesterolemic H groups. p values correspond to the effect of taking OPO
or SO. Significance level was p < 0.05. SFA: saturated fatty acids. MUFA: monounsaturated fatty acids. PUFA:
polyunsaturated fatty acids. ** Oil (Baseline vs. OPO vs. SO).

3.3. Blood Pressure

No significant differences were found in SBP and DBP after the dietary intervention
with OPO and SO. However, there were significant differences in SBP and DBP between
the normocholesterolemic and hypercholesterolemic groups, when initial and final values
were analysed (p < 0.05) (Supplementary Table S1). According to the European Society of
Cardiology (ESC), all participants maintained blood pressure values within the normal
range of <120 mmHg for SBP and <80 mmHg for DBP

3.4. Blood Biochemistry: Lipid Profile and Liver Function

As shown in Table 4, the volunteers’ lipid profiles did not change (p < 0.05) after
prolonged consumption of OPO and SO in either group (normocholesterolemic and hy-
percholesterolemic). However, the trend towards a decrease in circulating levels of TC,
TG, LDL-C, and VLDL-C after OPO intervention in the healthy group is noteworthy. On
the other hand, when the linear mixed model was applied to the initial and final values,
TC, TG, LDL-C, VLDL-C, LDL-C/HDL-C, TC/HDL-C, Apo A1, Apo B, and Apo B/Apo
A1 ratio showed differences between the normocholesterolemic and hypercholesterolemic
groups (p < 0.05). In relation to the ALAT and ASAT enzymes, there were some differences
between the groups at the initial and end of the intervention, with higher values (p < 0.05)
in the hypercholesterolemic subjects. When the rate of change was analysed, ASAT enzyme
also showed significantly higher values in the hypercholesterolemic group compared to
the healthy group (p = 0.045). However, none of the studied oils had a significant effect on
these enzymes.
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Table 4. Effect of olive pomace oil (OPO) and sunflower oil (SO) consumption on lipid profile and
liver function *.

Normocholesterolemic
n = 31

Hypercholesterolemic
n = 37

p Value

OPO SO OPO SO Oil N/H N/H × Oil

Total-cholesterol (mg/dL)

Initial 168 ± 5 168 ± 5 221 ± 5 221 ± 6 0.923 0.000 0.868
Final 164 ± 5 169 ± 5 220 ± 5 220 ± 6 0.642 0.000 0.679

Rate of change −1.4 ± 2.0 1.1 ± 1.8 −0.3 ± 1.6 −0.1 ± 1.6 0.425 0.907 0.813

Triglycerides (mg/dL)

Initial 73 ± 5 76 ± 6 111 ± 9 111 ± 11 0.778 0.000 0.884
Final 70 ± 5 72 ± 6 109 ± 9 114 ± 11 0.694 0.000 0.975

Rate of change −2.6 ± 0.04 −1.8 ± 5.0 1.2 ± 4.0 6.9 ± 5.7 0.486 0.215 0.784

HDL-cholesterol (mg/dL)

Initial 60 ± 2 60 ± 2 65 ± 3 64 ± 3 0.857 0.146 0.814
Final 59 ± 2 60 ± 2 64 ± 2 63 ± 2 0.676 0.179 0.405

Rate of change −1.2 ± 1.9 0.8± 2.2 0.9 ± 2.0 −2.0 ± 1.9 0.838 0.754 0.342

LDL-cholesterol (mg/dL)

Initial 93 ± 4 92 ± 4 133 ± 5 134 ± 5 0.919 0.000 0.859
Final 91 ± 4 94 ± 4 134 ± 4 134 ± 5 0.622 0.000 0.801

Rate of change −0.3 ± 2.8 3.3 ± 2.9 1.1 ± 1.7 1.0 ± 2.2 0.547 0.733 0.657

VLDL-cholesterol (mg/dL)

Initial 15 ± 1 15 ± 1 24 ± 3 23 ± 3 0.942 0.000 0.713
Final 14 ± 1 14 ± 1 22 ± 2 23 ± 3 0.766 0.000 0.902

Rate of change −3.0± 4.3 −2.8 ± 4.7 0.2 ± 4.5 5.7 ± 5.8 0.267 0.267 0.783

LDL-cholesterol/HDL-cholesterol

Initial 1.6 ± 0.1 1.6 ± 0.1 2.2 ± 0.1 2.2 ± 0.1 0.852 0.000 0.823
Final 1.6 ± 0.1 1.6 ± 0.1 2.3 ± 0.1 2.2 ± 0.1 0.788 0.000 0.874

Rate of change 1.7 ± 3.2 4.3 ± 3.7 1.4 ± 2.3 4.4 ± 3.0 0.315 0.945 0.968

Total Cholesterol/HDL-cholesterol

Initial 2.9 ± 0.1 2.9 ± 0.1 3.6 ± 0.1 3.7 ± 0.2 0.992 0.000 0.990
Final 2.9 ± 0.1 2.9 ± 0.1 3.7 ± 0.2 3.6 ± 0.2 0.778 0.000 0.866

Rate of change 0.26 ± 1.8 1.32 ± 2.2 −0.3 ± 1.8 2.8 ± 2.0 0.942 0.262 0.615

Apolipoprotein (Apo A1) (mg/dL)

Initial 161 ± 3 163 ± 3 175 ± 4 177 ± 4 0.635 0.000 0.963
Final 165 ± 4 167 ± 3 183 ± 4 179 ± 5 0.397 0.001 0.333

Rate of change 2.98 ± 1.9 3.0 ± 1.7 4.6 ± 1.1 1.0 ± 1.3 0.195 0.849 0.298

Apo B (mg/dL)

Initial 72 ± 3 73 ± 3 101 ± 3 100 ± 3 0.974 0.000 0.772
Final 77 ± 3 79 ± 3 108 ± 3 108 ± 4 0.833 0.000 0.580

Rate of change 8.8 ± 2.4 9.5 ± 2.3 8.3 ± 1.9 9.0 ± 1.9 0.768 0.846 0.953

Apo B/Apo A1

Initial 0 46 ± 0.02 0.45 ± 0.02 0.59 ± 0.03 0.56 ± 0.02 0.458 0.000 0.757
Final 0.47 ± 0.02 0.48 ± 0.02 0.61 ± 0.03 0.63 ± 0.03 0.875 0.000 0.970

Rate of change 4.3 ± 3.2 6.3 ± 2.7 5.6 ± 2.4 11.3 ± 2.6 0.126 0.420 0.578

ALAT (UI/L)

Initial 21 ± 2 21 ± 2 24 ± 3 27 ± 3 0.504 0.052 0.608
Final 19 ± 2 20 ± 2 26 ± 3 28 ± 3 0.498 0.005 0.868

Rate of change 107.7 ± 5.0 109.41 ± 7.5 119.8 ± 5.7 117.0 ± 7.1 0.921 0.119 0.782
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Table 4. Cont.

Normocholesterolemic
n = 31

Hypercholesterolemic
n = 37

p Value

OPO SO OPO SO Oil N/H N/H × Oil

ASAT (UI/L)

Initial 20.6 ± 0.9 21.0 ± 1.2 22.7 ± 1.3 24.1 ± 1.3 0.536 0.033 0.322
Final 18.5 ± 0.8 19.2 ± 0.7 22.5 ± 1.2 24.2 ± 1.3 0.275 0.000 0.635

Rate of change 101.7 ± 3.1 106.9 ± 4.7 113.5 ± 4.6 112.4 ± 4.7 0.559 0.045 0.418

* Values represent mean ± SEM. The table shows the initial (pre-treatment) and final (post-treatment) mean
values. The rate of change was calculated from initial and final values as [(final value-initial value)/initial value]
and expressed as percentage. Data were analyzed using a linear mixed model. p values in the first column
correspond to the effect of taking the oil (OPO or SO), those of the penultimate column to the effect of the
group [normocholesterolemic (N) or hypercholesterolemic (H)], and the last column to the interaction of oil and
group. Significance level was set at p < 0.05. Apo: Apolipoprotein. ALAT: Alanine aminotransferase. ASAT:
Aspartate aminotransferase.

3.5. Inflammatory Biomarkers

After OPO and SO intervention, statistically significant changes were observed in IL-4
(p = 0.021) and IL-13 (p = 0.023). According to Table 5, IL-4 showed important changes by
the interaction of the normo- and hypercholesterolemic groups with the oils (OPO or SO),
with an increase and a decrease after OPO and SO intake, respectively. With respect to IL-13
(p = 0.023), there were significant changes after prolonged consumption of both vegetable
oils, with an increase after the OPO intake, and a decrease after the SO consumption
(Table 5).

Table 5. Effect of olive pomace oil (OPO) and sunflower oil (SO) consumption on inflammatory
biomarkers *.

Normocholesterolemic
n = 31

Hypercholesterolemic
n = 35 ** p Value

OPO SO OPO SO Oil N/H N/H × Oil

CRP (mg/dL)

Initial 0.23 ± 0.07 0.25 ± 0.10 0.14 ± 0.03 0.34 ± 0.17 0.222 0.823 0.860
Final 0.17 ± 0.05 0.11 ± 0.03 0.17 ± 0.04 0.16 ± 0.04 0.311 0.579 0.438

Rate of change * 39.1 ± 3.1 32.1 ± 0.3 15.1 ± 0.7 17.5 ± 1.1 0.476 0.410 0.815

IL-1β (pg/mL)

Initial 0.97 ± 0.06 0.95 ± 0.03 0.89 ± 0.02 0.91 ± 0.03 0.785 0.097 0.691
Final 0.92 ± 0.03 0.91 ± 0.03 0.89 ± 0.02 1.05 ± 0.15 0.311 0.980 0.335

Rate of change −2.4 ± 2.8 −3.2 ± 2.8 4.6 ± 2.3 0.8 ± 14.1 0.449 0.202 0.259

IL-2 (pg/mL)

Initial 16.4 ± 0.7 16.6 ± 0.5 15.4 ±0.3 15.9 ± 0.5 0.308 0.147 0.766
Final 16.0 ± 0.5 15.6 ± 0.5 15.3 ± 0.4 15.6 ± 0.5 0.573 0.488 0.433

Rate of change 0.1 ± 2.3 −5.2 ± 2.3 −0.4 ± 1.8 −1.4 ± 2.3 0.193 0.544 0.370

IL-4 (pg/mL)

Initial 2.68 ± 0.06 2.64 ± 0.06 2.57 ± 0.05 2.61 ± 0.05 0.907 0.217 0.430
Final 2.64 ± 0.06 2.59 ± 0.07 2.55 ± 0.04 2.62 ± 0.07 0.515 0.762 0.137

Rate of change 0.7 ± 2.3 −3.0 ± 2.3 2.5 ± 1.6 −1.6 ± 2.1 0.778 0.229 0.021

IL-6 (pg/mL)

Initial 5.2 ± 0.2 5.4 ± 0.3 5.1 ± 0.2 5.0 ± 0.2 0.947 0.206 0.258
Final 5.3 ± 0.3 5.1 ± 0.3 5.0 ± 0.2 5.2 ± 0.2 0.986 0.571 0.668

Rate of change 3.5 ± 4.4 −2.1 ± 4.4 −3.0 ± 4.3 5.0 ± 3.3 0.816 0.885 0.169
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Table 5. Cont.

Normocholesterolemic
n = 31

Hypercholesterolemic
n = 35 ** p Value

OPO SO OPO SO Oil N/H N/H × Oil

IL-7 (pg/mL)

Initial 33 ± 1 34 ± 1 33 ± 1 34 ± 1 0.388 0.613 0.782
Final 34 ± 1 34 ± 1 33 ± 1 33 ± 1 0.692 0.610 0.856

Rate of change 2.3 ± 2.5 −1.2 ± 2.5 0.6 ± 1.7 −1.0 ± 2.3 0.252 0.777 0.641

IL-8 (pg/mL)

Initial 22 ± 2 24 ± 2 20 ± 1 21 ± 1 0.634 0.057 0.861
Final 21 ± 1 21 ± 1 20 ± 1 20 ± 1 0.871 0.633 0.874

Rate of change −5.6 ± 3.8 −3.2 ± 3.8 3.0 ± 2.5 −3.0 ± 2.2 0.204 0.113 0.568

IL-10 (pg/mL)

Initial 10.9 ± 0.2 11.1 ± 0.3 10.8 ± 0.3 10.7 ± 0.2 0.319 0.260 0.677
Final 11.0 ± 0.2 10.8 ± 0.2 10.9 ± 0.3 10.6 ± 0.2 0.883 0.552 0.233

Rate of change 1.9 ± 1.6 −2.6 ± 1.6 −0.3 ± 1.1 0.9 ± 1.6 0.310 0.686 0.080

IL-12 (p70) (pg/mL)

Initial 12.1 ± 0.3 12.4 ± 0.3 11.7 ± 0.3 11.9 ± 0.2 0.287 0.091 0.838
Final 12.2 ± 0.3 11.9 ± 0.3 11.7 ± 0.2 12.0 ± 0.3 0.957 0.565 0.253

Rate of change 1.5 ± 2.5 −4.1 ± 2.5 0.9 ± 1.7 1.0 ± 1.7 0.200 0.293 0.182

IL-13 (pg/mL)

Initial 3.0 ± 0.1 3.2 ± 0.2 2.8 ± 0.1 2.9 ± 0.1 0.345 0.045 0.992
Final 3.1 ± 0.1 3.0 ± 0.1 2.8 ± 0.1 2.9 ± 0.1 0.826 0.142 0.437

Rate of change 2.8 ± 2.8 −5.2 ± 2.8 1.0 ± 1.9 −0.7 ± 3.0 0.023 0.527 0.159

IL-17 (pg/mL)

Initial 13.9 ± 0.4 14.0 ± 0.3 13.4 ± 0.3 13.5 ± 0.2 0.475 0.199 0.875
Final 14.0 ± 0.4 13.8 ± 0.4 13.3 ± 0.2 13.5 ± 0.3 0.936 0.143 0.489

Rate of change 0.8 ± 2.1 −0.7 ± 2.1 −0.2 ± 1.6 0.3 ± 1.6 0.773 0.997 0.570

G-CSF (pg/mL)

Initial 137 ± 3 140 ± 2 134 ± 2 134 ± 2 0.456 0.041 0.453
Final 137 ± 2 137 ± 3 133 ± 2 135 ± 2 0.875 0.150 0.547

Rate of change 0.9 ± 1.7 −1.7 ± 1.7 −0.4 ± 1.0 0.8 ± 1.2 0.618 0.711 0.185

GM-CSF (pg/mL)

Initial 4.7 ± 0.2 4.7 ± 0.2 4.7 ± 0.3 4.6 ± 0.2 0.726 0.929 0.911
Final 4.7 ± 0.2 4.5 ± 0.2 4.5 ± 0.2 4.8 ± 0.3 0.746 0.772 0.329

Rate of change 0.9 ± 2.6 −2.4 ± 2.6 −1.6 ± 2.3 4.4 ± 3.3 0.651 0.472 0.114

MCP-1 (pg/mL)

Initial 39 ± 3 37 ± 4 33 ± 2 33 ± 2 0.909 0.088 0.949
Final 35 ± 6 34 ± 3 31 ± 1 32 ± 2 0.574 0.243 0.416

Rate of change −2.9 ± 3.8 −6.5 ± 3.8 −1.7 ± 3.2 0.3 ± 3.2 0.816 0.273 0.497

MIP-1β (ng/mL)

Initial 69 ± 6 73 ± 5 71 ± 8 73 ± 8 0.572 0.790 0.793
Final 67 ± 4 66 ± 4 71 ± 8 71 ± 9 0.834 0.453 0.845

Rate of change 4.9 ± 3.9 −8.3 ± 3.9 −1.3 ± 4.1 1.4 ± 6.3 0.361 0.774 0.133
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Table 5. Cont.

Normocholesterolemic
n = 31

Hypercholesterolemic
n = 35 ** p Value

OPO SO OPO SO Oil N/H N/H × Oil

TNF-α (pg/mL)

Initial 23.1 ± 0.9 23.7 ± 0.8 23.3 ± 1.4 23.9 ± 1.4 0.633 0.897 0.978
Final 23.0 ± 0.8 22.4 ± 0.8 23.3 ± 1.5 23.4 ± 1.5 0.888 0.584 0.644

Rate of change 0.5 ± 1.8 −5.0 ± 1.8 0.0 ± 1.4 −1.5 ± 2.0 0.083 0.567 0.382

* Values represent mean ± SEM. The table shows the initial (pre-treatment) and final (post-treatment) mean
values. The rate of change was calculated from initial and final values as [(final value-initial value)/initial value]
and expressed as percentage. Data were analyzed using a linear mixed model. p values in the first column
correspond to the effect of taking the oil (OPO or SO), those of the penultimate column to the effect of the
group [normocholesterolemic (N) or hypercholesterolemic (H)], and the last column to the interaction of oil
and group. Significance level was set at p < 0.05. CRP: C reactive protein. IL: Interleukin. G-CSF: Granulocyte
colony-stimulating factor. GM-CSF: Granulocyte–macrophage colony-stimulating factor. IFN-γ: Interferon
gamma. MCP-1: Monocyte chemoattractant protein-1. MIP-1β: Macrophage inflammatory protein 1 beta. TNF-α:
Tumor necrosis factor alpha. ** Two hypercholesterolemic volunteers were excluded for statistical analysis due
to outliers.

3.6. Biomarkers of Endothelial Function

Endothelial function biomarkers (Table 6) showed no significant changes throughout
the study according to the linear mixed model applied on the rates of change (p < 0.05).
However, it is noteworthy that circulating eNOS concentrations were close to the level of
significance (set at p < 0.05) in both groups, with an increasing and decreasing trend after
OPO and SO intake, respectively.

Table 6. Effect of olive pomace oil (OPO) and sunflower oil (SO) consumption on endothelial
function biomarkers *.

Normocholesterolemic
n = 31

Hypercholesterolemic
n = 37

p Value

OPO SO OPO SO Oil N/H N/H × Oil

eNOS (ng/mL)

Initial 0.21 ± 0.03 0.25 ± 0.05 0.22 ± 0.03 0.21 ± 0.03 0.926 0.647 0.597
Final 0.22 ± 0.04 0.20 ± 0.03 0.19 ± 0.03 0.20 ± 0.03 0.944 0.708 0.644

Rate of change 16.03 ± 0.14 −6.67 ± 0.09 15.98 ± 0.14 −4.76 ± 0.12 0.083 0.903 0.912

E-selectin (ng/mL)

Initial 11 ± 2 15 ± 2 12 ± 2 13 ± 2 0.260 0.939 0.540
Final 11 ± 2 14 ± 3 11 ± 2 10 ± 1 0.588 0.193 0.045

Rate of change 18.0 ± 0.1 14.4 ± 0.1 5.4 ± 0.1 16.5 ± 0.2 0.552 0.342 0.960

P-selectin (ng/mL)

Initial 214 ± 18 190 ± 12 195 ± 11 195 ± 11 0.412 0.537 0.469
Final 206 ± 15 202 ± 16 179 ± 12 196 ± 11 0.635 0.226 0.448

Rate of change 0.60 ± 0.05 6.86 ± 0.05 −1.72 ± 0.06 2.85 ± 0.04 0.289 0.519 0.871

ICAM-1 (pg/mL)

Initial 3093 ± 495 3332 ± 502 2954 ± 439 3291 ± 579 0.546 0.854 0.553
Final 2900 ± 452 3302 ± 566 3270 ± 557 3311 ± 643 0.705 0.770 0.601

Rate of change −0.09 ± 0.05 −1.84 ± 0.04 9.30 ± 0.06 −1.88 ± 0.05 0.120 0.742 0.473
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Table 6. Cont.

Normocholesterolemic
n = 31

Hypercholesterolemic
n = 37

p Value

OPO SO OPO SO Oil N/H N/H × Oil

VCAM-1 (pg/mL)

Initial 11,049 ± 2375 11,961 ± 2422 10,716 ± 2081 12,911 ± 2894 0.426 0.909 0.822
Final 11,280 ± 2523 13,101 ± 3152 12,271 ± 2480 13,917 ± 3574 0.522 0.822 0.621

Rate of change 5.44 ± 0.07 10.51 ± 0.08 19.90 ± 0.08 6.11 ± 0.09 0.373 0.856 0.073

* Values represent mean ± SEM. The table shows the initial (pre-treatment) and final (post-treatment) mean
values. The rate of change was calculated from initial and final values as [(final value-initial value)/initial value]
and expressed as percentage. Data were analyzed using a linear mixed model. p values in the first column
correspond to the effect of taking the oil (OPO or SO), those of the penultimate column to the effect of the
group [normocholesterolemic (N) or hypercholesterolemic (H)], and the last column to the interaction of oil and
group. Significance level was set at p < 0.05. eNOS: Endothelial nitric oxide synthase. E-selectin: Endothelial
selectin. P-selectin: Platelet selectin. ICAM-1: Intercellular adhesion molecule 1. VCAM-1: Vascular cell adhesion
molecule 1.

