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Dietary Supplements in Cardiovascular and Metabolic Diseases
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Recent research has sparked increasing interest in the effects of dietary supplements
on cardiovascular and metabolic disorders. The aim of this Special Issue was to compile
top-tier research papers with a strong foundation in basic research and/or potential for
translation in this area, to offer an up-to-date systematic examination of the functional role
of dietary supplements in cardiovascular and metabolic disease. We included both clinical
and pre-clinical studies on this compelling topic.

The Special Issue begins with two preclinical investigations studying the effects of
the extract of the bergamot fruit (Citrus bergamia) in vitro [1] and in vivo [2], observing a
reduction in oxidative stress (research led by Dr. Speranza Rubattu [1]) and dyslipidemia
(research led by Vincenzo Mollace [2]). Dr. Mollace’s group also contributed a review on
the potential therapeutic approach of combining SGLT2 inhibitors and plant extracts [3].

In another in vivo study, led by Dr. Francisco Javier Pavón-Morón, humanized mice
were supplemented with L-carnitine and orally administered essential oil emulsions de-
rived from patients with ischemic heart disease and type 2 diabetes mellitus for 40 days [4].
The researchers evaluated the impact on the gut microbiota composition, microbial metabo-
lites, and plasma markers related to cardiovascular disease, inflammation, and oxidative
stress. The results indicated that essential oil emulsions, particularly those containing
parsley and rosemary essential oils, exhibited prebiotic effects on beneficial commensal
bacteria, primarily of the Lactobacillus genus; moreover, mice treated with these essential
oils showed a decrease in plasma trimethylamine N-oxide (TMAO) levels and an increase in
fecal short-chain fatty acids (SCFAs) levels [4]. An assay in Wistar–Kyoto rats demonstrated
that increased oxidative stress accompanied the intake of copper nanoparticles, which
further modulated vascular relaxation with the participation of 20-hydroxyeicosatetraenoic
acid (20-HETE), through the thromboxane-A2 receptors [5]. Another study evaluated the
quality of 19 products, including herbal teas and dietary supplements, by assessing the
content of 1-deoxynojirimycin (DNJ, known for its ability to inhibit α-glucosidase and
regulate postprandial glucose levels), selected (poly)phenols, and antioxidant activity [6].
The results revealed subpar quality in many dietary supplements, potentially compro-
mising their health benefits, due to the low nutraceutical content. Furthermore, a novel
method utilizing ATR-FTIR spectroscopy combined with PLS regression for DNJ content
determination was proposed, offering a rapid screening tool for assessing product quality
without the need for complex chromatographic processes.

Two reviews are included in the Special Issue. The first one considered astaxanthin, a
natural carotenoid commonly found in various aquatic animals, including salmon, shrimp,
and crustaceans, which shows a very strong antioxidant effect that is 14, 65, and 54 times
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higher than that of vitamin E, C, and β-carotene, respectively [7]. The second one explored
the role of taurine in aging and cardiovascular health [8].

Next, the Special Issue presents clinical studies. The first study was a retrospective
analysis of 685,778 patients newly diagnosed with osteoarthritis, showing that the adherent
usage of glucosamine was significantly associated with a higher risk for cardiovascular
diseases in patients with osteoarthritis [9]. A single-blind randomized controlled trial,
coordinated by Dr. Francesco Landi, demonstrated that L-Arginine plus vitamin C sup-
plementation (an association that has been shown to be effective in long-COVID [10–13]
by attenuating endothelial dysfunction and oxidative stress [13–16]) can improve walking
performance, muscle strength, and fatigue in adults with long-COVID [17].

The Special Issue concludes with the presentation of three randomized, double-blind,
and placebo-controlled trials. The first trial tested the effects of dietary Coenzyme Q10
plus NADH supplementation on the fatigue perception and health-related quality of life in
patients with myalgic encephalomyelitis/chronic fatigue syndrome [18]. A 12-week clinical
trial was conducted with 207 participants, showing significant reductions in cognitive fa-
tigue perception and overall fatigue severity, as well as improvements in the health-related
quality of life among those receiving CoQ10 and NADH; additionally, improvements in
sleep duration and efficiency were observed in the experimental group [18].

The second trial aimed to assess the impact of water-soluble tomato concentrate
(WSTC) from fresh tomatoes on platelet apoptosis and oxidative stress in a clinical trial
lasting 10 weeks and involving 52 healthy middle-aged and elderly adults, revealing that
WSTC supplementation for four weeks significantly increased the serum total antioxidant
capacity levels and reduced the serum malondialdehyde levels [19].

The third trial demonstrated that dietary supplementation with standardized bergamot
polyphenolic fraction phytosome, artichoke extracts, Q10 phytosome, and zinc safely
exerted significant improvements in serum lipids, systemic inflammation, indexes of non-
alcoholic fatty liver disease (NAFLD), and endothelial reactivity in healthy subjects with
moderate hypercholesterolemia [20].

Author Contributions: Conceptualization, writing, supervision: G.S.; visualization, writing: B.T. All