3.7. Diabetes Markers: Glycaemia, Insulin Levels, Glycosylated Haemoglobin Concentration,
Insulin Resistance/Sensitivity Indices (HOMA-IR/QUICKI), and Pancreatic Beta-Cell
Function (HOMA-β)

To assess insulin resistance and glycaemic homeostasis, mean glucose, insulin, and
HbA1c values were analysed. As shown in Table 7, glucose (p = 0.007) showed significant
differences after OPO and SO dietary intervention due to the interaction of the group
(normo- and hypercholesterolemic) with the studied oils (OPO and SO). According to the
Bonferroni test, there were differences between OPO and SO in subjects with normal choles-
terol levels. Thus, glucose values increased by 1.3% after OPO intake and decreased by
2.6% after SO intake. In the case of insulin, there were no statistically significant variations
throughout the study, although it was close to being significant due to the effect of consum-
ing OPO and SO (p = 0.077). Regarding Hb1Ac (p = 0.021), the differences occurred between
groups, with slightly higher values in the hypercholesterolemic group. Importantly, despite
the observed changes in glucose and Hb1Ac, the values of both parameters were within
normal levels for the adult population (<6% and <120 mg/dL, respectively) established by
the Spanish Diabetes Federation (Federación Española de Diabetes, FEDE). The mathemati-
cal models proposed by Matthews et al. [22] to assess insulin resistance (HOMA-IR) and
pancreatic beta-cell function (HOMA-β), as well as the QUICKI index calculated for insulin
sensitivity, did not show statistically significant differences after consumption of OPO and
SO (p < 0.05). However, differences were observed between healthy and at-risk subjects
in HOMA-IR (p = 0.020) and QUICKI (p = 0.011) values. Finally, after linear mixed model
analysis of initial and final values, HOMA-IR (p = 0.006) and QUICKI index (p = 0.005)
revealed differences between normocholesterolemic and hypercholesterolemic subjects.

Table 7. Effect of olive pomace oil (OPO) and sunflower oil (SO) consumption on diabetes markers *.

Normocholesterolemic
n = 31

Hypercholesterolemic
n = 37

p Value

OPO SO OPO SO Oil N/H N/H × Oil

Glucose (mg/dL)

Initial 80 ± 1 82 ± 1 83 ± 2 81 ± 1 0.938 0.259 0.130
Final 81 ± 1 79 ± 2 83 ± 1 83 ± 1 0.433 0.403 0.944

Rate of change 1.3 ± 1.2 a −2.6 ± 1.3 b −0.3 ± 1.2 3.1 ± 1.3 0.825 0.073 0.007
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Table 7. Cont.

Normocholesterolemic
n = 31

Hypercholesterolemic
n = 37

p Value

OPO SO OPO SO Oil N/H N/H × Oil

Insulin (μUI/mL)

Initial 7.3 ± 0.8 8.3 ± 0.8 10.2 ± 1.5 8.5 ± 0.9 0.977 0.243 0.579
Final 6.2 ± 0.6 6.8 ± 0.7 9.1 ± 0.9 9.1 ± 1.2 0.918 0.007 0.449

Rate of change −5.6 ± 6.5 −12.5 ± 5.6 4.7 ± 7.6 8.8 ± 5.9 0.077 0.802 0.825

HbA1c (%)

Initial 5.30 ± 0.05 5.33 ± 0.04 5.33 ± 0.04 5.36 ± 0.04 0.433 0.403 0.944
Final 5.30 ± 0.04 5.29 ± 0.04 5.33 ± 0.03 5.32 ± 0.04 0.837 0.488 0.949

Rate of change 0.1 ± 0. 5 −0.6 ± 0. 6 0.0 ± 0. 4 −0.8 ± 0. 4 0.994 0.021 0.258

HOMA-IR

Initial 1.4 ± 0.2 1.7 ± 0.2 2.2 ± 0.4 1.7 ± 0.2 0.886 0.186 0.674
Final 1.3 ± 0.1 1.3 ± 0.1 1.9 ± 0.2 1.9 ± 0.3 0.978 0.006 0.560

Rate of change −3.1 ± 7.4 −14.3 ± 5.8 6.0 ± 8.6 12.4 ± 6.2 0.952 0.020 0.102

HOMA-β

Initial 174 ± 21 191 ± 27 188 ± 20 140 ± 36 0.503 0.619 0.767
Final 143 ± 14 185 ± 43 186 ± 19 166 ± 15 0.669 0.607 0.185

Rate of change −8.5 ± 5.3 4.9 ± 5.2 7.1 ± 7.2 −1.7 ± 6.9 0.665 0.633 0.218

QUICKI

Initial 0.371 ± 0.005 0.363 ± 0.005 0.358 ± 0.006 0.365 ± 0.006 0.931 0.348 0.200
Final 0.379 ± 0.005 0.376 ± 0.006 0.359 ± 0.005 0.363 ± 0.006 0.943 0.005 0.658

Rate of change 2.2 ± 1.3 3.9 ± 1.2 0.7 ± 0.9 −0.7 ± 1.1 0.891 0.011 0.096

* Values represent mean ± SEM. The table shows the initial (pre-treatment) and final (post-treatment) mean values.
The rate of change was calculated from initial and final values as [(final value-initial value)/initial value] and
expressed as percentage. Data were analyzed using a linear mixed model. p values in the first column correspond
to the effect of taking the oil (OPO or SO), those of the penultimate column correspond to the effect of the group
[normocholesterolemic (N) or hypercholesterolemic (H)], and the last column to the interaction of oil and group.
Significance level was set at p < 0.05. HbA1c: haemoglobin A1c. HOMA-IR: Homeostatic model to assessment
insulin resistance. HOMA-β: Homeostatic model to assess β-cell functionality. QUICKI: Quantitative insulin
sensitivity check index.

3.8. Obesity Biomarkers

To determine the possible beneficial role of OPO and SO consumption on diabetes and
obesity, several biomarkers closely related to these two pathologies were analysed (Table 8).
According to the linear mixed model applied to rates of change, the dietary intervention
with OPO and SO showed significant changes in the hormones ghrelin (p = 0.031) and
leptin (p = 0.017). Specifically, ghrelin values increased in both groups after OPO and SO
intervention, being more marked in cardiovascular risk subjects after SO intake. Regarding
leptin, values in healthy subjects decreased by −8.0% after OPO intervention and slightly
increased by 1.7% after SO intervention, while there was an increase of 8.6% and 18.6% after
OPO and SO intake, respectively, in at-risk subjects. All other variables analysed showed
no changes. In addition, belonging to the normocholesterolemic or hypercholesterolemic
group had significant effects on C-peptide (initial and final stages), insulin (final stages),
and visfatin (final stages) when initial and final values were analysed (p < 0.05). On the
other hand, adiponectin showed changes due to the effect of the oils (OPO and SO) when
final values were compared (p = 0.029).
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Table 8. Effect of olive pomace oil (OPO) and sunflower oil (SO) consumption on diabetes and
obesity biomarkers *.

Normocholesterolemic
n = 31

Hypercholesterolemic
n = 37

p Value

OPO SO OPO SO Oil N/H N/H × Oil

C-peptide (pg/mL)

Initial 548 ± 45 546 ± 43 687 ± 63 634 ± 43 0.582 0.030 0.788
Final 489 ± 33 504 ± 38 639 ± 46 630 ± 43 0.937 0.001 0.873

Rate of change −6.2 ± 4.7 −3.3 ± 4.7 1.9 ± 5.8 1.8 ± 3.7 0.697 0.259 0.723

Ghrelin (pg/mL)

Initial 319 ± 42 297 ± 26 271 ± 26 252 ± 23 0.642 0.159 0.971
Final 299 ± 38 309 ± 30 250 ± 23 296 ± 26 0.161 0.330 0.543

Rate of change 3.8 ± 7.9 6.0 ± 5.8 2.3 ± 7.4 41.2 ± 20.7 0.031 0.348 0.166

GIP (pg/mL)

Initial 807 ± 168 840 ± 188 667 ± 29 635 ± 36 0.639 0.281 0.549
Final 770 ± 162 837 ± 188 657 ± 24 647 ± 38 0.847 0.581 0.571

Rate of change −1.9 ± 5.7 0.2 ± 2.9 0.4 ± 3.0 3.1 ± 2.9 0.554 0.513 0.975

GLP-1 (pg/mL)

Initial 255 ± 12 252 ± 13 259 ± 9 251 ± 10 0.624 0.852 0.656
Final 261 ± 11 257 ± 10 256 ± 9 256 ± 10 0.842 0.775 0.896

Rate of change −3.1 ± 7.7 −4.4 ± 7.8 0.1 ± 2.8 4.0 ± 3.4 0.992 0.902 0.274

Glucagon (pg/mL)

Initial 865 ± 71 807 ± 64 833 ± 54 858 ± 62 0.806 0.871 0.512
Final 906 ±74 824 ± 71 903 ± 55 869 ± 53 0.351 0.751 0.679

Rate of change 16.8 ± 14.7 5.5 ± 7.1 14.54 ± 6.1 7.97 ± 5.6 0.956 0.480 0.627

Insulin (pg/mL)

Initial 176 ± 25 200 ± 23 246 ± 33 211 ± 24 0.739 0.114 0.198
Final 150 ± 16 162 ± 20 235 ± 32 234 ± 32 0.841 0.005 0.818

Rate of change −0.6 ± 9.1 −9.3 ± 9.2 12.0 ± 10.3 15.0 ± 8.1 0.886 0.065 0.807

Leptin (ng/mL)

Initial 3.3 ± 0.4 3.2 ± 0.4 3.6 ± 0.5 3.0 ± 0.4 0.535 0.940 0.645
Final 2.9 ± 0.4 3.2 ± 0.4 3.2 ± 0.4 3.4 ± 0.4 0.593 0.519 0.911

Rate of change −8.0± 5.4 1.7 ± 6.3 8.6 ± 6.8 18.6 ± 98.3 0.017 0.180 0.947

PAI-1 (ng/mL)

Initial 6.9 ± 0.3 7.0 ± 0.3 7.2 ± 0.5 6.9 ± 0.4 0.815 0.853 0.608
Final 7.1 ± 0.3 6.9 ± 0.3 7.1 ± 0.4 7.2 ± 0.4 0.847 0.565 0.590

Rate of change 4.5 ± 3.3 −1.5 ± 2.8 5.7 ± 6.3 9.3 ± 8.1 0.805 0.459 0.444

Resistin (ng/mL)

Initial 6.0 ± 0.6 6.6 ± 0.7 6.5 ± 0.6 7.2 ± 1.0 0.179 0.641 0.377
Final 6.1 ± 0.4 6.4 ± 0.6 6.1 ± 0.6 6.3 ± 0.5 0.744 0.969 0.858

Rate of change 22.1 ± 0.217.5 8.1 ± 10.4 5.5 ± 11.7 11.7 ± 24.7 0.826 0.221 0.719

Visfatin (ng/mL)

Initial 1.53 ± 0.09 1.36 ± 0.08 1.63 ± 0.06 1.56 ± 0.07 0.100 0.097 0.596
Final 1.44 ± 0.07 1.48 ± 0.16 1.62 ± 0.07 1.62 ± 0.07 0.764 0.050 0.971

Rate of change −5.3 ± 2.2 3.9 ± 20.6 0.5 ± 3.0 5.7 ± 4.2 0.724 0.091 0.470

Adiponectin (ng/mL)

Initial 39 ± 8 56 ± 12 71 ± 17 78 ± 21 0.157 0.264 0.461
Final 49 ± 9 61 ± 20 91 ± 29 63 ± 15 0.029 0.793 0.916

Rate of change 20.4 ± 33.1 63.1 ± 28.2 54.4 ± 28.8 −69.8 ± 36.9 0.205 0.081 0.098
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Table 8. Cont.

Normocholesterolemic
n = 31

Hypercholesterolemic
n = 37

p Value

OPO SO OPO SO Oil N/H N/H × Oil

Adipsin (pg/mL)

Initial 660 ± 68 677 ± 107 853 ± 92 815 ± 91 0.866 0.072 0.739
Final 619 ± 73 600 ± 65 716 ± 64 664 ± 61 0.523 0.190 0.619

Rate of change 4.6 ± 13.2 9.6 ± 11.1 −6.0 ± 1.0 −6.5 ± 9.1 0.969 0.260 0.621

* Values represent mean ± SEM. The table shows the initial (pre-treatment) and final (post-treatment) mean values.
The rate of change was calculated from initial and final values as [(final value-initial value)/initial value] and
expressed as percentage. Data were analyzed using a linear mixed model. p values in the first column correspond
to the effect of taking the oil (OPO or SO), those of the penultimate column correspond to the effect of the group
[normocholesterolemic (N) or hypercholesterolemic (H)], and the last column to the interaction of oil and group.
Significance level was set at p < 0.05. GIP: Gastric inhibitory polypeptide. GLP-1: Glucagon like peptide 1. PAI-1:
Plasminogen activator inhibitor-1.

3.9. Anthropometric Measurements and Body Composition

Table 9 shows how 4-week consumption of OPO and SO significantly affected visceral
fat percentage (p = 0.028). In detail, there was a decrease of −4.5% (normocholesterolemic
group) and −1.4% (hypercholesterolemic group) after OPO intake, and an increase of 2.2%
(normocholesterolemic group) and 6.6% (hypercholesterolemic group) after SO intake. The
other parameters assessed were not affected after the intake of both vegetable oils (OPO and
SO). However, when healthy subjects were compared with those at-risk, differences in BMI
(p = 0.050) and body fat (p = 0.058) values were observed. These differences between groups
were also observed in weight (initial and final stages), BMI (initial and final stages), visceral
fat (initial and final stages), waist circumference (initial and final stages), hip circumference
(late stages), and arm circumference (initial and final stages) (p < 0.05), when the statistical
analysis was performed on initial and final values (Table 9).

Table 9. Effect of olive pomace oil (OPO) and sunflower oil (SO) consumption on anthropometric
measurements and body composition *.

Normocholesterolemic
n = 31

Hypercholesterolemic
n = 37

p Value

OPO SO OPO SO Oil N/H N/H × Oil

Weight (kg)

Initial 64.1 ± 2.1 64.0 ± 2.1 74.1 ± 2.6 74.1 ± 2.7 0.990 0.000 0.967
Final 63.9 ± 2.1 64.0 ± 2.1 74.2 ± 2.7 74.2 ± 2.7 0.945 0.000 0.967

Rate of change −0.3± 0.3 0.0 ± 0.2 0.1 ± 0.2 0.1 ± 0.2 0.660 0.272 0.545

BMI (kg/m2)

Initial 23.9 ± 0.7 23.7 ± 0.7 26.0 ± 0.7 26.0 ± 0.7 0.893 0.002 0.976
Final 23.8 ± 0.7 23.8 ± 0.7 26.1 ± 0.7 26.1 ± 0.7 0.930 0.001 0.980

Rate of change −0.4 ± 0. 3 0.3 ± 0.5 0.2 ± 0.2 0.4 ± 0.3 0.365 0.050 0.805

Body fat (%)

Initial 25.5 ± 1.5 24.8 ± 1.5 26.2 ± 0.7 26.0 ± 0.7 0.803 0.512 0.845
Final 25.9 ± 1.3 25.2 ± 1.5 26.1 ± 0.7 25.8 ± 0.7 0.844 0.805 0.818

Rate of change 1.1 ± 2.3 −1.0 ± 1.1 3.3 ± 2.4 3.8 ± 2.2 0.848 0.058 0.714

Visceral fat (%)

Initial 3.5 ± 0.5 3.3 ± 0.5 7.3 ± 0.7 7.0 ± 0.7 0.794 0.000 0.935
Final 3.4 ± 0.5 3.4 ± 0.5 7.2 ± 0.7 7.1 ± 0.7 0.822 0.000 0.867

Rate of change −4.5 ± 2.7 2.2 ± 4.0 −1.4 ± 1.5 6.6 ± 6.1 0.028 0.490 0.636
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Table 9. Cont.

Normocholesterolemic
n = 31

Hypercholesterolemic
n = 37

p Value

OPO SO OPO SO Oil N/H N/H × Oil

Waist circumference (cm)

Initial 75.8 ± 1.8 76.6 ± 2.2 84.5 ± 2.3 85.6 ± 2.5 0.545 0.000 0.863
Final 74.7 ± 1.8 76.0 ± 2.0 83.7 ± 2.3 85.1 ± 2.3 0.548 0.000 0.997

Rate of change −1.2 ± 0. 9 −0.7 ± 0. 9 −1.0± 0. 4 −0.5 ± 0. 8 0.467 0.935 0.884

Hip circumference (cm)

Initial 96.1 ± 1.5 96.0 ± 1.7 99.7 ± 1.2 98.8 ± 1.6 0.973 0.053 0.886
Final 97.6 ± 1.4 96.7 ± 1.7 100.2 ± 1.3 99.2 ± 1.6 0.848 0.001 0.948

Rate of change 0.6 ± 0.5 0.6 ± 0. 9 0.6 ± 0. 4 1.1 ± 0.9 0.534 0.616 0.538

Arm circumference (cm)

Initial 28.5 ± 0.6 28.3 ± 0.6 30.5 ± 0.6 30.4 ± 0.6 0.848 0.001 0.948
Final 28.3 ± 0.6 28.6 ± 0.7 30.3 ± 0.6 30.5 ± 0.6 0.945 0.002 0.920

Rate of change −0.5 ± 0. 5 0.1 ± 0. 4 −0.7 ± 0. 5 0.2 ± 0. 4 0.130 0.962 0.559

* Values represent mean ± SEM. The table shows the initial (pre-treatment) and final (post-treatment) mean values.
The rate of change was calculated from initial and final values as [(final value-initial value)/initial value] and
expressed as percentage. Data were analyzed using a linear mixed model. p values in the first column correspond
to the effect of taking the oil (OPO or SO), those of the penultimate column correspond to the effect of the group
[normocholesterolemic (N) or hypercholesterolemic (H)], and the last column to the interaction of oil and group.
Significance level was set at p < 0.05. BMI: Body mass index.

3.10. Antioxidant Capacity and Oxidation Biomarkers

The consumption of OPO and SO had no effect on any of the parameters used to assess
the oxidative status of the participants (p < 0.05). However, belonging to the normocholes-
terolemic or hypercholesterolemic group influenced FRAP values (p = 0.013). In addition,
initial and final FRAP and LDLox values showed variations between the normocholes-
terolemic and hypercholesterolemic groups, with slightly higher values in the at-risk group
(p < 0.05) (Supplementary Table S2).

4. Discussion

The MD is one of the best-studied diets because of its beneficial, protective effect
against chronic and inflammatory diseases. One of the most well-known and important
characteristics of this diet is the use of olive oil as the principal source of energy from fat [2].
All varieties of olive oil (EVOO, VOO, OO, and OPO) are characterised by their high oleic
acid content and their wide variety of bioactive compounds, while chemical composition
depends on the extraction method [3]. OPO is obtained from the residue remaining after
mechanical extraction of the VOO [9]. Although it is refined to make it suitable for con-
sumption, it remains a rich source of triterpenic acids and dialcohols, squalene, tocopherols,
sterols, and aliphatic fatty alcohols [3]. Numerous in vitro and preclinical studies have
been conducted on some of the minor components of OPO showing promising results
in the prevention of cardiovascular diseases and their risk factors, modulating lipid pro-
file, improving endothelial function, inducing hypotensive effects, lowering inflammation
levels, and improving biomarkers related to the prevention of diabetes and obesity [3].
However, the possible effects on human health following prolonged OPO consumption
remain unknown. Therefore, a randomized, blinded, crossover, controlled clinical trial with
OPO, analysing numerous biomarkers related to heart disease and associated pathologies
(obesity, diabetes, and inflammation) has been carried out.
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4.1. Chemical Composition of the Study Oils

OPO is mainly a monounsaturated fat thanks to its high oleic acid (C18:1) content in
comparison with SO and CO, and it is richer in linoleic acid (C18:2). These results were in
line with those recently reported by Holgado et al. [29], who characterized three different
brands of OPO and SO. The oleic acid (72.02–73.8% for OPO; 28.38–32.16% for SO) and
linoleic acid (9.5–11.1% for OPO; 56.6–60.0% for SO) content was similar to those quantified
in our study oils (Table 1). These authors also analysed other minor components, with
some differences between the OPO used in this study and those characterized by Hol-
gado et al. [29]. The three different OPO analysed by these authors showed a higher content
of squalene (742–1538 mg/kg), tocopherols (301–446 mg/kg), and phenolic compounds
(8–15 mg/kg), and a lower amount of aliphatic fatty alcohols (1677–2269 mg/kg) than
the OPO used in this intervention study (squalene: 675 mg/kg; tocopherols: 201 mg/kg;
phenolic compounds < 2 mg/kg; aliphatic fatty alcohols: 1681 mg/kg, Table 1). Regarding
CO composition, oleic acid, linoleic acid, and total sterol content shower a similar level to
that reported by Güneşer et al. [30].

4.2. Effect of Nutritional Intervention on Lipid Profile, Blood Pressure, and Markers of Liver
Function and Endothelial Function

Prolonged consumption of OPO and SO did not induce changes (p < 0.05) in any of
the biomarkers analysed related to lipid profile and liver function (Table 4). Although the
hypolipidemic effect of OPO had not been tested before, numerous in vivo and in vitro
studies performed with OPO components (mainly triterpenic acids and aliphatic fatty
alcohols) showed a favourable influence on various lipid profile parameters [3]. In addition,
oleic acid, as the main fatty acid in all categories of olive oil (EVOO, VOO, OO, and OPO),
allows these oils to be classified as monounsaturated fats with the potential to reduce
coronary heart disease risk, as had already been recognized by the FDA (Food and Drug
Administration 2004) [31]. In this regard, a systematic review and meta-analysis developed
by Pastor et al. [32] to assess the effect of hydroxytyrosol, oleic acid, or a combination of
both (olive oil) on metabolic syndrome revealed that oleic acid consumption had a beneficial
effect on lipid profile. Therefore, the slight downward trend observed in serum levels of
TC (in both groups), and TG, LDL-C, and VLDL-C in healthy subjects after OPO intake
(Table 4), yet not reaching significant differences, could be a consequence of consuming
this monounsaturated fat (OPO) rich in bioactive compounds. In relation to SO, its effect
on the lipid profile was investigated in 200 patients with heart disease, where consumption
of SO versus coconut oil (a source of saturated fat) showed no significant differences in
lipid profile markers (TC, LDL-C, HDL-C, VLDL, Apo B/Apo A ratio) [33], in agreement
with the results obtained in the present study. As shown in Table 4, the intervention with
SO also resulted in slight, non-significant decreases in TG and VLDL levels in healthy
subjects and a reduction in TC in the risk group. This downward trend may be related to
the high linoleic acid content of SO, since consumption of this PUFA has been associated
with reduced CVD mortality [34].

On the other hand, the mean values of ASAT and ALAT enzymes did not show
variations in both groups (normocholesterolemic and hypercholesterolemic) after OPO
and SO intake (Table 4). This result was to be expected considering that an increase
in the concentration and/or activity of these enzymes is related to adverse events [35],
which were not observed in any volunteers. Moreover, blood pressure not only remained
within the normal range in all volunteers (with values between 130 and 80 mmHg for SBP
and DBP, respectively) [36], but also throughout the study after the OPO and SO dietary
intervention (Supplementary Table S1). Several animal studies conducted to evaluate the
effect of triterpenic acids (specifically oleanolic acid) on endothelial function demonstrated
a protective action against blood pressure dysregulation and disorders associated with
hypertension [14,37]. However, considering that participants in the present study were not
hypertensive, the lack of effect on blood pressure could be due to being normotensive.
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Similarly, markers of endothelial function did not show significant changes after the
dietary intervention with OPO and SO. Only eNOS was close to reaching the significance
level for the effect of oil (p = 0.083), with a downward and upward trend after OPO and
SO consumption, respectively (Table 6). This enzyme is responsible for the synthesis of
nitric oxide (NO), a key element in vasodilation and the maintenance of vascular tone [38].
Therefore, this result reinforces the possible beneficial effect of OPO on endothelial func-
tion previously observed in hypertensive animals fed OPO enriched in triterpenic acids
(oleanolic acid and maslinic acid) [13,38]. The slight non-significant decrease detected after
SO consumption could be related to its high content in linoleic acid, based on a study in
endothelial progenitor cells (EPCs) in which incubation with linoleic acid (the main fatty
acid in SO) caused a reduction in eNOS expression [39].

4.3. Effect of Nutritional Intervention on Inflammation Markers

Given the relationship between cardiovascular risk and inflammatory processes, dif-
ferent biomarkers of inflammation were analysed. According to the linear mixed model
applied to the rates of change, OPO resulted in a slight increase in serum levels of the
anti-inflammatory cytokines IL-4 (p = 0.021) and IL-13 (p = 0.023) concentrations, show-
ing a decrease after SO consumption in both normo- and hypercholesterolemic humans
(Table 5). IL-4 acts as an anti-inflammatory cytokine by blocking the synthesis of IL-1,
TNF-α, IL-6, and macrophage inflammatory protein [40]. It also promotes Th2 lymphocyte
differentiation, B-lymphocyte proliferation and differentiation, and is a potent inhibitor
of apoptosis [40,41]. The anti-inflammatory cytokine IL-13 modulates the production of
IL-1, TNF-alpha, IL-8, and macrophage inflammatory protein. In addition, IL-13 stimulates
B cell growth and differentiation, inhibits Th1 cells and the production of inflammatory
cytokines [42]. IL-4 and IL-13 have been studied for their involvement in the pathogenesis
of allergic disorders such as asthma [40,41] and atopic dermatitis [42] through the activation
of eosinophils and the production of immunoglobulin E (IgE) by B cells [43]. Although the
assessed inflammation parameters showed significant differences in IL-4 and IL-13, their
association with allergic disorders such as asthma suggests that these changes could be
driven by factors external to the dietary intervention.

The behaviour of some minor components of OPO, such as squalene [43] or triterpenic
acids (ursolic and oleanolic acids) [44,45] on the inflammatory response has already been
evaluated in vitro and in animal models. The slight upward trend of IL-4 and IL-13 after
OPO intake agrees with that observed in a study by Sánchez-Quesada et al. [43] after
treatment with 1 μM squalene of immune cells differentiated into pro-inflammatory M1
macrophages. In contrast, studies carried out in murine models with ursolic acid [45,46]
and oleanolic acid [44] have shown a reduction in IL-4 [46] and IL-13 [44–46] levels. The
relationship between consumption of OPO enriched with triterpenic acids (maslinic and
oleanolic acids) and the production of inflammatory mediators has been evaluated in
several studies in murine animals [13,14]. In these studies, a lower expression of TNF-α
and MCP-1 was found when the animals were fed with OPO enriched with oleanolic and
maslinic acids. In the study (Table 5), TNF-α value showed minimal variation after OPO
ingestion. However, these results cannot be compared with those obtained in the present
trial because they were performed in cultured M1 macrophages [43] or in murine models
with asthma [44–46], in contrast to our study, where participants did not have a baseline
inflammatory state.

The slight decrease observed in IL-4 after SO intake was also observed in a clinical trial
conducted in 78 patients after administration of 2.5 g/day of conjugated linoleic acid (CLA),
400 mg/day of vitamin E, or their mixture in adults with rheumatoid arthritis [47]. All
other parameters analysed did not reach the level of significance (Table 5). However, in line
with Claro-Cala et al. [14], MCP-1 values showed a slight decreasing trend in both groups
of volunteers after OPO ingestion without reaching the level of significance. As mentioned
above, more nutritional intervention studies with OPO are required to determine if the
findings of this study are replicated in other trials.
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4.4. Effect of Nutritional Intervention on Diabetes and Obesity Markers

Regarding the effect of OPO and SO consumption on parameters associated with
insulin resistance and glycaemic homeostasis, Table 7 shows that mean values of glucose,
insulin and HbA1c remained within the normal range for the adult population [48]. This
outcome was expected as participants did not suffer from type 2 diabetes mellitus and
suggests the lack of insulin resistance in the study population. However, significant
changes were observed in HbA1c (p = 0.021) by group effect (normocholesterolemic and
hypercholesterolemic group), and in glucose values by dietary intervention effect (OPO
and SO) (p = 0.007) (Table 7). According to the Bonferroni test, changes in glucose values
(p = 0.007) were observed in normocholesterolemic subjects, with a slight increase of 1.3%
after OPO intake, and a decrease of 2.6% after SO intake (Table 7). This tendency was
contrary to that in hypercholesterolemic subjects, with a slight decrease of 0.3% after OPO
intake and an increase of 3.1% after SO intake. However, considering that glucose levels in
volunteers of both groups were within the normal range for the adult population (70 and
130 mg/dL) [48], these small changes would likely have minor physiological relevance.
The effect of SO on blood glucose levels has been assessed in a recent clinical trial where
consumption of 25 mL/day of SO for seven weeks showed no changes in this marker of
diabetes [49]. Similarly, a clinical trial conducted with conjugated linoleic acid (3.9 g/day)
versus high oleic sunflower oil (3.9 g/day) in 62 healthy subjects for 12 weeks showed no
changes in glucose concentrations [50].

The effect of OPO intake on glucose levels has also been evaluated in obese rats after
administration of OPO enriched in oleanolic and maslinic acids. The results demonstrated
improved oral glucose tolerance compared to obese control mice [14]. Oleanolic acid, which
is substantially more abundant in OPO (187 mg/kg) than in SO (<2 mg/kg), has been
shown to exert a beneficial effect on glucose metabolism after administration of 55 mL/day
of oleanolic acid-enriched olive oil in a clinical trial in 176 pre-diabetic subjects [51]. In addi-
tion, animal studies have evaluated the effect of consuming oleanolic acid, either 10 mg/kg
daily [52] or 80 mg/kg every three days [53]. The results supported the hypoglycaemic role
of this compound by demonstrating a decrease in blood glucose levels [52,53]. Another
characteristic component of the triterpene fraction of OPO, ursolic acid, has also shown
antidiabetic activity by reducing blood glucose levels and improving glucose tolerance [54].
These results show that OPO rich in triterpenic compounds could positively contribute to
glucose metabolism, and more clinical trials in hyperglycaemic volunteers consuming OPO
daily are needed to understand the effect of this type of oil.

Finally, the calculation of mathematical equations to measure insulin resistance (HOMA-
IR) (p = 0.020) and insulin sensitivity (QUICKI index) (p = 0.011) showed statistically signif-
icant differences between the normocholesterolemic and hypercholesterolemic groups in
agreement with the mentioned results of glucose and insulin (Table 7).

Among the obesity-related markers, ghrelin (p = 0.031) and leptin (p = 0.017), known
for their role in appetite regulation, showed significant changes due to the study oils
effect (Table 8). The orexigenic hormone ghrelin increased in both groups after dietary
intervention with OPO and SO, the increase being more pronounced after SO intake (18.6%)
in the risk group. As for the anorexigenic hormone leptin, except for an 8.0% decrease in the
normocholesterolemic group after OPO intake, this hormone increased subsequently after
intervention with OPO (in the risk group) and SO in both groups of volunteers (Table 8).
Studies in obese mice after administration of oleanolic acid (10 mg/kg) and ursolic acid
(50 mg/L, in the drinking water) revealed a decrease in ghrelin levels [52,55], contrary
to that observed in the present trial after OPO intervention. In relation to leptin, results
reported in the literature are contradictory. De Melo et al. [52] and Rao et al. [55] observed
an increase in plasma levels of this hormone in mice treated with oleanolic and ursolic
acids. In contrast, a study developed by Jia et al. [54] showed decreased levels of leptin
after oral administration of ursolic acid (50 and 200 mg/kg), in line with what we observed
in healthy volunteers after OPO administration. However, the amount of triterpenic
compounds provided by OPO in the present study (equivalent to 8.4 mg/day of oleanolic
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acid and trace amounts of ursolic acid) is significantly lower than those administered in the
aforementioned studies, which would justify the results of the present clinical study.

4.5. Effect of Nutritional Intervention on Anthropometric Measurements

One of the most remarkable results associated with OPO and SO consumption was
observed in visceral fat (p = 0.028), a marker of cardiovascular and metabolic risk. According
to Table 9, OPO consumption produced a slight decrease of 4.5% and 1.4% in both groups
of volunteers (healthy and at-risk groups), and an increase after SO intake of 2.2% and 6.6%
in the normocholesterolemic and hypercholesterolemic groups, respectively. The beneficial
effect on anthropometric parameters following consumption of a monounsaturated fat
was also observed in an intervention study, where consumption of up to 20 g/day of
olive oil for 6 months led to a significant decrease in body weight and BMI [56]. Similarly,
administration of oleanolic acid [52] or ursolic acid [55] to obese mice, as well as with OPO
enriched in triterpenic acids (oleanolic and maslinic acids) [14], showed not only a decrease
in body weight but also a decrease in visceral adiposity. Given that visceral obesity is
associated with increased adipocytokine production, pro-inflammatory activity, increased
risk of developing diabetes, dyslipidaemia, hypertension, and atherosclerosis [57], this
finding supports the idea that OPO consumption could be a nutritional tool to prevent
the onset of cardiometabolic diseases. The upward trend observed in the present study
following the intake of SO is consistent with the study in which SO and its effect on visceral
fat accumulation was evaluated in humans (39 subjects). The study involved overfeeding
with PUFA-rich muffins, which showed a lower increase in visceral fat compared with
subjects fed saturated fat-rich muffins [58]. Finally, BMI was statistically significantly
different between the normocholesterolemic and hypercholesterolemic groups, with higher
mean levels in participants with elevated cholesterol levels, supporting the association
between altered lipid profile levels (such as high TC levels) and elevated indicators of
overweight/obesity. However, no differences were observed due to the consumption of
both oils studied (Table 9).

4.6. Effect of Nutritional Intervention on Oxidative Status

Three complementary methods such as FRAP, ABTS, and ORAC were applied to deter-
mine the antioxidant capacity after nutritional intervention with OPO and SO. According
to the linear repeated measures model, consumption of OPO and SO had no effect on any
of the parameters used to evaluate the oxidative status of the volunteers (Supplementary
Table S2). Significant differences in FRAP values were only observed for the effect of
belonging to the normocholesterolemic or hypercholesterolemic group (p = 0.013). Another
marker assessed for oxidative status after OPO and SO consumption was LDLox. Oxida-
tion of this lipoprotein, which plays an important role in the initiation and progression
of atherosclerosis, also showed no significant variations throughout the trial (Supplemen-
tary Table S2). This parameter has been evaluated in different in vitro assays, carried out
with different compounds present in OPO, such as erythrodiol, uvaol, oleanolic acid, and
maslinic acid, with positive results in the reduction of lipid peroxidation [3]. Furthermore,
a diet supplemented with a by-product rich in squalene resulted in lower serum LDLox
levels in postmenopausal women [59]. In the present study, a slight decrease of −10.0%
(Supplementary Table S2) in LDLox concentrations was observed after OPO intervention in
at-risk subjects, although without reaching significant differences. These results are in line
with those described by Conterno et al. [60] in hypercholesterolemic subjects, where the
8-week consumption of olive pomace powder-enriched cookies tended to reduce LDLox
levels, again without reaching the level of significance. These results evidence the interest
in conducting further clinical trials with OPO in subjects with high cholesterol levels to
confirm the potential effect on LDLox.
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On the other hand, the consumption of both vegetable oils (OPO and SO) had no
significant effect on serum MDA levels, a widely used marker of lipid peroxidation, in both
study groups (Supplementary Table S2). There are previous studies demonstrating how
triterpenic acids (oleanolic, ursolic, and maslinic acids) [61–64] and squalene (components
of OPO) [65] decrease MDA levels in various animal models of hypertension, inflammation,
or diabetes. However, the high, pharmacological dose of pure triterpenic acids and squalene
administered to the experimental animals, as well as the pathologies of the murine models
used, limit potential comparisons with the present nutritional human intervention study.

Finally, it is important to note that both oils evaluated in this study (OPO and SO)
are foods with a high vitamin E content, a nutrient that has been shown to contribute
to the protection of cells against oxidative damage (Commission Regulation (EC) No.
432/2012) [66]. Due to the similarity in the vitamin E content in OPO and SO (Table 1), it is
possible that no differences were observed in the oxidative status parameters evaluated.

4.7. Strengths and Limitations

One of the strengths of this novel clinical trial carried out with OPO was the iden-
tification of numerous biomarkers related to cardiovascular disease and its associated
pathologies. This approach provides a broad understanding of the role of OPO on health in
humans. However, the present study also had limitations on the blinding of volunteers,
considering that the colour, smell, and taste of the two oils are different, it was not possible
to prevent volunteers (familiar with both oils) from knowing/guessing which oil they were
consuming in each stage. Another limitation was that the results reported in the present
trial do not allow the generation of clinical evidence because the type I error of 0.05 and
statistical power of 80% (1-beta) were taken as a reference in an incidental sample of vol-
unteers controlled only by cholesterol levels. To generate clinical evidence, it would have
been necessary to adjust (reduce) alpha and to perform the present study in a population
with many other controllable effects (in addition to cholesterol levels).

5. Conclusions

Regular consumption of OPO and SO had no statistically significant effect on any
of the markers related to lipid profile, blood pressure, and endothelial function in nor-
mocholesterolemic and hypercholesterolemic participants. Only eNOS level change was
close to being significant due to the effect of oil (OPO and SO) (p = 0.083); further studies
would be necessary to assess the potential effect of OPO on this biomarker, of great interest
considering the involvement of eNOS on the synthesis of nitric oxide, the main factor
responsible for vasodilation and maintenance of vascular tone. This result was reinforced
by a significant decrease in visceral fat (p = 0.028) after OPO intake in both groups, accom-
panied by the increment of leptin level in the hypercholesterolemic group (p = 0.017). These
results suggest a potential beneficial effect of sustained consumption of OPO on biomarkers
that may have a positive effect on cardiometabolic health. However, more clinical trials on
at-risk populations are needed to confirm these health effects.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14193927/s1, Table S1: Effect of olive pomace oil (OPO) and
sunflower oil (SO) consumption on blood; Table S2. Effect of olive pomace oil (OPO) and sunflower
oil (SO) consumption on antioxidant capacity and lipid peroxidation.
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EPCs: endothelial progenitor cells; (ESC) European society of cardiology; EVOO: extra virgin olive
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colony-stimulating factor; HPLC: high-performance liquid chromatography; HOMA-IR: homeostatic
model to assess β-cell functionality; HOMA-IR: homeostatic model to assessment insulin resistance;
IgE: immunoglobulin E; GIP: incretin gastric inhibitory polypeptide; ICTAN: institute of food science,
technology and nutrition; ICAM-!: intercellular adhesion molecules; IFN-γ: interferon-gamma; IL:
interleukins; LDL-C: low density lipoprotein; LDL-ox: low density lipoprotein oxidation; MIP-1β:
macrophage inflammatory protein 1 beta; MDA: malondialdehyde; MD: Mediterranean diet; MCP-1:
monocyte chemoattractant protein 1; MUFA: monounsaturated fatty acids; NO: nitric oxide; OO:
olive oil; OPO: olive pomace oil; ORAC: oxygen radical absorbance capacity; PAI-1: plasminogen ac-
tivator inhibitor-1; PUFA: polyunsaturated fatty acid; SO: sunflower oil; SBP: systolic blood pressure;
TC: total cholesterol; TRL: triglyceride-rich lipoproteins (TRL); TG: triglycerides; TNF-α: tumour
necrosis factor alpha; VCAM-1: vascular adhesion molecules; VOO: virgin olive oil; VLDL: very
low-density lipoprotein.
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Abstract: The pistachio is regarded as a relevant source of biologically active components that,
compared to other nuts, possess a healthier nutritional profile with low-fat content composed mainly
of monounsaturated fatty acids, a high source of vegetable protein and dietary fibre, remarkable
content of minerals, especially potassium, and an excellent source of vitamins, such as vitamins C and
E. A rich composition in terms of phytochemicals, such as tocopherols, carotenoids, and, importantly,
phenolic compounds, makes pistachio a powerful food to explore its involvement in the prevention of
prevalent pathologies. Although pistachio has been less explored than other nuts (walnut, almonds,
hazelnut, etc.), many studies provide evidence of its beneficial effects on CVD risk factors beyond the
lipid-lowering effect. The present review gathers recent data regarding the most beneficial effects of
pistachio on lipid and glucose homeostasis, endothelial function, oxidative stress, and inflammation
that essentially convey a protective/preventive effect on the onset of pathological conditions, such as
obesity, type 2 diabetes, CVD, and cancer. Likewise, the influence of pistachio consumption on gut
microbiota is reviewed with promising results. However, population nut consumption does not meet
current intake recommendations due to the extended belief that they are fattening products, their
high cost, or teething problems, among the most critical barriers, which would be solved with more
research and information.

Keywords: pistachio; prevalent chronic diseases; nuts; nutritional value; health benefits; barriers;
facilitator

1. Introduction

Nuts are regarded as a relevant source of biologically active components, mainly
thanks to their great proportion of unsaturated and essential fatty acids as well as phenolic
components [1–3]. In fact, in July 2003, the health claim: “scientific evidence suggests but
does not prove that eating 1.5 oz (42.5 g) per day of most nuts, such as pistachios, as part
of a diet low in saturated fat and cholesterol may reduce the risk of heart disease”, was
ratified by the Food and Drug Administration of United States [4].

Since then, more studies have been carried out to determine the impact of frequent
consumption of nuts on our health. Among them, the PREDIMED study [5] is one of
the most valued interventions, which evaluated the effect of a Mediterranean diet supple-
mented with either 30 g of nuts or olive oil in 7447 participants at high risk of cardiovascular
disease (CVD) in comparison to the control diet. Results showed that the Mediterranean
diet that included the daily consumption of nuts reduced the risk of suffering a myocardial
infarction, stroke, or death from a cardiovascular cause. Thus, improving glycaemic control,
lipid levels, blood pressure, obesity biomarkers, and endothelial function, among others,
could minimise the risk of suffering CVD [3,6]. Indeed, in a recent overview, the health
benefits of nuts regarding the management of dysmetabolic conditions, such as obesity
and type 2 diabetes mellitus (T2DM), closely associated with CVD, have been broadly
proven [7].
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Regarding the most consumed types of nuts, almonds and walnuts accounted for half
of the total tree nut estimated consumption worldwide in 2019 (30% and 20%, respectively),
followed by cashews, pistachios and hazelnuts, which accounted for 18%, 15% and 11%,
respectively, according to International Nut & Dried Fruits [8]. Following Europe as the
leading consumer, Asia and North America were the second and third largest consuming
regions, with similar market shares. In the period 2010–2019, nuts were mainly consumed in
high- and middle-income economies (56% and 39% of the world share for tree nuts in 2019),
while peanuts were mostly consumed in middle-income countries, which represented 91%
of the global share [8].

It is worth drawing attention to the pistachio among the nuts. Pistacia vera L. is a plant
of the Anacardiaceae family which yields a distinctive green fruit of great gastronomic
reputation called pistachio. Its cultivation began in western Asia but later spread to the
Mediterranean basin through Iran [9]. Season 2020/2021 was largely an “on year” and, as
a result, global production totalled over 1 million metric tons (in-shell basis), the highest
amount of the last decade, representing a 54% increase from the previous year and a
68% increase over the previous 10-year average. The United States was the top supplier,
accounting for 47% of the global share. It was the second “on year” in a row for Iran, and
Turkey showed an exceptionally high bumper crop. The US, Turkey, and Iran produced
97% of the world’s pistachio. Syria (2%), Greece (1%), and others, such as Italy, Spain,
Greece, Tunisia, Afghanistan, China, and Australia, account for the remaining 1% [8].
Although pistachio has been the least explored nut, there is broad evidence confirming its
beneficial health effects and, particularly, its positive contribution to minimizing the risk
for CVD [10,11], among other pathologies.

Due to the health benefits associated with the intake of nuts, their consumption is
promoted as a regular food in most of the food-based dietary guidelines [12] in the context
of a healthy diet. However, the population does not always consume them. For example,
the Global Burden of Disease Study 2017 estimated 21 g per day as the optimal intake of
nuts and seeds, while their actual consumption barely reached 12% of the recommended
level [13].

This review aims to revalue pistachio consumption, the least explored nut but with
the same or even more healthy potential than the rest due to its interesting nutritional
composition. A review of the studies focused on evaluating the biological properties of
pistachio, world consumption, and other uses will be developed. In addition, barriers
and facilitators of pistachio consumption will be analysed to understand why the dietary
requirements for nut consumption are not being met, attempting to shed light and help
make it happen.

2. Nutritional Value of Pistachios

The pistachio is a low-water (3–6%) and nutritionally rich nut mainly because of
its high fat (48–63%) and protein concentration (18–22%), together with the dietary fibre
(8–12%; Table 1) [14,15]. In fact, the daily intake of nuts recommended (1.5 oz equivalent to
42.5 g; 4) in the form of pistachios is approximately 15% of the Dietary Reference Intake
(DRI) for proteins, 11–18% of DRI for male and female respectively for dietary fibre, and
24% of DRI for fat. Lipids, although present in great amounts, have an equilibrated content
of mono- (56–77%) and polyunsaturated (14–33%; Table 1) fatty acids, that may help to
reduce LDL-cholesterol and hence the coronary heart disease risk [2,16,17].

Dry roasted pistachios have a lower fat content (45.82 g/100 g) than other nuts
(Table 1), mainly monounsaturated fatty acid (24.53 g) followed by polyunsaturated fatty
acid (13.35 g) and saturated fatty acid (5.64 g). Of the fatty acids, oleic is the main mo-
nounsaturated fatty acid (MUFA) in pistachios followed by linoleic acid (C18:2), which
represents more than half of the total fatty acid content (<60 g) (Table 1). Pistachio shows
a similar lipid profile to almonds and hazelnuts while walnut fat is headed by linoleic
acid (54.0–65.0 g/100 g) followed by oleic (C18:2) and linolenic (C18:3) acids with similar
contents. Pistachios are also a worthy source of vegetable protein (about 21%) as almonds
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(21%), and higher than other nuts, such as hazelnuts and/or walnuts. The amount of total
carbohydrates is low to moderate (28%), but pistachios are rich in dietary fibre, mainly
insoluble fibre (about 10% versus less than 1% of soluble fibre).

Table 1. Composition (g/100 g) in nutrients of dry roasted nuts. Source: USDA National Nutrient
Database for Standard Reference (2020). MUFA: monousaturated fatty acids; SFA: saturated fatty
acids; PUFA: polyunsaturated fatty acids.

g/100 g Pistachio Walnut Almond Hazelnut

Water 1.85 4.39 2.41 2.52

Energy (Kcal) 572 643 598 646

Lipids 45.82 60.71 52.54 62.40

SFA 5.64 5.36 4.10 4.51

PUFA 13.35 44.18 12.96 8.46

MUFA 24.53 8.37 33.08 46.61

C16:0 8.0–13.0 6.0–8.0 4.0–13.0 4.0–9.0

C18:0 0.5–2.0 1.0–3.0 2.0–10.0 1.0–4.0

C16:1 0.5–1.0 0.1–0.2 0.2–0.6 0.1–0.3

C18:1 45.0–70.0 13.0–21.0 48.0–80.0 66.0–85.0

C18:2 16.0–37.0 54.0–65.0 15.0–34.0 5.7–25.0

C18:3 0.1–0.4 13.0–14.0 N.D. 0.0–0.2

Proteins 21.05 14.29 20.96 15.03

Carbohydrates 28.28 17.86 21.01 17.60

Fiber 10.30 7.10 10.90 9.40

Sugars 7.74 3.57 4.86 4.89

Pistachio also contains a remarkable content of minerals, such as magnesium, calcium,
potassium, and phosphorus, and is documented as an important dietary source of potas-
sium (1025 mg/100 g versus ~700 mg of almond and hazelnut or 450 mg of walnut per 100 g
dry roasted nuts). Pistachios are rich in vitamins, especially vitamins C (5.60 mg/100 g)
and E (mainly as γ-tocopherol) (2.17 g/100 g). Others, such as vitamin A, vitamin B (except
B12), vitamin K, and folate, are existent in pistachios, which could contribute to their
respective Recommended Dietary Allowance (RDA).

Furthermore, the analysis of phytochemicals in this kind of nut has shown the content
of a diversity of bioactive polar and non-polar components, like tocopherols, phytosterols,
and phenolics [3,15], reaching the top fifty foods possessing higher antioxidant activ-
ity [18]. Thus, pistachios are the nuts with the highest content of phytosterols compared
with the other widely consumed nuts (2790 mg/Kg versus 1990–1130 mg/kg present in
walnut, almond, and hazelnut), including β-sitosterol, Δ5-avenasterol, campesterol, and
stigmasterol [19]. Pistachio is characterized by its carotenoid content, particularly lute-
olin and zeaxanthin with an amount of about 2760 μg/100 g and for β-carotene of about
200 μg/100 g. Compared with hazelnuts, pistachio exhibited 16-fold and eight-fold higher
levels of lutein/zeaxanthin and β-carotene, respectively [20]. Finally, pistachios are also a
rich source of phenolic compounds, which will be addressed in a separate section given
their nutritional and biological relevance.

3. Antioxidant Phenolic Composition of Pistachios

Nutrient databases, like the Phenol-Explorer and the flavonoid and proanthocyanidin
databases (USDA) [21,22] report the content of polyphenol of many foods. Furthermore,
the concentration of various families of phenolic components in nuts, including pistachio,
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as well as their antioxidant capacity and evidence for healthy effects have been recently
reviewed [1,23].

Walnuts, pecans, and pistachios are the kinds of nuts with the higher phenolic amounts,
on the contrary almonds, peanuts, and hazelnut present lower levels (e.g., [1,23]. A variety-
dependent content of total polar phenolics (TPP) is found in pistachios, ranging from
1600 mg/kg for the Kastel cultivars to more than three times more, 4900 mg/kg for Lar-
naka. As reported, polar phenolic components can be grouped into different families.
Flavanols being the most abundant phenolics found (about 90% of total, from 1500 mg/kg
to 4500 mg/kg), whereas the Kastel and Larnaka cultivars showed the lowest and highest
concentrations, respectively [24]. Other families, e.g., anthocyanins (from 54 to 218 mg/kg),
flavonols (from 76 to 130 mg/kg), flavanones (from 12 to 71 mg/kg), and gallotannins
(from 4 to 46 mg/kg), are also measured. These findings are similar to those reported by
Alasalvar & Bolling [1] or Chang et al. [23] (Table 2).

Nuts are rather consumed roasted because this operation enhance their color, flavor,
and crunchy characteristics. However, roasting conditions may lead to a relevant decrease
of the antioxidant capacity in certain nuts (walnut and hazelnut), but in pistachio and
almond its activity apparently keeps stable or is modestly improved [23,25]. This effect
may be justified by the decrease of phenolics due to effect of heating which is countervailed
by the generation of antioxidant-active components formed by the Maillard reactions.
Therefore, nuts must be roasted under appropriate settings to keep their great polyphenols
content, antioxidant capacity, as well as sensory properties.

It is important to highlight that the antioxidant capacity shown by different nuts
depends on the type of assay employed. Therefore, it is recommended to use more than
one type of antioxidant assay to take into account the different antioxidant mechanism
and the restrains of each method [26]. In fact, various in vitro chemical assays (e.g., ABTS,
FRAP, DPPH, ORAC, etc.) and biological methods (generally based on the oxidation of
lipoprotein) are employed to measure the antioxidant capacity of nuts [23].

Table 2. Total phenolic content and antioxidant activities of different varieties of pistachios.

Type of Pistachio Status of Pistacho TPP Antioxidant Assay
Value of Antioxidant

Capacity
References

Larnaka
(Spanish cultivar) Natural 4900 mg/Kg fw ORAC 330 mmol of TE/Kg [24]

DPPH 35 mmol of TE/Kg

Kastel
(Spanish cultivar) Natural 1600 mg/Kg fw ORAC 89 mmol of TE/Kg [24]

DPPH 13 mmol of TE/Kg

Kerman
(Spanish cultivar) Natural 1900 mg/Kg fw ORAC 61 mmol of TE/Kg [24]

DPPH 10 mmol of TE/Kg

Uzun
(Turkish cultivar) Natural 26.2 mg/100 g fw DPPH 8.05 μmol of TE/g [27]

Roasted 32.4–42.4 mg/100 g
fw DPPH 9.76–11.5 μmol of TE/g [27]

Ohadi
(Turkish cultivar) Natural 9.23–10.55 mg/Kg

GAE DPPH 4.34–5.56 mmol TE/Kg [28]

ABTS 4.11–5.95 mmol TE/Kg [28]

Roasted 10.35–11.23 mg/Kg
GAE DPPH 3.53–6.32 mmol TE/Kg [28]

ABTS 5.80–7.35 mmol TE/Kg [28]
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Table 2. Cont.

Type of Pistachio Status of Pistacho TPP Antioxidant Assay
Value of Antioxidant

Capacity
References

Uzum
(Turkish cultivar) Natural 9.19–11.46 mg/Kg

GAE DPPH 7.16–13.58 mmol
Trolox/Kg [28]

ABTS 15.69–28.28 mmol
Trolox/Kg [28]

Roasted 10.46–12.73 mg/Kg
GAE DPPH 13.5–18.00 mmol

Trolox/Kg [28]

ABTS 26.81–35.86 mmol
Trolox/Kg [28]

DPPH: 2,2′-diphenyl-1-picrylhydrazyl; FRAP: ferric reducing antioxidant power; ABTS: 2,2′-azino-bis(3-
ethylbenzthiazoline-6-sulphonic acid); ORAC: Oxygen radical absorbance capacity; TPP: total polar phenolics; fw:
fresh weight; GAE: gallic acid equivalent; TE: trolox equivalent.

Regarding the TPP antioxidant activity of pistachios, a wide cultivar-dependent inter-
val was obtained; showing Larnaka the greatest Trolox Equivalent Antioxidant Capacity
(TEAC) for both ORAC (330 mmol/kg) and DPPH (35 mmol/kg) methods. On the con-
trary, Kastel and Kerman are the cultivars with the lowest TEAC data, 89 and 61 mmol/kg
(ORAC), and 13 and 10 mmol/kg (DPPH) respectively [24]. These findings are in agreement
with those observed by evaluating the DPPH antioxidant capacity of the Uzun Turkish
pistachio cultivar [27,28]. Furthermore, Wu and Prior [29] created a database concerning
ORAC data in foods, giving 76 mmol/kg for pistachio nuts, similar to the value obtained
for Kastel and Kerman varieties (Table 2).

4. Health Benefits of Pistachio Consumption

Pistachios have an exciting nutritional profile compared with the rest of the nuts due
to their lower energy content and highest levels of γ-tocopherol, phytoesterols, carotenoids,
minerals, such magnesium and potassium, and vitamins K and B. The nutrients men-
tioned above undoubtedly contribute to the evidence that the regular intake of pistachios
improves health [15]. Cardiometabolic disease involves dyslipidemia, insulin resistance,
hypertension, and excessive visceral fat, which are behind T2DM and CVD [30]. Epidemi-
ological and/or clinical trials have shown that nut consumption has a positive influence
on health, by reducing the risk of suffering CVD [15,31,32], hypertension [33], T2DM [34]
and obesity [35], among others. These beneficial effects are a consequence of their unique
composition since nuts are nutrient-dense foods with healthy MUFA and PUFA fatty
acid composition, dietary fibre, high-quality vegetable protein, vitamins, and minerals,
along with carotenoids, phytosterols, and phenolic compounds previously described, with
recognized benefits to human health [3,10,11,36]. Regarding pistachio, there is wide evi-
dence confirming its beneficial health effects and, particularly, its positive contribution to
minimizing the risk for CVD [10,11].

4.1. Effects of Pistachio Consumption on Blood Lipids

Hyperlipemia is an established risk for CVD. Pistachio intake has been related with
the improvement of lipid profile, decreasing total cholesterol (TC) concentration [37–40],
TC/high-density lipoprotein (HDL) ratio and low-density lipoprotein (LDL)/HDL ra-
tio [37–39,41] in the pistachio-supplemented cluster compared with the control one, in
both healthy [38–40] and patients with moderate hypercholesterolemia [37,41]. LDL con-
centrations also decreased significantly in the pistachio-supplemented group in some
studies [39,40,42], whereas others observed a non-significant reduction [37,38,43]. Addi-
tionally, Sheridan et al. [41] observed a significant increase in circulating HDL concentration
in those subjects who consumed pistachios. Recently, a systematic review of epidemiologi-
cal evidence developed by Lippi et al. [44] showed the beneficial effects of pistachio intake
for improving the blood lipid profile (Figure 1).

309



Nutrients 2022, 14, 3207

Figure 1. Health benefits of pistachio consumption.

Clinical trials were developed to study the effect of pistachio consumption on the con-
centration and size of lipoprotein subclasses (small, medium and large), other blood lipid
markers of atherosclerosis different from the classical lipid profile [43,45], found a signifi-
cant antiatherogenic variation of lipoprotein subclasses. Thus, much evidence suggests that
pistachios may improve the blood lipid profile, contributing to decreased cardiovascular
risk. Most interestingly, in a network meta-analysis of clinical trials comparing the effects
of different types of tree nut consumption on blood lipids published this year, Liu et al. [46]
concluded that diets enriched with pistachio and walnut could be better alternatives for
lowering tryglycerides (TGs), LDL cholesterol, and TC compared to other nut-enriched
diets. Another conclusion from this study is that more clinical trials are needed to confirm
those claims and suggest changes in dietary and nutritional patterns for the ordinary popu-
lation. Last year, a systematic review and meta-analysis of randomized controlled trials
strongly proposed that pistachios may improve lipid profiles (TC, LDL, TG) and protect
against cardiometabolic diseases [47]. Early this year, a comprehensive meta-analysis of
randomized controlled trials (RCT) studying the effects of nut consumption on blood lipid
profile concluded that, although there was no overall effect of nut consumption on lipid
profile, pistachio consumption may reduce TC levels [48] (Figure 1).

4.2. Effects of Pistachio on Blood Pressure and Endothelial Function

Several prospective studies have revealed an inverse relationship between nut con-
sumption and blood pressure (BP) or hypertension. In the particular case of pistachio,
a beneficial effect on BP has also been observed in a clinical trial conducted on 28 dys-
lipidaemic individuals who followed for four weeks either a low-fat control diet, a diet
having 10% of the total energy from pistachios, or a diet with 20% of the total energy from
pistachios. A significant systolic blood pressure (SBP) reduction was observed, particularly
after following the diet supplemented with 10% of the total energy as pistachios, thus, no
dose-dependent effect was observed. In addition, no difference in diastolic blood pressure
(DBP) was recorded [49]. Another more recent study conducted on T2DM subjects by
Sauder et al. [50] showed a decrease in SBP after consuming a diet with 20% energy from
pistachios for four weeks. However, three additional controlled feeding trials evaluated the
BP lowering effects of pistachios as a secondary outcome and non-significant differences
in both SBP and DBP between those subjects supplemented or un-supplemented with
pistachios were observed [40,41,51]. Finally, a recent review and meta-analysis of more than
20 RCTs found that despite the intake of mixed nuts may reduce DBP, pistachios seemed to
have the most potent effect on reducing both DBP and SBP [33]. Therefore, although there
is some evidence that suggests that pistachios may reduce BP the non-consistent results
encourage continuing to investigate this aspect (Figure 1).
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Nuts consumption also improves the endothelial function. The antiatherogenic ef-
fect of hazelnut before and after consumption in 21 hypercholesterolemic subjects was
investigated. The consumption of a hazelnut-enriched diet (contributing 18–20% of the
total daily energy intake) for four weeks significantly improved flow-mediated dilation
(FMD), TC, TG, LDL, and HDL as well oxidized-LDL (oxLDL), C-reactive protein (CRP),
and soluble vascular cell adhesion molecule-1 (sVCAM-1) compared with the control diet,
confirming the antiatherogenic effect of hazelnut-enriched diets by improving endothelial
function, preventing LDL oxidation and inflammatory markers, in addition to their lipid
and lipoprotein-lowering effects [52]. Another study conducted by Katz et al. [53] evaluated
the effects of daily walnut consumption on endothelial function and other cardiac risk
biomarkers in 46 overweight adults with visceral obesity. Results revealed that a daily
intake of 56 g of walnuts for eight weeks improved endothelial function, without weight
gain, by improving FMD compared with the control diet, as well as beneficial trends in
SBP and maintenance of anthropometric values. Recently, a review summarized the effects
of tree nut and peanut intake on vascular function, excluding FMD. A total of 16 studies
were evaluated, although very heterogeneous in terms of dose, length of supplementation,
study designs, etc. Conclusions were discrepant. Ten studies provided no significant
changes, and six studies (one acute and five chronic studies) informed improvements in at
least one measure of vascular function. In summary, nuts have the potential to improve
vascular function, but the development of future studies is necessary to expand existing
knowledge [54] (Figure 1).

Regarding pistachio, Kasliwal et al. [55] evaluated its effect on vascular health in
60 adults with mild dyslipidemia after consuming 80 g (in-shell) pistachios for 12 weeks.
Results showed that usual intake of pistachios not only improved glycaemic and lipid
parameters but also produced improvements in vascular stiffness and endothelial function
(carotid-femoral and brachial-ankle pulse wave velocity). In a recent meta-analysis of
randomized, controlled-feeding clinical studies, Fogacci et al. [56] reviewed the effect
of pistachio on brachial artery diameter and flow-mediated dilatation and suggested a
significant effect of pistachios on endothelial reactivity, affecting brachial artery diameter
but not flow-mediated dilatation. Recently, a comprehensive review [57] and several
systematic reviews and meta-analyses Ghanavati et al. [58] demonstrated that pistachio
consumption can elicit a beneficial effect on some cardiometabolic risk factors, and Asbaghi
et al. [59] suggest the efficacy of pistachio consumption to reduce SBP. Finally, early this
year, in the latest review dealing with the effect of dietary polyphenols on vascular health,
Grosso and coworkers concluded that hypertension is counteracted by a plant-based
dietary pattern, including pistachio, for example, since no single food is enough to control
hypertension [60] (Figure 1).

4.3. Effects of Pistachio on Glucose Metabolism

In recent years, animal studies have unequivocally shown the positive effect of pis-
tachio feed on glucose homeostasis in altered situations such as diabetes and metabolic
syndrome (MetS). Thus, the consumption of pistachio has favorable effects on avoiding hy-
pertriglyceridemia, hyperglycemia, hypercholesterolemia, and inflammation characteristic
of a MetS induced by a fructose overload [61].

Recently, the pistachio extract administered to diabetic rats for three weeks significantly
improved the lipid profile, oxidative stress, and inflammation process by reducing lipid
peroxidation and increasing total antioxidant capacity [62]. In the same year, a pistachio
hull hydro-alcoholic extract, along with aerobic exercise, improved passive avoidance
memory in streptozotocin-induced diabetic rats [63]. More recently, a pistachio extract
also reverted most parameters altered by streptozotocin-induced diabetes in rats; not only
markers related to glucose homeostasis, but also those associated to ovary damage and
oxidative stress [64].

Several epidemiological studies and clinical trials suggested that the regularity of nut
consumption is inversely related to an increased risk of T2DM [65–70], mainly attributed to
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the relatively high content in dietary fibre, the presence of healthy fats and antioxidants
components [69]. Specifically, the effect of consuming pistachio alone or combined with
meals was evaluated on postprandial glycaemia [71,72]. Pistachios consumed alone had
a minimal effect on postprandial glycaemia, and when 28, 56, or 84 g of pistachios were
taken with a carbohydrate meal attenuated in a dose-dependent manner the glycaemic re-
sponse [71]. These authors evaluated pistachio consumption’s acute effects on postprandial
glucose and insulin levels in a randomized crossover study conducted on subjects with
MetS. Results showed that compared with white bread, pistachio with bread decreased post-
prandial glycaemia levels and increased glucagon-like peptide levels [72]. Feng et al. [73]
confirmed the positive effect that 42 g of pistachio had on postprandial glycemic and gut
hormone responses in women with gestational diabetes mellitus or gestational impaired
glucose tolerance, by inducing significantly lower postprandial glucose, insulin, and gastric
inhibitory polypeptide (GIP) but higher glucagon-like peptide-1 (GLP-1) levels compared
to 100 g of whole-wheat bread.

In a controlled clinical trial, healthy young men were randomly addressed to a Mediter-
ranean diet or a Mediterranean diet where monounsaturated fat content was replaced by
pistachios (equivalent to 20% of daily caloric intake) for four weeks. Subjects who followed
the Mediterranean diet supplemented with pistachios showed a significant decrease in
fasting plasma glucose concentrations as compared to the control [40]. Following the
Mediterranean diet-based nutritional intervention, a study carried out by Melero et al. [74]
confirmed the positive influence on the pregnancy of this dietary pattern by reducing
the rate of gestational diabetes mellitus in 600 Spanish women who had to intake about
25–30 g of pistachios at least 3 days a week. Besides, a nutritional clinical trial based
on the Mediterranean diet during pregnancy seems to be related with a decrease in the
offspring’s hospital admission, especially in women with pre-gestational body mass index
(BMI) < 25 kg/m2 [75]. Later, the consumption of 0, 42, and 70 g/day of pistachios by
70 subjects with MetS for 12 weeks, evidenced a downward trend in blood glucose lev-
els in subjects who adhered to pistachio interventions compared to the control diet, but
without reaching significant differences [51]. A similar study carried out with subjects
with MetS randomized to either an unsalted pistachios diet (20% dietary energy) or a
control diet for 24 weeks showed a significant decrease in glucose levels but not blood
insulin levels [76]. While Hernandez-Alonso et al. [43] demonstrated that pistachios have
glucose- and insulin-lowering effect in a RCT with 54 pre-diabetic subjects who consumed
for four months a pistachio-supplemented diet in comparison with a control diet. The
effect of replacing carbohydrate consumption with mixed nut consumption (75 g/d) that
included pistachios in 117 T2DM subjects for three months showed a significant decrease
in glycated hemoglobin (HbA1c) levels, improving glycaemic control [77]. Results were
similar in a crossover trial with 48 diabetic participants after three months of pistachio
consumption [78]. Interestingly, chronic pistachio consumption reduced oxidative damage
to DNA and increased the gene expression of some telomere-associated genes, reversing
certain deleterious metabolic consequences of prediabetes [79]. More recently, pistachio,
among other Mediterranean products, has been recommended a promising source of multi-
target agents in the treatment of MetS [80]. Despite the encouraging results reported for
glucose metabolism in fasting conditions or postprandial status, additional studies are
necessary to test pistachio consumption’s long-term effects on insulin resistance and T2DM
prevention and/or control. In a recent systematic review and meta-analysis of pistachio on
glycemic control and insulin sensitivity in patients with T2DM, prediabetes and MetS, the
authors concluded that pistachio nuts might cause a significant reduction in fasting blood
glucose and HOMA-IR (homeostatic model assessment for insulin resistance), although
HbA1c and fasting plasma insulin might not significantly improve in patients suffering
from or at risk of T2DM [81]. Finally, a RCT published early this year has reported that
a Mediterranean diet with additional extra virgin olive oil and pistachios decreases the
occurrence of gestational diabetes mellitus [82] (Figure 1).
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4.4. Effects of Pistachios on Satiety Regulation and Body-Weight Control

Although nuts, including pistachios, are still perceived by the general public to be
fattening because of their high-fat content, there are several epidemiological studies that
have provided strong evidence that nut consumption is associated with neither weight
gain nor an increased risk of obesity [83,84]. Regarding pistachio, Li et al. [85] evaluated
the effects of pistachio snack consumption on body weight and lipid levels in obese partic-
ipants, which were randomly assigned to consume isocaloric weight reduction diets for
12 weeks with an afternoon snack of either 53 g of salted pistachios or 56 g of salted pret-
zels. Both groups lost weight, but the pistachio-supplemented group showed a higher BMI
reduction than the pretzel-supplemented group. Regarding the already mentioned study
of Wang et al., [51], results showed that the supplementation with pistachios (42 or 70 g/d)
for 12-weeks did not lead to weight gain or an increase in waist-to-hip-ratio in Chinese
subjects with MetS. Likewise, Gulati et al. [76] evaluated the effects of pistachios on body
composition in 60 individuals with MetS randomised to either the pistachio (20% dietary
energy) or control group for 24 weeks, and no significant differences were detected in body
weight, although a significant decrease in waist circumference was observed. However,
Parham et al. [78] found a significant reduction in BMI after 50 g pistachio consumption for
12 weeks compared to the control diet.

Other clinical studies where apart from studying the effect of pistachio consumption
on biomarkers of cardiovascular health, also evaluated the impact on weight or/and BMI,
did not observe differences between participants belonging to the supplemented diet with
nuts and the control group [38–41]. A more recent study developed by Fantino et al. [86],
concluded that the daily intake of 44 g pistachios improved quality diet without disturbing
body weight in healthy women. While Rock et al. [87] evaluated the impact of consuming
42 g/d of pistachios by non-diabetic overweight/obese adults assigned to a four-month
behavioural weight loss intervention against a similar group without consuming pistachios,
observing a similar reduction of weight, BMI, and waist circumference (Figure 1).

Among the various explanations of why the consumption of pistachios does not
induce overweight, being a very energetic food, is their high satiating power, inefficiency
in the absorption of the energy they contain, a possible increment in energy expenditure
at rest and an increase in fat oxidation (revised by Tan et al. [84]). Moreover, the crunchy
physical structure of nuts in general, and pistachio in particular, has demonstrated its
positive influence on satiety [88]. In this sense, recently, a randomized controlled pilot
study was carried out to assess the effects of a daily pistachio afternoon snack on next-
meal energy intake, satiety and anthropometry in 30 healthy French women were tutored
to consume either 56 g of pistachios or 56 g of isoenergetic/equiprotein savoury biscuit
as an afternoon snack. Results revealed that both afternoon snacks provided a similar
subjective feeling of satiety, and pistachios consumption did not affect body weight or
composition [89]. Lately, pistachio treatment in obese mice fed a high-fat diet showed
neuroprotective effects, including decreased brain apoptosis, decreased brain lipid, and
oxidative stress with the improvement of mitochondrial function [90]. A recent meta-
analysis of RCTs by Xia et al. [91] reported that a diet with pistachios reduced BMI and
had no significant effects on body weight and waist circumference. Indeed, recent research
has focused on pistachio’s applications as a plant-based snack, particularly for appetite
control and healthy weight management [92]. Due to the importance of satiety regulation
on body-weight control, clinical trials with pistachios need to be carried out in the future to
establish this aspect fully.

4.5. Effect of Pistachios on Inflammatory State

Chronic low-grade inflammation has been related with insulin resistance, diabetes,
atherosclerosis, obesity and MetS. A few research studies have evaluated the effects of
nut intake on inflammation with different results. A previous study suggested that a
diet supplemented with pistachio improved some inflammation biomarkers in healthy
young men; by decreasing serum interleukin 6 but without changing CRP and tumour
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necrosis factor-alpha (TNFα) levels [40]. Recently, proanthocyanidins extracted from
Sicilian pistachio was the major bioactive able to modulate the inflammatory response of
human intestinal epithelial cells through the inhibition of nuclear factor kappa B (NF-κB)
activation [93]. More recently, the anti-inflammatory effect in vivo of pistachio was shown
in a rat model of ulcerative colitis inflammation [94]. In the same year, the results of another
study showed that usual pistachio intake improved inflammation in obese mice, probably
due to the positive modulation of the microbiota composition [95]. More recently, an
aqueous leaf extract obtained from Pistacia lentiscus improved acute acetic acid-induced
colitis in rats, which was associated with its ability to reduce inflammation and oxidative
stress [96] (Figure 1).

4.6. Effects of Pistachios on Oxidative Stress

Pistachios contain polyphenols that act as radical scavengers, neutralising reactive
oxygen species (ROS) and enhancing endogenous antioxidant defences. Many studies
have demonstrated the antioxidant activity of extracts obtained from different pistachio
parts in both in vitro [97–101] and in vivo models, such as in animals [64,97,99,102–108]
and humans [7,15,54,55,76,109]. Therefore, antioxidants present in pistachios could have
significant effects on the regulation of oxidative stress and a reduced risk of chronic diseases.
Remarkably, previous research on the antioxidant capacity and chemo-preventive potential
of pistachio phenolic compounds in cell culture models has been performed in cell types
from thyroid, lung, skin, and monocyte/macrophage, but not in endothelial cells, which
is the more suitable cell type to study endothelial dysfunction and its potential effect on
cardiovascular capacity. This inattention should be repaired in the near future.

Regarding human studies, a study carried out on 44 healthy volunteers showed an
increased blood antioxidant potential determined by the evaluation of biomarkers of lipid
peroxidation in those participants consuming pistachios compared with those assigned
to a control diet without nuts [38]. A cross-over RCT developed by Kay et al. [110] on
28 hypercholesterolaemic adults showed that the consumption of diets containing 10% and
20% of energy from pistachios increased γ-tocopherol, lutein and β-carotene concentra-
tions in serum, and decreased oxLDL concentration compared with the un-supplemented
group. Sari et al. [40] evaluated the effect of the Mediterranean diet supplemented with
pistachios by replacing the monounsaturated fat content on thirty-two healthy young
men for four weeks in a prospective study. Results revealed an increase in total antioxi-
dant status and superoxide dismutase, along with a decrease in inflammation and other
oxidative markers. In a more recent randomized, double-blind, placebo-controlled trial,
the antioxidant efficacy of a Pistacia lentiscus supplement in inflammatory bowel disease
was assessed [111]. 60 patients were randomly allocated to Pistacia lentiscus supplement
(2.8 g/day) or to placebo for three months and oxLDL, oxLDL/HDL, and oxLDL/LDL
decreased significantly in the intervention group, confirming its antioxidant activity. These
afore-mentioned results have demonstrated the beneficial effects of pistachios on the factor
risks of CVD (Figure 1).

4.7. Effects of Pistachios on Cancer

In cell culture studies, mastic gum resin has shown anticancer effect in bile duct cancer
(cholangiocarcinoma) (KMBC), pancreatic carcinoma (PANC-1), gastric adenocarcinoma
(CRL-1739), and colonic adenocarcinoma (COLO205) cells [112]. P. lentiscus extract showed
moderate activity against liver cancer [113] as well as breast cancer [114,115]. Raw and
roasted pistachio showed a chemo-preventive potential regarding colon cancer [116]. The
essential oil from Pistacia lentiscus aerial parts induced oxidative stress and apoptosis in
human thyroid carcinoma cells [98]. Pistachio green hull extract induced apoptosis through
multiple signaling pathways by causing oxidative stress on colon cancer cells [117]; whereas
the cytotoxic fraction from Pistacia vera red hull ethyl acetate extract showed anticancer
activity on breast cancer both in cell culture and in mice [118]. Mastiha is a natural aromatic
resin obtained from the trunk and branches of the mastic tree (Pistacia lentiscus L. var
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latifolius Coss or Pistacia lentiscus var. Chia). Similar to the results reported with green
hull extracts by Koyuncu and coworkers, mastic has shown a powerful anticancer effect
in colon cancer cells [119]. In the same year, mastic gum essential oils exhibited selec-
tive cytotoxicity against SK-MEL-30 (melanoma), A559 (lung), PANC-1 (pancreatic), and
U87MG (glioblastoma-astrocytoma) human cells lines, whereas HeLa (cervix adenocarci-
noma) cells exhibited more sensitivity to the treatment [120]. In a very recent overview of
pistachio effects on human health [121], beneficial effects on inflammation and oxidative
stress were generally reported for mastic consumption, while a study developed in a cancer
bioassay model showed an increase in biomarkers associated with the formation of hep-
atic preneoplastic lesions after mastic administration [122]. In contrast, mastic exhibited
an antihepatotoxic activity in carbon tetrachloride-intoxicated rats, by reducing alkaline
phosphatase activity and bilirubin levels [123]. Moreover, recently, a current systematic
review and meta-analysis of observational studies showed the inverse association between
pistachio consumption and the cancer risk and mortality [124]. Finally, early this year, the
nanoliposomal formulation of pistachio hull extract showed promising anti-cancer effects
through Bax/Bcl2 modulation [125] (Figure 1).

4.8. Effect of Pistachios on Intestinal Microbiota

Dietary fibre and phytochemicals present in nuts can reach the proximal colon and
modulate the microbiota composition. Effects of almond and pistachio consumption on gut
microbiota composition were evaluated in a crossover RCT for 18 days with 0, 1.5, and three
servings/day. Pistachio showed a higher effect than almond on gut microbiota, increasing
the number of potentially beneficial butyrate-producing bacteria, whereas bifidobacteria
were unaffected [126]. A more recent study led by Yanni et al. [127] in diabetic rats
demonstrated that dietary pistachio for four weeks restored normal flora and enhanced the
presence of beneficial microbes (lactobacilli and bifidobacteria, among others) in the rat model
of streptozotocin-induced diabetes. Likewise, chronic intake of pistachio for 16 weeks
significantly enhanced the level of healthy bacteria genera such as Parabacteroides, Dorea,
Allobaculum, Turicibacter, Lactobacillus, and Anaeroplasma, and decreased bacteria related to
inflammation, such as Oscillospira, Desulfovibrio, Coprobacillus, and Bilophila in mice fed a
high-fat diet [95]. Finally, Creedon et al. [128] carried out a systematic review of RCT to
check the impact on gut microbiota and gut function that nut consumption has in healthy
people. Seven RCTs were eligible, and only one of them was developed with pistachios.
Nut consumption significantly increased Clostridium, Dialister, Lachnospira and Roseburia
and significantly decreased parabacteroides. Nonetheless, it is convenient to carry out new
studies to expand knowledge about the effect of pistachio on intestinal microbiota and gain
robust conclusions (Figure 1).

5. Consumption and Uses of Pistachios

Regarding the estimated world consumption of pistachios (in-shell basis) per capita
(Kg/year), the top five countries were Turkey (2.06 kg/year), Syria (1.83 kg/year), Israel
(1.79 kg/year), Spain (1.43 kg/year), and Germany (0.98 kg/year) in 2019 [8].

Nuts in general, and pistachio in particular, are consumed fresh, roasted, or as salty
snacks. Furthermore, gourmet and functional oils, flours, plant-based milk substitutes,
spreads, cereal bars, and bakery goods, among others, may be made with nuts, with
high requirements in terms of nut quality. Thus, nut oils are obtained by mechanical
pressing without refining, and due to their sensorial attributes, the pistachio oil is an
appreciated product from the gastronomy point of view (as a substitute for butter or
margarine, as a dressing for vegetables, and as an ingredient of haute cuisine) [129]. The
composition and properties of virgin pistachio oils processed employing different cultivars
were characterized by Ojeda-Amador et al. [130] in 2018; highlighting the attractive added
value of this type of vegetable oil. Recently, the development of functional edible oils
enriched with pistachio and walnut phenolic extracts has been described [131], which
constitute an exciting strategy to increase the phenolic intake in the diet. A phenolic
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concentration of 340–570 mg/kg was reached in the different enriched edible oils, showing a
great antioxidant activity (up to 54 mmol/kg Trolox, as DPPH). Furthermore, the functional
properties and stability of these formulations have been improved employing emulsion
and micro emulsion systems [132]. Nut flour has aroused interest as a substitute for wheat
flour for gluten-free formulations to use in bakery products such as bread, cakes and
cookies [133] and with an interesting nutritional profile. Sanchiz et al. [134] evaluated
pistachio flour after combining heat and pressure processing, resulting in a higher phenolic
content and excellent physical properties of pistachio flour. Non-dairy milk alternatives
answer the needs of people with milk protein allergy and lactose intolerance, and its
market is growing at breakneck speed. The pistachio represents an excellent raw material
for obtaining vegetable-based milk, as described by Sethi et al. [135]. Nut spread has also
been formulated with pistachio, which constitutes an excellent alternative to increase its
added value [136]. In the same line, pistachio has been used as a predominant ingredient
in the formulation of cereal bars, which is very well accepted by consumers [137].

Furthermore, pistachio oil is a valued ingredient for cosmetic care formulations, e.g.,
shampoos, hair conditioners, soaps, skin creams, and lip balms, [129]. Recently, distilled
leaves from pistachio have been reported as a potential cosmeceutical ingredient because
of their transdermal diffusion and anti-elastase and anti-tyrosinase activities [138].

Such commercial presentations enlarge the use of pistachio as value-added ingredients,
motivating their cultivation and production. Pistachio constitutes an ideal ingredient for
new functional foods and satisfies the needs of more limiting diets, such as vegetarianism
or veganism [139].

6. Barriers and Facilitators to Pistachio Consumption

Population nut consumption does not meet the current recommendation of intake
despite their widespread demonstrated health benefits. In this sense, a recent review
identified some barriers and facilitators to nut consumption [140], which should be taken
into account in elaborating future strategies to encourage nut intake.

The most extended feeling about nut consumption is the belief that eating nuts would
cause weight gain, despite the cumulative results reporting no effect on it [51,76,78,85].
An interesting and recent study that evidence this issue was that developed by Brown
et al. [141], who evaluated the nut perceptions among the general public. Results revealed
that over half the respondents reported they would eat more nuts if they were advised to
do it by a dietitian or doctor, and the most frequently selected deterrent to increasing nut
consumption was the potential weight gain (66%). Likewise, a survey of 710 interviewees
in New Zealand identified as a barrier to regular nut consumption the perception that nuts
are high in fat, which could affect negatively on control weight [142]. Another common
barrier to nut consumption was their high cost. The study developed by Brown et al. [141]
in 710 people found the cost (67%) as the most frequently selected deterrent to increase
nut intake. Recently, a survey of 124 participants from the United States [143] highlighted
an inverse relationship between the price and the intention to consume nuts. Dentition
issues may act as a possible barrier to regular nut consumption, as was, for example,
reported in the New Zealand study where it was mentioned as a common barrier to nut
intake [142]. Other presentations of nuts, such as nut butter, would constitute interesting
alternative forms of nuts for those with poor dentition. Finally, allergy to nuts constitutes
an important nut intake barrier, as was reported by Australian health professionals in the
study developed by Tran et al. [144]. In addition, this barrier is extrapolated to people
who lived with or were in close contact with someone allergic to nuts, since up to 8% of
participants compatible with this situation declared not to consume nuts or nut butter.

Conversely, the healthy properties associated with nut consumption constitute a strong
facilitator, but certain demographic characteristics such as a higher level of education or
socio-economic status [145–147], healthier lifestyle [145,148], and higher levels of physical
activity [145], are determining a higher intake of nut. Likewise, increased age appears to
be related to higher nut consumption [145,148]. In contrast, intake of nut butter may be
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higher among younger people [147]. Health professionals have a key role in encouraging
nut intake, although their knowledge about health benefits derived from nut consumption
could be improved.

The aforementioned data could help to identify the most vulnerable groups to not
meeting the recommendations for the nut intake, very important to design targeted dietetic
strategies to reach the minimal pistachio consumption.

From the evidence given and discussed in this review, it is clear why pistachio should
be a regular food in our diet, since there are several well-documented health benefits related
to the consumption of this kind of nut. However, this is probably clear to food and nutrition
experts, just yet to reach the general population.

To increase pistachio consumption several strategies should be used. To effectively
inform the population about the health benefits of its consumption, specific promotion
campaigns should eb designed focused on different target consumers, e.g., kids, teenagers,
adults, sportsmen/sportswomen, elderly, and so on. As mentioned, dietitians or doctors
should be involved to increase people’s confidence in this message.

Moreover, campaigns should also promote the consumption of the different types of
pistachio’s products, several of them described above. The fusion between gastronomy and
nutrition is generally a successful story; increasing the number of recipes using pistachios
as an ingredient but also developing new ways of employing them, such as virgin oils, nut
butter, bakery products, etc.

Well-designed educational tasks, such as MyPlate or similar food guidelines, should
reinforce nut consumption, that of pistachio in particular in this case, within the fruits and
vegetables food group.

Since nuts are consumed roasted because it enhances their sensory characteristics, it
should also be very relevant to advance the optimization of roasting conditions with the
aim of maximizing the effects of pistachio’s bioactive polar and non-polar components;
which must also involve a proper consumer’s sensory evaluation to ensure that preferences
for the new product remain still high.

Finally, as commented in this review, a complementary strategy to ensure an adequate
intake of pistachio’s bioactive components should involve the development of functional
foods that contain phenolic extracts.

7. Conclusions

The pistachio is valued as an important source of bioactive components that, com-
pared to other nuts, possesses a healthier nutritional profile with low-fat content composed
mainly of MUFA, a high source of vegetable protein and dietary fibre, remarkable content
of minerals, especially potassium, and an excellent source of vitamins, such as vitamins C
and E. Its phytochemicals rich composition such as tocopherols, carotenoids and, impor-
tantly, phenolic compounds make pistachio an interesting food for its potential to prevent
prevalent pathologies. The first health claim approved by the United States FDA in 2003
informed that there is scientific evidence that suggests, although does not demonstrate,
that eating 1.5 oz (42.5 g) each day of nuts within a low saturated fat and cholesterol diet,
may diminish the heart disease risk, was a turning point for nuts. A growing interest in
confirming nuts effect on health has led to an increase in the quantity of research on nuts.
Although pistachio has been less explored than other nuts (walnut, almonds, hazelnut,
etc.), some studies provide evidence of its beneficial effects on CVD risk factors beyond the
lipid-lowering effect. Different studies showed that diets supplemented with pistachios
present a preventive effect to T2DM due to its effect of improving markers of glucose home-
ostasis, decreasing oxidative stress, alleviating post-prandial hyperglycemia and reducing
the rate of gestational diabetes, among others. Regarding the most concern issue regarding
pistachio intake, recent results showed neither weight gain nor obesity risk, but rather
the opposite. A tendency to decrease and/or maintain weight as well as improve and/or
maintain anthropometric parameters was observed and, in part, due to its positive effect
on controlling appetite and enhancing satiety feeling, although more studies are needed
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to evaluate this aspect thoroughly. Likewise, the pistachio could play an important role
in cancer prevention due to its ability to induce cytotoxicity and apoptosis in neoplastic
cells, as well as the modulatory activity of signaling pathways involved in the regulation
of cancer observed in carcinogenic cell models. The phytochemicals would be behind
the demonstrated anti-inflammatory and antioxidant activities associated with pistachios,
which would explain the ability to prevent the chronic diseases mentioned (CVD, T2DM,
obesity, and cancer). Finally, there are more and more studies that inform about the pis-
tachio’s ability to modulate the activity of gut microbiota, increasing the abundance of
beneficial bacteria, although more studies are needed to gain robust conclusions.

This review provides enough information and evidence of the usual pistachio intake’s
health benefits. However, specific barriers continue to make it difficult to reach the intake
requirements for nuts, such as the belief that it is a fatty product, the cost, or teething
problems. Except for the allergenic problems, the rest are solvable with more research and
information from the population and health professionals.
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Abbreviations

ABTS 2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)
BMI Body mass index
BP Blood pressure
CRP C-reactive protein
CVD Cardiovascular disease
FRAP Ferric reducing antioxidant power
DBP Diastolic blood pressure
DRI Dietary reference intake
DPPH 2,2-Diphenyl-1-picrylhydrazyl
FMD Flow-mediated dilation
GAE gallic acid equivalent
GIP Gastric inhibitory polypeptide
GLP-1 Glucagon-like peptide-1
HbA1c Glycated hemoglobin
HDL High-density lipoprotein
HOMA-IR Homeostatic model assessment for insulin resistance
LDL Low-density lipoprotein
MetS Metabolic syndrome
MUFA Monounsaturated fatty acid
NF-κB Nuclear factor kappa B
ORAC Oxygen radical absorbance capacity
oxLDL oxidised-LDL
PUFA Polyunsaturated fatty acids
RCT Randomized controlled trials
RDA Recommended dietary allowance
ROS Reactive oxygen species
SBP Systolic blood pressure
SFA Saturated fatty acids
sVCAM-1 Soluble vascular cell adhesion molecule-1
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T2DM Type 2 diabetes mellitus
TC Total cholesterol
TE Trolox equivalent
TEAC Trolox equivalent antioxidant capacity
TG Tryglycerides
TNFα Tumour necrosis factor-alpha
TPP Total polar phenolics
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Abstract: Knowledge on the bioavailability of coffee (poly)phenols mostly come from single dose
postprandial studies. This study aimed at investigating the effects of regularly consuming a green
coffee phenolic extract (GCPE) on the bioavailability and metabolism of (poly)phenols. Volunteers
with overweight/obesity consumed a decaffeinated GCPE nutraceutical containing 300 mg hydrox-
ycinnamates twice daily for two months. Plasma and urinary pharmacokinetics, and fecal excretion of
phenolic metabolites were characterized by LC-MS-QToF at weeks 0 and 8. Fifty-four metabolites were
identified in biological fluids. Regular consumption of the nutraceutical produced certain changes:
reduced forms of caffeic, ferulic and coumaric acids in urine or 3-(3′-hydroxypenyl)propanoic, and
3,4-dihydroxybenzoic acids in feces significantly increased (p < 0.05) after 8 weeks; in contrast,
coumaroylquinic and dihydrocoumaroylquinic acids in urine decreased (p < 0.05) compared to base-
line excretion. The sum of intestinal and colonic metabolites increased after sustained consumption
of GCPE, without reaching statistical significance, suggesting a small overall effect on (poly)phenols’
bioavailability.

Keywords: green coffee; hydroxycinnamates; bioavailability; pharmacokinetics; microbial catabolites;
biotransformation pathways

1. Introduction

Green coffee beans are rich in phenolic compounds, mainly hydroxycinnamate esters,
collectively known as hydroxycinnamic or chlorogenic acids [1], as opposed to roasted
coffee where most phenolic compounds are lost during roasting or transformed and incor-
porated into melanoidins [2]. Phenol-rich extracts obtained from unroasted coffee beans
(green coffee phenolic extracts, GCPE) are commonly used as dietary supplements or
nutraceuticals. Consumption of GCPE is increasing due to the reported health benefits
of green coffee (poly)phenols, with special emphasis on their effects on diabetes and obe-
sity in humans [3], preventing insulin resistance, reducing appetite [4], regulating body
weight [5], and favoring weight loss [6]. Green coffee phenolic compounds have also shown
cardioprotective properties due to their antihypertensive, antihyperlipidemic, antifibrotic,
or anti-inflammatory activities [7,8], even showing antiproliferative and cytotoxic effects in
human cancer cell lines [9].

The metabolism, pharmacokinetics, and bioavailability of coffee phenols have been
reported in several studies [10–12], in particular, green coffee hydroxycinnamic acids have
proven to be extensively metabolized and partially absorbed in healthy subjects after acute
consumption of a green/roasted coffee brew, with long permanence in the host, thus
favoring their bioactivity [13]. In fact, some of these phenols can be directly absorbed in
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the small intestine, although most reach the large intestine where they are catabolized by the
intestinal microbiota. These catabolites can exert specific functions, although the physiological
role of phenols may be altered by the biotransformation of parent compounds [14]. It is
important to bear in mind that the interaction between (poly)phenols and microbiota is
bidirectional. The microbiota may act on (poly)phenols to enhance their conversion into active
and bioavailable microbial catabolites or “postbiotics” [15–17]. Reciprocally, (poly)phenols
may also modulate the gut microbiota ecology, exerting a prebiotic-like action [15,16], which
might potentially affect the microbial catabolism of phenolic compounds.

Up to date, most studies on the bioavailability and metabolism of phenolic compounds
are single dose, acute, postprandial assays with plasma and urine sample collection up to
12–24 h after intake of the test food or supplement. However, the long-term effects of regular
consumption on the bioavailability of (poly)phenols have been scarcely studied so far. Only
in Mena et al., (2021) [18] has the absorption, metabolism, and pharmacokinetic profile of
roasted coffee phenolics after one month of repeated consumption of one or three cups of
coffee or a confectionary containing coffee and cocoa been assessed. However, in this work,
the authors did not study the bioavailability of coffee phenolics at the beginning of the
intervention, and thus the final results could not be compared with the initial metabolism
to assess potential modifications over prolonged consumption. In a previous study, these
authors did study the effect of the sustained consumption of tablets containing green tea
and green coffee phenolic extracts for 8 weeks, finding important differences in the urinary
excretion of flavanol-derived catabolites, but less remarkable changes in the excretion of
metabolites derived from green coffee hydroxycinnamates [19].

Bearing in mind the above points, the initial hypothesis of the present study was that
the sustained intake of green coffee (poly)phenols may modify the overall bioavailability
and metabolism of these compounds, likely due to the prolonged exposure of the intestinal
microbiota, which would lead to a higher and more uniform concentration of the associ-
ated catabolites in the gastrointestinal tract and in plasma after absorption. In addition,
considering the increasing consumption of GCPE as dietary supplements or nutraceuticals,
usually aimed at weight management, it is important to understand the bioavailability and
metabolism of phenols in the GCPE nutraceutical in the target population (i.e., subjects
with obesity/overweight), which might differ from that in a beverage brewed from the
green coffee beans. Therefore, the present work aimed at studying the possible changes in
the absorption and metabolism profiles of hydroxycinnamates in plasma, urine, and feces
after regular consumption of a GCPE nutraceutical by subjects with overweight/obesity,
comparing the absorption, metabolism, and pharmacokinetic profile at baseline and after
eight weeks of daily intake.

2. Materials and Methods

2.1. Chemicals

Ascorbic, 5-caffeoylquinic acid, 3′,4′-dihydroxycinnamic acid, 4′-hydroxy-3′-methoxycinnamic
acid, 4′-hydroxycinnamic acid; hippuric acid, 3-(3′,4′-dihydroxyphenyl)propanoic acid, 3-
(4′-hydroxy-3′-methoxyphenyl)propanoic acid, 3-(4′-hydroxyphenyl)propanoic acid, 3-(3′-
hydroxyphenyl)propanoic acid, 3′,4′-dihydroxyphenylacetic acid, 4′-hydroxy-3′-
methoxyphenylacetic acid, 4′-hydroxyphenylacetic acid, 3′-hydroxyphenylacetic acid,
3,4-dihydroxybenzoic acid, 4-hydroxy-3-methoxybenzoic acid, 4-hydroxybenzoic acid,
and 3-hydroxybenzoic acid were purchased from Sigma-Aldrich (Madrid, Spain). 3,5-
dicaffeoylquinic acid was purchased from PhytoLab (Vestenbergsgreuth, Germany). HPLC-
grade solvents were acquired from Panreac (Madrid, Spain). Ultrapure water from MilliQ
system (Millipore, Bedford, MA, USA) was used throughout the experiment.

2.2. Phenolic Composition of the GCPE

The green coffee phenolic extract (GCPE) was provided by Quimifarma Laboratorios
S.L. (Toledo, Spain), which was a decaffeinated, phenol-rich (45%) commercial extract.
The phenolic content and composition of the GCPE was verified by in-house HPLC-
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DAD analysis, as in previous studies [1,13]. Briefly, one gram of GCPE was dissolved in
100 mL of MilliQ water and filtered through a PVDF 0.45 μm filter. Phenols were separated
on a Superspher 100 RP18 column (4.6 mm × 250 mm i.d., 4 μm; Agilent Technologies,
Santa Clara, CA, USA) preceded by an ODS RP18 guard column kept in a thermostatic
oven at 30 ◦C using an Agilent 1200 series liquid chromatographic system equipped with
an autosampler, quaternary pump, and diode-array detector (DAD). An aliquot (20 μL)
was eluted at a flow rate of 1 mL/min using a mobile phase of 1% formic acid in deionized
water (solvent A) and acetonitrile (solvent B). The solvent gradient changed from 10% to
20% solvent B over 5 min, 20% to 25% solvent B over 30 min, 25% to 35% solvent B over
10 min, and then was maintained isocratically for 5 min, returning to the initial condi-
tions over 10 min. Chromatograms were recorded at 320 nm, and 5-caffeoylquinic and
3,5-dicaffeoylquinic acids were used to calculate the mono- and di-acylcinnamate esters
content, respectively, by external standard method. Samples were analyzed in triplicate.

The phenolic composition of the GCPE is detailed in Supplementary Table S1. Caf-
feoylquinic and dicaffeoylquinic acids were the main phenolic compounds detected in
the extract, accounting for 85% of the quantified hydroxycinnamates, followed by 7.6%
feruloylquinic and 4.6% of caffeoylferuloylquinic acids. The nutraceutical was prepared
considering the total phenolic content of the GCPE (458 mg/g) so that each sachet contained
0.66 g of GCPE, providing 300 mg of phenolic compounds. Excipient (whey protein) and
aroma compounds (two flavors were available, vanilla and chocolate) were added to the
formulation to facilitate dispersion in water and increase acceptability.

2.3. Participants, Study Design, and Sample Collection

This study is part of a larger intervention carried out in 29 subjects with overweight or
obesity designed to assess the effect of sustained consumption of GCPE on weight control,
blood pressure, lipid metabolism, and glucose homeostasis. Of these participants, nine
volunteers (8 men and 1 woman), aged 44 ± 9 years and with a body mass index (BMI) of
31 ± 4 agreed to be included in the present bioavailability study. Details of the recruitment
process, inclusion and exclusion criteria, and ethical clearance are reported elsewhere [20].
Subjects signed an additional specific written informed consent to participate in the present
bioavailability study. The main biochemical and vital characteristics of the volunteers at
baseline (week 0) and at the end of the intervention (week 8) are shown in Supplementary
Table S2. No adverse events were reported.

Participants attended the Human Nutrition Unit (HNU) at the Institute of Food
Science, Technology and Nutrition (ICTAN-CSIC) on two consecutive days at the beginning
of the intervention (week 0) and also on two consecutive days at the end of the study,
after consuming daily two doses of the GCPE nutraceutical, providing 600 mg/d phenols,
during two months (week 8). On each occasion, on the first visit day (Figure 1), subjects
arrived at the HNU after an overnight (12 h) fast and provided a urine sample. A licensed
health care professional placed an intravenous catheter in the subjects′ nondominant arm
and collected a fasting blood sample (baseline, 0 h). Then, subjects drank the soluble GCPE
nutraceutical dissolved in 200 mL of water. Subsequently, blood samples were collected in
EDTA-coated tubes at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, and 11 h. On the sampling days, volunteers
remained at the HNU, where a (poly)phenol-free diet was provided. Half an hour after
consuming the nutraceutical, volunteers ate a breakfast consisting of ham, cheese, white
bread, and a yogurt. Lunch (paella, bread, and yogurt) and an afternoon snack (muffin and
yogurt) were eaten 5 and 9 h, respectively, after consuming the nutraceutical. Water and
isotonic beverages were freely available. Volunteers were instructed to eat a (poly)phenol-
free dinner that night and to attend the HNU on the next day after a 12 h fast. Then,
a final blood sample was obtained from the antecubital vein 24 h after consuming the
nutraceutical. The same protocol was followed during visits at the end of the 8-week
intervention. On each occasion, two days before each visit to the HNU, subjects consumed
a low (poly)phenol diet free of foods containing hydroxycinnamates such as coffee, herbal
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teas, red wine, artichokes, whole grain cereals, vegetables, fruits and fruit juices, and dried
fruits. Only banana, watermelon, cantaloupes, and potatoes were allowed.

= Blood sampling 

= Urine sampling 

= Fecal sampling 

Week 0 Week 8 

48h PP-free diet 48h PP-free diet 
Chronic GCPE intake (600 mg PP/day) 

Sample collection day*  GCPE Nutraceutical 
intake (300 mg PP) 

0     0.5    1    1.5     2     3     4      6      8     10     11                         24 hour  

Figure 1. Schematic view of the study and collection of blood, urine, and fecal samples. * On each
sampling day, volunteers consumed a single dose of the GCPE nutraceutical dissolved in water.
GCPE: green coffee phenolic extract; PP: (poly)phenols.

Blood samples were immediately centrifuged (10 min, 3000 rpm, 4 ◦C) to obtain
plasma. Urine was collected in plastic flasks containing preservative (0.5 g ascorbic acid)
and sampled at different intervals: 0–3 h, 3–6 h, 6–9 h, 9–11 h, and 11–24 h after GCPE
consumption, measuring total urine volume at each interval. Fecal samples were provided
at baseline (−2 to 0 h) and 24 h after ingestion of the nutraceutical at the beginning and
end of the intervention. All biological samples were stored at −80 ◦C until analysis.

2.4. Plasma, Urine and Fecal Samples Processing and Analysis by HPLC-ESI-QToF

To extract plasma metabolites, 10 μL of 50% (v/v) aqueous formic acid, and 900 μL cold
acetonitrile containing 50 μL of 10% (w/v) ascorbic acid were added to 400 μL defrosted
plasma. Samples were vortexed and centrifuged (14,000 rpm, 10 min, 4 ◦C), repeating
the extraction and combining the two supernatants, which were reduced to dryness un-
der nitrogen [13]. Dried samples were resuspended in 150 μL of 0.1% aqueous formic
acid (containing 10% acetonitrile acidified with 0.1% formic acid), centrifuged (15 min,
14,000 rpm, 4 ◦C), and the supernatant collected. Urine samples were diluted 1:1 with Milli-
Q water and centrifuged (14,000 rpm, 20 min, 4 ◦C) prior to analysis. Phosphate-buffered
saline (3 mL) was added to a representative 300 mg sample of thawed feces, homogenized
in an ultrasound bath during 10 min, centrifuged (14,000 rpm, 20 min, 4 ◦C), and the
supernatants collected.

An amount of 30 μL of plasma and 5 μL of urine and fecal extracts, all previously
filtered through 0.45 μm cellulose acetate membrane filters, were injected into an Ag-
ilent 1200 series LC system coupled to an Agilent 6530A Accurate-Mass Quadrupole
Time-Of-Flight (Q-ToF) with ESI-Jet Stream Technology (Agilent Technologies, Santa
Clara, CA, USA). A reverse-phase Ascentis Express C18 (15 cm × 3 mm, 2.7 μm) column
(Sigma-Aldrich Quimica, Madrid, Spain), preceded by a Supelco 55215-U guard column
(3 mm × 5 mm, 2.7 μm), was used for separation. Mobile phase A was 0.1% formic acid
in Milli-Q water, and mobile phase B was acetonitrile containing 0.1% formic acid at a
0.3 mL/min flow rate. Details of the solvent gradient and Q-ToF acquisition conditions
are given in the Supplementary Information. Metabolites were identified based on their
retention time using authentic standards when possible. Those metabolites for which there
were no available standards were tentatively quantified using the calibration curves of their
corresponding phenolic precursors, as specified in the Supplementary Information, which
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contains additional information on the preparation and validation of calibration curves.
Urine concentration of excreted metabolites was normalized to the total volume excreted in
each studied interval.

2.5. Pharmacokinetic and Statistical Analysis

The PKsolver add-on program was used to perform pharmacokinetic analyses in
Microsoft Excel, including maximum concentration (Cmax), area under curve between
0–24 h (AUC0–24), and time to reach maximum concentration (Tmax) of metabolites in
plasma and urine. All the results were statistically analyzed with SPSS software (version
27.0; SPSS, Inc., IBM Company, Armonk, NY, USA). The Shapiro–Wilk test was used to
assess data normality. In view of the lack of normality, and considering the small sample
size, comparisons between week 0 and week 8 were performed by the nonparametric
Wilcoxon test for paired comparisons. The level of significance was p < 0.05. All data are
expressed as mean ± standard error of the mean (SEM) unless specified otherwise.

3. Results

3.1. Identification and Quantification of Plasma Metabolites

Twenty-eight compounds derived from GCPE hydroxycinnamate intake were identi-
fied and quantified in the 0–24 h plasma samples. The identification of native compounds
in the administered nutraceutical facilitated the targeting of their potential metabolites
by searching for their exact mass and confirmation by fragmentation patterns (MS/MS).
Supplementary Table S3 shows the retention time (RT), molecular formula, accurate mass
of the quasimolecular ion [M-H]− after negative ionization, and the MS2 fragments of
the main compounds identified in plasma using LC-QToF. Peak plasma concentrations
(Cmax), time to reach Cmax (Tmax), and area under the curve (AUC0–24h) values of the 28
metabolites detected in plasma at baseline and after consuming the GCPE product for 8
weeks are detailed in Table 1. Figure 2 presents the plasmatic pharmacokinetic profiles for
some representative metabolites.

Figure 2. Plasma kinetic profile of (A) 5-caffeoylquinic acid, (B) isoferulic acid, (C) 3′-
methoxycinnamic acid-4-sulfate, (D) 3-(3′,4′-dihydroxyphenyl)propanoic acid, (E) 3-(4′-hydroxy-3′-
methoxyphenyl)propanoic acid, and (F) 3-(3′-hydroxyphenyl)propanoic acid-4′-sulfate after con-
sumption of a nutraceutical containing 300 mg of hydroxycinnamic acids. Values are means ± SEMs
(n = 9). Blue lines: week 0 of the intervention. Green lines: week 8 of the intervention.
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Table 1. Pharmacokinetics of plasma metabolites after consumption of the GCPE nutraceutical
containing 300 mg of hydroxycinnamic acids at the beginning (week 0) and the end of the intervention
(week 8).

Cmax (μM) Tmax (h) or Range a AUC0–24h (μM min−1)

Metabolite Week 0 Week 8 Week 0 Week 8 Week 0 Week 8

Intestinal absorption
5-Caffeoylquinic acid 0.023 ± 0.001 0.022 ± 0.001 1.3 ± 0.2 ** 0.7 ± 0.1 ** 0.08 ± 0.02 0.062 ± 0.009
5-Feruloylquinic acid 0.032 ± 0.004 0.034 ± 0.005 0.9 ± 0.1 0.9 ± 0.1 0.09 ± 0.02 0.08 ± 0.02
4-Feruloylquinic acid 0.029 ± 0.004 0.031 ± 0.004 0.9 ± 0.1 0.9 ± 0.1 0.06 ± 0.01 0.07 ± 0.01
4′-Hydroxy-3′-methoxycinnamic acid
(Ferulic acid, FA) Traces b,** 0.008 ± 0.001 ** 1.8 ± 0.6 * 0.6 ± 0.1 * 0.034 ± 0.006 ** 0.09 ± 0.02 **

3′-Hydroxy-4′-methoxycinnamic acid
(isoFerulic acid, iFA) 0.023 ± 0.006 0.032 ± 0.007 0.5 ± 0.1 0.5 ± 0 0.025 ± 0.007 ** 0.043 ± 0.008 **

3′ ,4′-Dimethoxycinnamic acid Traces b Traces b (2–4) a (2–4) a 0.007 ± 0.003 0.01 ± 0.006
3′-Methoxycinnamic acid-4′-glucuronide
(FA-4′-glucuronide) 0.016 ± 0.009 0.009 ± 0.002 1.2 ± 0.3 and

4.7 ± 0.3
1.2 ± 0.3 and

6.0 ± 0.7 0.06 ± 0.01 0.063 ± 0.02

3′-Methoxycinnamic acid-4′-sulfate
(FA-4′-sulfate) 0.017 ± 0.004 0.017 ± 0.004 0.78 ± 0.09 and

6.8 ± 0.7
0.56 ± 0.06 and

7.2 ± 0.6 0.11 ± 0.03 0.13 ± 0.02

Cinnamic acid-4′-glucuronide
(CoA-4′-glucuronide) 0.039 ± 0.002 0.038 ± 0.002 1.4 ± 0.3 and

7.0 ± 0.9
2.1 ± 0.2 and

9 ± 2 0.72 ± 0.08 0.71 ± 0.07

Cinnamic acid-4′-sulfate
(CoA-4′-sulfate) 0.02 ± 0.02 0.03 ± 0.01 1.7 ± 0.9 and

6 ± 3
0 ± 0 and

11 ± 3 0.2 ± 0.2 0.4 ± 0.2

Colonic absorption
3-(3′ ,4′-Dihydroxyphenyl)propanoic acid
(Dihydrocaffeic acid, DHCA) 0.22 ± 0.06 0.22 ± 0.05 10.2 ± 0.3 9.4 ± 0.5 2.0 ± 0.6 2.1 ± 0.5

3-(4′-Hydroxy-3′-
methoxyphenyl)propanoic acid
(Dihydroferulic acid, DHFA)

0.3 ± 0.1 0.25 ± 0.06 7.6 ± 0.4 8.4 ± 0.6 2.2 ± 0.6 1.8 ± 0.3

3-(3′-Hydroxy-4′-methoxyphenyl)
propanoic acid (Dihydroisoferulic
acid, DHiFA)

0.07 ± 0.02 0.07 ± 0.02 7 ± 1 7 ± 1 0.5 ± 0.2 0.6 ± 0.2

3-(3′ ,4′-Dimethoxyphenyl)propanoic acid
(Dihydrodimethoxycinnamic acid) 0.11 ± 0.02 0.12 ± 0.01 4 ± 1 10 ± 4 1.2 ± 0.1 1.3 ± 0.1

3-(3′-Hydroxyphenyl)propanoic
acid-4′-sulfate
(DHCA-4′-sulfate)

0.34 ± 0.09 0.33 ± 0.07 7.9 ± 0.5 8.4 ± 0.6 2.3 ± 0.5 2.1 ± 0.4

3-(3′-Methoxyphenyl)propanoic
acid-4′-glucuronide
(DHFA-4′-glucuronide)

0.13 ± 0.03 0.12 ± 0.02 8.7 ± 0.6 8.7 ± 0.6 1.1 ± 0.3 0.8 ± 0.1

3-(4′-Methoxyphenyl)propanoic
acid-3′-glucuronide
(DHiFA-3′-glucuronide)

0.06 ± 0.02 0.07 ± 0.03 9.0 ± 0.6 8.1 ± 0.8 0.6 ± 0.4 0.7 ± 0.4

3-(3′-Methoxyphenyl)propanoic
acid-4′-sulfate(DHFA-4′-sulfate) 0.19 ± 0.08 0.17 ± 0.05 8.1 ± 0.4 8.4 ± 0.6 1.5 ± 0.7 1.1 ± 0.3

3-(4′-Methoxyphenyl)propanoic
acid-3′-sulfate(DHiFA-3′-sulfate) 0.04 ± 0.01 0.11 ± 0.06 7 ± 1 11.6 ± 3.2 0.3 ± 0.1 0.8 ± 0.5

Feruloylglycine Traces b Traces b 7 ± 1 8.4 ± 0.6 0.029 ± 0.007 0.026 ± 0.004
Other microbial metabolites
4′-Hydroxy-3′-methoxyphenylacetic acid 0.14 ± 0.06 0.12 ± 0.05 7 ± 4 4 ± 3 1.4 ± 0.9 1.5 ± 0.8
4′-Hydroxyphenylacetic acid 2 ± 1 7 ± 3 2 ± 2 0.6 ± 0.1 2 ± 1 36 ± 23
3′-Hydroxyphenylacetic acid 0.20 ± 0.07 0.15 ± 0.05 8 ± 2 5 ± 1 2.6 ± 0.9 1.6 ± 0.6
4-Hydroxy-3-methoxybenzoic acid 1.1 ± 0.2 1.6 ± 0.4 7 ± 3 7 ± 2 9 ± 2 14 ± 4
4-Hydroxybenzoic acid 0.09 ± 0.01 0.08 ± 0.01 7 ± 2 5 ± 3 0.9 ± 0.2 0.5 ± 0.2
3-Hydroxybenzoic acid 0.08 ± 0.02 0.10 ± 0.03 8 ± 1 * 4 ± 1 * 0.7 ± 0.3 0.8 ± 0.3
4′-Hydroxyhippuric acid 0.08 ± 0.01 0.09 ± 0.01 12 ± 3 8 ± 2 1.2 ± 0.2 1.3 ± 0.2
3′-Hydroxyhippuric acid 1.1 ± 0.3 1.3 ± 0.2 10.0 ± 0.4 9.2 ± 0.5 10 ± 3 13 ± 3

Values are means ± SEM (n = 9). * p < 0.05 ** p < 0.01 week 0 vs. week 8. Cmax, maximum plasma concentration;
Tmax, time to reach the maximum plasma concentration; AUC0–24h, area under the curve. a Range where the
metabolite showed the highest value. b At trace levels, pharmacokinetic parameters were not determined.

Some unmetabolized compounds originally contained in the nutraceutical (5-caffeoylquinic
acid (Figure 2A), 4- and 5-feruloylquinic acids) were also detected in plasma, as well as hy-
droxycinnamic acids (3′,4′-dimethoxycinnamic acid, 4′-hydroxy-3′-methoxycinnamic acid
(Ferulic acid, FA), and 3′-hydroxy-4′-methoxycinnamic acid (isoFerulic acid, iFA)
(Figure 2B)) resulting from the hydrolysis of their respective monoacylquinic esters and/or
methylation of 3′,4′-dihydroxycinnamic acid (Caffeic acid). Some of these compounds were
extensively metabolized into phase II sulfated and glucuronidated derivatives
(3′-methoxycinnamic acid-4′-glucuronide (FA-4′-glucuronide) and 3′-methoxycinnamic acid-
4′-sulfate (FA-4′-sulfate) (Figure 2C)). No free 4′-hydroxycinnamic acid (Coumaric acid, CoA)
was detected, but its conjugated forms were present in plasma. According to the time
of appearance in plasma, this group of metabolites showed early absorption in the small
intestine, with Tmax values between 0.5 and 2.1 h after GCPE intake (Table 1). Nevertheless,
despite having a similar pharmacokinetic profile to these earlier-absorbed metabolites,
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FA-4′-sulfate and FA-4′-glucuronide showed a second Cmax peak in plasma around 5–8 h
after ingestion, displaying a biphasic plasma profile (Figure 2C), as well as sulfated and
glucuronidated forms of CoA. Overall, these compounds had low concentrations in plasma,
showing Cmax values from 8 to 39 nM (Table 1). Comparing Cmax, Tmax and AUC0–24h
values at the beginning of the trial (week 0) with those obtained after 8-week supplemen-
tation with the GCPE nutraceutical, FA values were significantly different between the
two time points. Thus, a shortening of Tmax from 1.8 h to 0.6 h was observed at week 0
vs. week 8, while Cmax values increased from traces to 8 nM after supplementation, as
well as its AUC0–24h values from 34 nM min−1 at week 0 to 90 nM min−1 at the end of the
intervention (Table 1). Similarly, AUC0–24h also increased for iFA from 25 to 43 nM min−1.
Moreover, Tmax values for 5-caffeoylquinic showed a significant reduction after 8 weeks of
GCPE supplementation (from 1.3 to 0.7 h).

Another important group of metabolites found in plasma corresponded to the reduced
forms of hydroxycinnamic acids, such as 3-(3′,4′-dihydroxyphenyl)propanoic acid (Dihydro-
caffeic acid, DHCA) (Figure 2D), 3-(4′-hydroxy-3′-methoxyphenyl)propanoic acid (Dihydrofer-
ulic acid, DHFA) (Figure 2E), 3-(3′-hydroxy-4′-methoxyphenyl)propanoic acid (Dihydroisofer-
ulic acid, DHiFA), and 3-(3′,4′-dimethoxyphenyl)propanoic acid (Dihydrodimethoxycinnamic
acid). All these metabolites were extensively transformed into their phase II deriva-
tives: 3-(3′-hydroxyphenyl)propanoic acid-4′-sulfate (DHCA-4′-sulfate) (Figure 2F), 3-(3′-
methoxyphenyl)propanoic acid-4′-glucuronide (DHFA-4′-glucuronide), 3-(3′-methoxyphenyl)
propanoic acid-4′-sulfate (DHFA-4′-sulfate), 3-(4′-methoxyphenyl)propanoic acid-3′-glucuronide
(DHiFA-3′-glucuronide), and 3-(4′-methoxyphenyl)propanoic acid-3′-sulfate (DHiFA-3′-sulfate).
Feruloylglicine was also present in plasma at trace levels. These compounds appeared in
plasma for longer than their precursors after GCPE consumption, reaching their Cmax be-
tween 4 and 11 h postintake (Table 1), thus with kinetics compatible with colonic absorption.

In addition, this group of metabolites showed higher Cmax values than their precursors,
being DHCA-4′-sulfate, DHFA, and DHCA the predominant metabolites (Cmax values
ranged from 220 nM to 340 nM, Table 1). No significant differences were observed for Cmax,
Tmax, or AUC0–24h values of each metabolite between baseline (week 0) and the end of the
intervention (week 8).

Finally, several microbial metabolites identified as hydroxyphenylacetic, hydroxy-
benzoic, and hydroxyhippuric acid derivatives were also detected in plasma, with 4′-
hydroxyphenylacetic and 4-hydroxy-3-methoxybenzoic acids being the most abundant
catabolites in this matrix. Some changes were observed between week 0 and 8 with slightly
higher Cmax values at the end of the intervention, but these were not statistically significant
(Table 1). Similarly, with the exception of 3-hydroxybenzoic acid, which Tmax decreased
from 8 h to 4 h, no significant differences were observed in pharmacokinetic parameters
after 8 weeks of nutritional intervention in this group of microbial catabolites.

3.2. Identification and Quantification of Urinary Metabolites

A total of 46 metabolites derived from GCPE consumption were identified in urine,
22 of which were also detected in plasma. Compound identification features are shown
in Supplementary Table S3. Pharmacokinetic parameters (Cmax, Tmax and AUC0–24h) at
the beginning and at the end of the 8-week supplementation period are shown in Supple-
mentary Table S4. The amounts excreted at the different collection intervals, before and
after 8 weeks of regular nutraceutical consumption, are given in Supplementary Tables S5
and S6, respectively. The total urinary recovery from 0 to 24 h is shown in Table 2 and the
excretion percentages, together with some significant changes in representative metabolites,
are summarized in Figure 3.
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Table 2. Cumulative excretion (0–24 h) of urinary metabolites after the intake of GCPE nutraceutical
at the beginning (week 0) and the end of the intervention (week 8).

Total 0–24 h (μmol)

Metabolite Week 0 Week 8

Intestinal absorption
3-Caffeoylquinic acid 0.21 ± 0.05 0.18 ± 0.03
5-Caffeoylquinic acid 0.33 ± 0.06 0.33 ± 0.04
4-Caffeoylquinic acid 0.13 ± 0.07 0.15 ± 0.07
3-Feruloylquinic acid 0.29 ± 0.07 0.34 ± 0.07
5-Feruloylquinic acid 1.5 ± 0.2 1.5 ± 0.2
4-Feruloylquinic acid 0.4 ± 0.2 0.4 ± 0.1
Coumaroylquinic acid 0.14 ± 0.03 0.10 ± 0.02 *
3′,4′-Dihydroxycinnamic acid (Caffeic acid, CA) 0.42 ± 0.06 0.45 ± 0.09
4′Hydroxycinnamic acid-3′-sulfate
(CA-3′-sulfate) 3.7 ± 0.5 4.4 ± 0.8

3′-Hydroxy-4′-methoxycinnamic acid (isoFerulic
acid, iFA) 1.7 ± 0.2 2.1 ± 0.2

3′-Methoxycinnamic acid-4′-glucuronide
(FA-4′-glucuronide) 3.4 ± 0.4 3.7 ± 0.5

4′-Methoxycinnamic acid-3′-glucuronide
(iFA-3′-glucuronide) 4.4 ± 0.5 6 ± 1

3′-Methoxycinnamic acid-4′-sulfate
(FA-4′-sulfate) 32 ± 5 33 ± 5

4′-Methoxycinnamic acid-3′-sulfate
(iFA-3′-sulfate) 1.1 ± 0.3 2.1 ± 0.9

TOTAL—Intestinal metabolites 50 ± 6 59 ± 8
Colonic absorption
3-(3′,4′-Dihydroxyphenyl)propanoic acid
(Dihydrocaffeic acid, DHCA) 16 ± 2 31 ± 5 **

3-(4′-Hydroxy-3′-methoxyphenyl) propanoic
acid (Dihydroferulic, DHFA) 0.5 ± 0.2 1.1 ± 0.4

3-(3′-Hydroxy-4′-methoxyphenyl) propanoic
acid (Dihydroisoferulic, DHiFA) 3.7 ± 0.4 3.2 ± 0.2

3-(4′-Hydroxyphenyl)propanoic acid
(Dihydrocoumaric acid, DHCoA) 4 ± 1 6 ± 2 **

3-(3′,4′-Dimethoxyphenyl)propanoic acid
(Dihydrodimethoxycinnamic acid) 0.7 ± 0.2 0.63 ± 0.08

3-(4′-Hydroxyphenyl)propanoic
acid-3′-glucuronide (DHCA-3′-glucuronide) 0.6 ± 0.2 0.5 ± 0.1

3-(3′-Hydroxyphenyl)propanoic acid-4′-sulfate
(DHCA-4′-sulfate) 8 ± 2 10 ± 2*

3-(4′-Hydroxyphenyl)propanoic acid-3′-sulfate
(DHCA-3′-sulfate) 9 ± 2 9 ± 3

3-(3′-Methoxyphenyl)propanoic
acid-4′-glucuronide (DHFA- 4′-glucuronide) 5 ± 1 7 ± 1*

3-(4′-Methoxyphenyl)propanoic
acid-3′-glucuronide (DHiFA- 3′-glucuronide) 2.9 ± 0.5 3.1 ± 0.7

3-(3′-Methoxyphenyl)propanoic acid-4′-sulfate
(DHFA- 4′-sulfate) 10 ± 2 9 ± 2

3-(4′-Methoxyphenyl)propanoic acid-3′-sulfate
(DHiFA- 3′-sulfate) 3 ± 1 2.6 ± 0.8

3-(Phenyl)propanoic acid-4′-glucuronide
(DHCoA-4′-glucuronide) 2.1 ± 0.3 1.9 ± 0.3

3-(Phenyl)propanoic acid-4′-sulfate
(DHCoA-4′-sulfate) 21 ± 6 21 ± 4

3-Dihydrocaffeoylquinic acid 0.35 ± 0.07 0.27 ± 0.08 **
5-Dihydrocaffeoylquinic acid 0.03 ± 0.02 0.03 ± 0.01
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Table 2. Cont.

Total 0–24 h (μmol)

Metabolite Week 0 Week 8

Intestinal absorption
4-Dihydrocaffeoylquinic acid 0.06 ± 0.02 0.04 ± 0.02
3-Dihydroferuloylquinic acid 0.3 ± 0.1 0.5 ± 0.07
5-Dihydroferuloylquinic acid 0.3 ± 0.1 0.18 ± 0.07
4-Dihydroferuloylquinic acid 0.06 ± 0.02 0.05 ± 0.02
Dihydrocoumaroylquinic acid 0.5 ± 0.1 0.4 ± 0.1
Dihydrocoumaroylquinic acid 0.22 ± 0.08 0.17 ± 0.07 *
Feruloylglycine 19 ± 5 25 ± 5
IsoFeruloylglicine 0.44 ± 0.04 0.6 ± 0.1
TOTAL—Colonic metabolites 106 ± 16 132 ± 17
Other microbial metabolites
3′,4′-Dihydroxyphenylacetic acid 1.2 ± 0.2 1.3 ± 0.2 *
4′-Hydroxy-3′-methoxyphenylacetic acid 13.2 ± 0.9 12 ± 1
3′-Hydroxyphenylacetic acid 12 ± 3 9 ± 2
3,4-Dihydroxybenzoic acid 0.13 ± 0.02 0.18 ± 0.04
4-Hydroxybenzoic acid 1.3 ± 0.2 1.01 ± 0.09 *
3-Hydroxybenzoic acid 0.91 ± 0.07 1.0 ± 0.1
4′-Hydroxyhippuric acid 14 ± 2 14 ± 2
3′-Hydroxyhippuric acid 32 ± 5 46 ± 8 **
TOTAL—Other microbial metabolites 75 ± 7 85 ± 8
TOTAL Colonic + other microbial met. 181 ± 21 217 ± 21
TOTAL INTESTINAL + COLONIC +
OTHERS

231 ± 26 274 ± 30

Values are means ± SEM (n = 9). * p < 0.05 ** p < 0.01 week 0 vs. week 8.

Unmetabolized hydroxycinnamoylquinic acids (3-, 4-, 5-caffeoylquinic, 3-, 4-, 5-
feruloylquinic and coumaroylquinic acids) represented a minor part (1.3%) of the total
polyphenols excreted in urine at baseline, decreasing to 1.1% at week 8 (Figure 3). In addi-
tion, this group of compounds showed the earliest absorption, since their Cmax appeared
between 0–6 h postintake (Supplementary Table S4). Nevertheless, the only statistically sig-
nificant difference between week 0 and week 8 in this group of metabolites corresponded to
the total urinary recovery (collected from 0 to 24 h after product intake) of coumaroylquinic
acid, which decreased from 0.14 μmoles at week 0 to 0.10 μmoles after nutraceutical
intervention (week 8) (Table 2).

Lower amounts (0.9%) of free hydroxycinnamic acids, such as 3′,4′-dihydroxycinnamic
acid (Caffeic acid, CA) or iFA were also detected at baseline (week 0) and at week 8 (Figure 3).
In turn, their phase II derivatives (4′-hydroxycinnamic acid-3′-sulfate (CA-3′-sulfate), FA-
4′-glucuronide, FA-4′-sulfate, 4′-methoxycinnamic acid-3′-glucuronide (iFA-3′-glucuronide)
and 4′-methoxycinnamic acid-3′-sulfate (iFA-3′-sulfate)) accounted for 19.4% and 18.1% of
phenolic excretion at week 0 and 8, respectively (Figure 3A). Actually, FA-4′-sulfate was the
most abundant compound excreted both at baseline (32 μmol/24 h) and after the interven-
tion (33 μmol/24 h) (Table 2). All these metabolites (hydroxycinnamates, hydroxycinnamic
acids, and their phase II derivatives) were mainly excreted in the interval from 0 to 3 h,
pointing to their early absorption in the small intestine. However, glucuronidated and
sulfated FA derivatives were also excreted in great amounts between 11 and 24 h, empha-
sizing the biphasic profile observed in plasma (Figure 2C). Cmax and Tmax values showed
no significant changes in these compounds between week 0 and 8. As for the AUC0–24h,
there was a statistically significant increase of the AUC0–24h values of iFA-3-sulfate and iFA-
3-glucuronide after sustained consumption of the nutraceutical (Supplementary Table S4).
Total amounts excreted of these early-absorption metabolites were 50 μmol (21.6% of the
phenolic excretion) and 59 μmol (20.1%) before and after sustained consumption of GCPE,
respectively (Table 2).
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Figure 3. 24 h cumulative urinary excretion represented as (A) percentages of the main groups of phe-
nolic metabolites identified, and (B) selected metabolites with significant increases in their excretion
at the beginning (week 0) and after 8 weeks consuming the GCPE nutraceutical. DHCA: Dihydro-
caffeic acid; DHCoA: Dihydrocoumaric acid; DHCA-4′-sulfate: 3-(3′-Hydroxyphenyl)propanoic
acid-4′-sulfate; DHFA-4′-glucuronide: 3-(3′-Methoxyphenyl)propanoic acid-4′-glucuronide. Values
are means ± SEMs (n = 9). * p < 0.05 ** p < 0.01 week 0 vs. week 8.

Reduced forms of hydroxycinnamic acids (DHCA, DHFA, DHiFA, 3-(4′-hydroxyphenyl)
propanoic acid (Dihydrocoumaric acid, DHCoA), and dihydrodimethoxycinnamic acid), to-
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gether with their sulfated and glucuronidated phase II derivatives, constituted the main
group of phenolics excreted in urine (Figure 3A). Feruloylglicine and isoferuloylglicine were
also detected, showing delayed kinetics compatible with colonic absorption (Supplemen-
tary Tables S5 and S6), with feruloylglycine being one of the most abundant metabolites
in this group (with excretions of 19 and 25 μmol in 24 h at baseline and after 8 weeks of
supplementation, respectively). Lastly, reduced forms of hydroxycinnamoylquinic acids
(3-, 4- and 5-dihydrocaffeoylquinic acids, 3-, 4-, and 5-dihydroferuloylquinic acids and
two isomers of dihydrocoumaroylquinic acid) were also identified in urine, although with
lower abundance (0.8% of total phenolics at week 0 and 0.6% at week 8, Figure 3A). Taken
together, all these metabolites showed delayed kinetics compatible with colonic absorption
(high excretion between 6 and 24 h postintake, Supplementary Tables S5 and S6) and
amounted up to 45.7% and 48.4% (week 0 and week 8, respectively) of the total compounds
quantified in urine. DHCA stands out among the most abundant catabolites in urine, which
excretion significantly increased from 16 to 31 μmol/24 h after the nutritional intervention
(Table 2, Figure 3B). The concentration of other metabolites also increased after 8 weeks,
such as DHCA-4′-sulfate (which increased from 8 to 10 μmol/24 h), DHFA-4′-glucuronide
(from 5 to 7 μmol/24 h), and DHCoA (from 4 to 6 μmol/24 h) (Figure 3B). In turn, urinary
concentration of dihydrocaffeoylquinic acid and dihydrocoumaroylquinic acid significantly
decreased from 0.35 to 0.27 and from 0.22 to 0.17 μmol/24 h after the intervention, respec-
tively (Table 2). Therefore, quantitative changes between baseline and week 8 did not follow
a clear pattern, probably due to the high interindividual variability observed. However,
there was a trend towards an increase in urinary elimination of colonic-absorption metabo-
lites (from 106 μmoles/24 h at week 0 to 132 at week 8), as well as an apparent prevalence of
sulfated forms over glucuronidated metabolites (Table 2). It is worth pointing out that some
metabolites, such as DHCA, DHCA-4′-sulfate, DHCoA, or DHFA-4′-glucuronide, were
present in the basal urine samples obtained before the nutraceutical intake (Supplementary
Tables S5 and S6), with excretion at 0 h significantly higher at the end of the intervention
(week 8) compared to baseline (week 0, p < 0.01). In terms of pharmacokinetic parameters
(Supplementary Table S4), all the colonic compounds showed Tmax values mainly between
9 and 24 h. However, at the end of the intervention, Tmax values tended to decrease, with
these changes being statistically significant (p < 0.05) for sulfate and glucuronide conjugates
of DHCoA. In addition, when the AUC0–24h values from week 0 and week 8 were compared,
statistically significant changes (p < 0.05) were also found for DHCA (increasing from 96 to
125 μM min−1), 3-(phenyl)propanoic acid-4′-sulfate (DHCoA-4′-sulfate) (from 161 to 251 μM
min−1), and 3-dihydroferuloylquinic acid (from 1.6 to 4 μM min−1). Regarding Cmax, only
DHCA values significantly increased at the end of the intervention (from 7.7 to 10 μM).

Finally, some microbial metabolites, such as derivatives of hydroxyphenylacetic and
hydroxbenzoic acids, along with hydroxyhippuric acid, could also be detected in urine in
high concentrations (Table 2). These metabolites accounted up to 32.7% and 31% of the
total phenolics at week 0 and 8, respectively (Figure 3A), showing extensive excretion in
the last collection period (11–24 h) in accordance with their microbial origin. Among them,
only 3′,4′-dihydroxyphenylacetic acid and 3′-hydroxyhippuric acid showed a statistically
significant increase after the intervention (Table 2, Figure 3B). In turn, 4-hydroxybenzoic
acid decreased from 1.3 to 1.01 μmol/24 h at week 0 and 8, respectively. No significant
differences were observed in the pharmacokinetic parameters or in the total excretion of
these microbial metabolites.

In summary, the total amount of hydroxycinnamate metabolites excreted in 24 h urine
reached 231 μmol at week 0 and 274 μmol after 8 weeks of daily intake of the nutraceutical
(Table 2), which represents, respectively, 27.3% and 32.3% of the 847 μmol (300 mg) of
phenols consumed. Although the total amount of urinary metabolites was higher at week
8, it was not statistically different compared to baseline (week 0).
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3.3. Identification and Quantification of Fecal Metabolites

As shown in Table 3, eighteen hydroxycinnamic acid derivatives were quantified
in feces collected at 0 and 24 h after consuming the GCPE nutraceutical at week 0 and
after 8 weeks of daily supplementation. These compounds included minor amounts of
hydroxycinnamates and hydroxycinnamic acids, like 3-, 4-, and 5-feruloylquinic acids, CA,
FA, and CoA, in which the total concentrations after 8 weeks of intervention were higher
both at 0 and 24 h, but without reaching statistical significance.

Table 3. Amount of fecal metabolites excreted at 0 h and 24 h after consumption of the GCPE
nutraceutical at the baseline (week 0) and the end of the intervention (week 8).

0 h (μmol/g) 24 h (μmol/g)

Metabolite Week 0 Week 8 Week 0 Week 8

Intestinal absorption
5-Feruloylquinic acid 0.0009 ± 0.0007 0.002 ± 0.002 0.002 ± 0.001 0.0003 ± 0.0003
3-Feruloylquinic acid 0.003 ± 0.003 0.0010 ± 0.0007 0.003 ± 0.003 0.003 ± 0.002
4-Feruloylquinic acid N.D. 0.001 ± 0.001 N.D. 0.0004 ± 0.0004
3′ ,4′-Dihydroxycinnamic acid (Caffeic acid, CA) N.D. 0.003 ± 0.002 0.0003 ± 0.0003 0.003 ± 0.003
4′-Hydroxy-3′-methoxycinnamic acid (Ferulic
acid, FA) 0.005 ± 0.002 0.009 ± 0.003 0.011 ± 0.007 0.019 ± 0.007

4′-Hydroxycinnamic acid (Coumaric acid, CoA) N.D. 0.006 ± 0.004 0.002 ± 0.002 0.003 ± 0.001
TOTAL—Intestinal metabolites 0.009 ± 0.004 0.022 ± 0.007 0.017 ± 0.008 0.028 ± 0.009
Colonic absorption
3-(3′ ,4′-Dihydroxyphenyl)propanoic acid
(Dihydrocaffeic acid, DHCA) 0.011 ± 0.007 0.005 ± 0.002 0.008 ± 0.006 0.0001 ± 0.0001

3-(4′-Hydroxy-3′-methoxyphenyl)propanoic
acid (Dihydroferulic, DHFA) 0.013 ± 0.004 0.018 ± 0.003 0.019 ± 0.007 0.014 ± 0.003

3-(4′-Hydroxyphenyl)propanoic acid
(Dihydrocoumaric acid, DHCoA) 0.005 ± 0.003 0.006 ± 0.006 0.005 ± 0.005 0.014 ± 0.005

3-(3′-Hydroxyphenyl)propanoic acid
(Dihydroisocoumaric acid, DHiCoA) 0.21 ± 0.07 0.4 ± 0.1 0.24 ± 0.07 0.25 ± 0.07

5-Dihydrocaffeoylquinic acid 0.04 ± 0.01 0.06 ± 0.02 0.05 ± 0.01 0.08 ± 0.02
TOTAL—Colonic metabolites 0.28 ± 0.07 0.5 ± 0.1 0.33 ± 0.08 0.36 ± 0.08
Other microbial metabolites
3′ ,4′-Dihydroxyphenylacetic acid N.D. N.D. N.D. 0.010 ± 0.008
4′-Hydroxy-3′-methoxyphenylacetic acid 0.007 ± 0.005 0.0006 ± 0.0006 0.02 ± 0.01 0.003 ± 0.003
3′-Hydroxyphenylacetic acid 0.31 ± 0.09 0.18 ± 0.08 0.21 ± 0.08 0.11 ± 0.04
3,4-Dihydroxybenzoic acid 0.016 ± 0.006 * 0.026 ± 0.008 * 0.018 ± 0.005 0.04 ± 0.01
4-Hydroxy-3-methoxybenzoic acid 0.06 ± 0.03 0.006 ± 0.006 0.09 ± 0.05 N.D.
4-Hydroxybenzoic acid 0.004 ± 0.004 0.006 ± 0.004 0.0006 ± 0.0004 0.01 ± 0.01
3-Hydroxybenzoic acid 0.03± 0.02 0.020 ± 0.008 0.03 ± 0.01 0.020 ± 0.007
TOTAL—Other microbial metabolites 0.4 ± 0.1 0.24 ± 0.09 0.4 ± 0.1 0.19 ± 0.07
TOTAL Colonic + other microbial met. 0.7 ± 0.2 0.8 ± 0.2 0.7 ± 0.1 0.6 ± 0.1
TOTAL INTESTINAL + COLONIC +
OTHERS

0.7 ± 0.2 0.8 ± 0.2 0.7 ± 0.1 0.6 ± 0.1

Values are means ± SEM (n = 9). * p < 0.05 week 0 vs. week 8. N.D.: Not detected.

Regarding colonic metabolites, some compounds already quantified in plasma and
urine were also present in feces, such as, DHFA, DHCoA, and 5-dihydrocaffeoylquinic
acids. In addition, unconjugated 3-(3′-hydroxyphenyl)propanoic acid (Dihydroisocoumaric
acid, DHiCoA) was also found in fecal samples, which corresponded to one of the main
metabolites excreted in feces. Of note, the concentration of this metabolite in samples
collected at 0 h increased from 0.21 μmol/g at week 0 to 0.4 μmol/g at week 8, without
reaching statistical significance (p > 0.05). This group of colonic metabolites accounted for
39.7% of the total metabolites excreted in the samples collected at week 0 and increased up
to 66.7% after 8 weeks of intervention, respectively, which might suggest an accumulative
effect derived from the sustained daily intake of the nutraceutical.

Finally, another large group of phenolic metabolites present in feces were the microbial
metabolites, including 3′,4′-dihydroxyphenylacetic acid, 4′-hydroxy-3′-methoxyphenylacetic
acid, 3′-hydroxyphenylacetic acid, 3,4-dihydroxybenzoic acid, 4-hydroxy-3-methoxybenzoic
acid, and 3- and 4- hydroxybenzoic acids (Table 3). This group constituted 59.1% and 51.5%
of the total metabolites found at week 0 in the samples collected before and 24 h after
consuming the nutraceutical, respectively. Contrary to what was observed for the colonic
metabolites, the excretion of these catabolites was lower at the end of the intervention,
amounting to only 30.5% and 32.9% of the total phenolics in 0 and 24 h feces, respec-
tively, at week 8. In this group, 3′-hydroxyphenylacetic acid and 3,4-dihydroxybenzoic
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acids were the most abundant compounds, and particularly the latter showed a significant
increase at 0 h, from 0.016 μmol/g to 0.026 μmol/g at week 0 and after the 8-week inter-
vention, respectively (p < 0.05). In turn, excretion of 3′-hydroxyphenylacetic acid decreased
from 0.31 μmol/g at week 0 to 0.18 μmol/g at week 8 (samples collected at 0 h; concen-
tration in samples collected at 24 h decreased from 0.21 to 0.11 μmol/g, at week 0 and
week 8, respectively).

4. Discussion

Nutraceuticals based on (poly)phenols-rich vegetable extracts, such as green coffee,
are widely used to combat overweight, obesity, and associated diseases [6]. In this context,
understanding the bioavailability and metabolic fate of dietary phenols are key to better
know about their potential effects on human health [21]. However, it is still poorly un-
derstood how sustained consumption of phenolic compounds may affect their absorption
and metabolism, as most bioavailability studies have been acute assays that determined
plasma and/or urinary metabolites up to 12–24 h after consuming a single dose of the
nutraceutical or food containing the bioactive compound(s). Therefore, the present work
aimed to assess the bioavailability of green coffee hydroxycinnamates at the beginning and
after 8 weeks of sustained consumption of a GCPE nutraceutical in order to explore any
potential adaptive effect in the metabolic profile of this type of phenolic compounds after
long-term consumption.

Quantitatively, results are in agreement with those previously obtained in our re-
search group with a green/roasted coffee blend [13], showing that hydroxycinnamate
esters were partially absorbed and extensively metabolized in the intestinal tract, with
the gut microbiota playing an important role in catabolism. Total urinary excretion of
absorbed metabolites accounted for 27.3% of the 847 μmol ingested at week 0, increasing
up to 32.3% at the end of the 8-week intervention, with percentages in line with values
reported by other authors after coffee consumption [13,22,23]. Qualitatively, no different
metabolites were identified before and after regular consumption of the nutraceutical,
suggesting no major changes on the biotransformation of phenolic compounds. This small
increase in total urinary excretion of metabolites (only 5% between week 0 and week 8) was
not statistically significant. However, considering the low bioavailability of green coffee
hydroxycinnamates this increment is of interest, and it could be attributed to the sustained
consumption of the nutraceutical. The question remains whether prolonging the intake of
phenolic-rich foods might have a more relevant effect on the overall bioavailability or, on
the contrary, saturation might occur, as suggested by Mena et al. in their repeated-dose
study, where they observed a reduced bioavailability of coffee phenolic acids as the daily
amount consumed during 4 weeks increased [18].

Unmetabolized parent compounds (caffeoyl-, feruloyl-, and p-coumaroylquinic acids),
which were the major components of the nutraceutical (Supplementary Table S1), were de-
tected in minor amounts in plasma (Table 1), urine (Table 2), and feces (Table 3), pointing to
an extensive metabolization. Lower Cmax values of 5-caffeoylquinic and 4-,5-feruloylquinic
acids (from 22 to 34 nM) were observed in plasma (Table 1), peaking at short times (Tmax
between 0.9 and 1.3 h); they were also excreted in the urine, along with other monoa-
cylquinic acids like coumaroylquinic acid, mainly within 0 to 3 h after consumption of
the nutraceutical (Supplementary Table S4). These kinetics are compatible with that ob-
served in previous studies [13,22], indicating a rapid absorption of these compounds in
the small intestine. At this stage, the hydrolysis of monoacylquinic and diacylquinic
acids were hydrolyzed by mammalian esterases, giving rise to free hydroxycinnamic acids
(CA, FA and CoA), which are transformed into sulfated, glucuronidated, and methylated
phase II derivatives by catechol-O-methyltransferase (COMT), sulfotransferases (SULT), or
UDP-glucuronosyltransferases (UGT). All the aforementioned metabolites (hydroxycin-
namates, hydroxycinnamic acids, and their phase II derivatives) reached the bloodstream
and were excreted mainly at short times, between 0 and 3 h after intake, amounting up
to 21.6% and 20.1% of all urinary metabolites excreted in 0–24 h at week 0 and at the
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end of the 8-week intervention, respectively. It is noteworthy that glucuronidated and
sulfated forms showed a second excretion peak, from 6 up to 9 h, in agreement with the
observed behavior in plasma (Figure 2C), which may be related to biphasic kinetics due to
the enterohepatic circulation and/or colonic metabolism of the hydroxycinnamates [24].
Furthermore, the prevalence of feruloylquinic acid derivatives over caffeoylquinic forms is
notorious; in fact, FA-4′-sulfate was one of the most abundant urinary metabolites, up to 32
μmol at week 0 and 33 μmol after the nutraceutical intervention. This suggests extensive
methylation of caffeoylquinic acids via COMT [22], considering that these compounds
were the most abundant in the GCPE nutraceutical (Supplementary Table S1). Although
some significant changes were found in the pharmacokinetic parameters of FA, iFA, and
5-caffeoylquinic acid in plasma (Table 1), along with a reduction in coumaroylquinic acid
in urine (Table 2), there were no qualitative differences or a clear pattern in this group of
metabolites at the beginning vs. the end of the intervention, probably due to the large
interindividual variability.

Most of the hydroxycinnamic acid derivatives reached the colon and were substrates
for microbial reductases before their absorption and conjugation into phase II metabolites.
It is well known that microbiota esterases are able to hydrolyze the phenolic–quinic acid
linkage, and then the released phenolic acids are converted into reduced forms (namely
dihydroxycinnamic acids), which are absorbed through the colonic epithelium and trans-
ported via portal circulation to the liver [13,24]. These reduced forms can be conjugated
by phase II enzymes, which results in a wide range of sulfated and glucuronidated mi-
crobial derivatives that reach the systemic circulation and, at the end, are excreted in the
urine. It should be noted that among the colonic catabolites, sulfation was the predomi-
nant phase II transformation and, to a lower extent, glucuronidation, in agreement with
Sanchez-Bridge et al. [25]. These colonic metabolites, together with other colonic ferulic
acid derivatives such as feruloylglycine, and a minor group constituted by the dihy-
dromonoacylquinic acids, formed the predominant group of metabolites in plasma and
urine, accounting for 45.7% and 48.4% of total phenolics excreted at week 0 and after
8 weeks of intervention, respectively (Figure 3A). These results highlight once again the
important role of the microbiota in the metabolism of hydroxycinnamates. Plasma con-
centration of reduced catabolites was higher than that of their parent compounds, with
Cmax values ranging from 60 to 340 nM, although no significant differences were found
in any pharmacokinetic parameter when comparing week 0 vs. 8 (Table 1). One of the
few statistically significant differences obtained in the present study was DHCA Cmax
in urine samples, which increased from week 0 to 8, along with DHCoA-4′-sulfate and
3-dihydroferuloylquinic acid, in which AUC0–24h also increased significantly from week 0
to week 8 (Supplementary Table S4). In general, the pharmacokinetic parameters showed
an upward trend after the 8-week green coffee nutraceutical intake. These results were
in line with the higher amount of colonic metabolites quantified from 0–24 h at week 8
(136 μmoles) versus 106 μmol at week 0, although this difference was not statistically
significant, in contrast to the individual amounts of DHCA, DHCoA, DHCA-4′-sulfate, and
DHFA-4′-glucuronide, which increased significantly (Table 2, Figure 3B). It is worth noting
that these metabolites, along with DHCA-3′-sulfate, DHCoA-4′-sulfate, and feruloylglycine,
were the most abundant metabolites in urine. Interestingly, they were present at baseline
(time 0 h before GCPE consumption), which could derive either from hydroxycinnamate
consumption before the 48 h restriction, reinforcing the idea of their delayed elimina-
tion, or from the biotransformation of other phenolic compounds present in nonrestricted
foods. Interestingly, DHCoA-4′-sulfate and feruloylglycine, along with unconjugated 3-
(3′-hydroxyphenyl)propanoic acid (DHiCoA), were the only coffee-derived metabolites in
which urinary excretion was increased in the study by Mena et al. after 8 weeks of daily
consumption of tablets containing green tea and green coffee phenolic extracts [19]. In our
study, only feruloylglycine excretion in urine was higher after 8 weeks of daily intake of
the GCPE nutraceutical, yet without reaching the level of significance (p > 0.05) (Table 2).
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Considering these results, future studies should extend the urine collection period
beyond 24 h. Lastly, the higher basal excretion of this group of colonic metabolites at week
8 compared to week 0 (79 vs. 43 μmoles, respectively, Supplementary Tables S5 and S6)
might be affected by the previous dose of the nutraceutical taken at week 8, which was
consumed only 17 h before sample collection. However, this group of compounds was
present in low amounts in fecal samples obtained at week 0 and 8 (Table 3), probably due
to extensive microbial catabolism to hydroxyphenylacetic acid and derived metabolites. Re-
markably, 5-dihydrocaffeoylquinic acid, a high molecular weight compound and hallmark
of hydroxycinnamate metabolism, was found in fecal samples too (Table 3).

On the other hand, high amounts of low molecular weight compounds, termed as
‘other microbial metabolites′ (hydroxyphenylacetic and hydroxybenzoic acid derivatives),
have been quantified in plasma, urine, and feces, resulting from extensive colonic biotrans-
formation. These compounds were present in the biological samples before nutraceutical
consumption, since they are not exclusively derived from the catabolism of hydroxycin-
namic acids and can participate in other biotransformation pathways. Among the signifi-
cant increase of some of microbial metabolites in urine outstands 3′-hydroxyhippuric acid,
which raised from 32 μmol at week 0 up to 46 μmol at week 8, becoming the most abundant
metabolite quantified in urine (Table 2, Figure 3B). However, it cannot be considered a
biomarker of coffee intake since it can derive from multiple biotransformation pathways,
as just mentioned. Instead, the high levels of FA-4′-sulfate, DHCA, feruloylglycine, or
DHCoA-4′-sulfate in urine could be positively correlated with the intake of chlorogenic
acids. Therefore, these compounds might be proposed as biomarkers of coffee intake or
compliance, and thus be used to assess adherence in intervention trials with coffee as well
as a marker of habitual dietary intake of hydroxycinnamates in observational studies.

Overall, the concentration of phenolic metabolites excreted in urine increased from
week 0 (231 μmol) to week 8 (274 μmol), without reaching the level of statistical significance
(Table 2). This increase was slightly higher for colonic metabolites (which excretion was
24.5% higher in week 8 vs. week 0) compared to intestinal or other low molecular weight
catabolites (that increased 18–20% in week 8 vs. week 0). However, this apparently higher
absorption of colonic metabolites was not reflected in the circulating concentrations of these
compounds in plasma (Table 1).

The amounts of plasmatic, urinary, and fecal metabolites after consumption of the
GCPE nutraceutical varied noticeably between participants (detailed in Supplementary
Information), showing no clear patterns in the excretion of phenolic metabolites among
volunteers. On the contrary, each subject may show a different response depending on the
biological sample analyzed, which increases the complexity of interindividual variability.
This is in agreement with previous studies that highlight interindividual variability as an
important factor affecting the bioavailability of (poly)phenols, pointing to differences in the
intestinal microbiota of each person as a key factor, although understanding the underlying
causes on interindividual variability is still incomplete and challenging [26]. Certainly,
the microbial bioconversion capacity of each person is related to their specific microbiota
composition, which influences the final metabolites produced, their bioavailability and
biotransformation, and thus, the final impact on the health of the host [27,28]. For exam-
ple, DHCA and DHFA, in addition to their precursors and other minor catabolites, are
present in the upper regions of the large intestine, where they can act as antioxidants and
prebiotics [29]. Nevertheless, the influence of other factors, such as age, sex, physiological
status, diet, and dose, also need to be taken into account [19]. Therefore, more studies
are needed to better understand the influence of these factors on the bioavailability of
phenolic compounds.

This study has several limitations: it would have been interesting to extend urinary
and fecal sample collection up to 48 h to recover delayed excreted metabolites; also, changes
in the intestinal microbiota have not been addressed. In addition, the sample size was
estimated following similar previous studies on the urinary excretion of phenolic com-
pounds from coffee [13,19], but we do not perform power calculation due to the small
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number of studies available as well as the high interindividual variability observed in
them. Strengths of the study: pharmacokinetic analysis of the long-term effects of coffee
consumption on (poly)phenols bioavailability has been studied. Moreover, the collection
of fecal samples enabled a more complete view of the bioavailability of hydroxycinnamic
acids. To end, background features were controlled, such as volunteers′ physical activity
and dietary habits. Lifestyle characteristics and socioeconomic status of the volunteers
was homogenous. Intake of the nutraceutical at each visit was also monitored through the
indicated markers.

In conclusion, this study confirms that phenolic compounds contained in the GCPE
nutraceutical are highly metabolized throughout the gastrointestinal tract in a population
of overweight and obese subjects, being differentially absorbed in the upper intestine
compared to the colon. The colonic microbiota has played a key role in the metabolism of
coffee hydroxycinnamates, since most of the metabolites characterized were formed at the
colon. In addition, when the bioavailability before and after 8 weeks of daily consumption
of the green coffee nutraceutical were compared, a higher trend in the absorption of GCPE
was observed after regular consumption, but the metabolic profiles in plasma, urine, and
feces did not statistically change. The present study contributes to better understand the
effect of sustained consumption of a phenol-rich extract such as GCPE, since there are
limited data on repeated exposure to phenols in bioavailability studies. This could help to
develop refined dietary strategies and recommendations to optimize the beneficial effects of
phenol-rich foods. Furthermore, FA-4′-sulfate, DHCA, feruloylglycine, or DHCoA-sulfate
may be proposed as biomarkers of hydroxycinnamate intake, due to the high levels of these
compounds in the biological fluids analyzed.
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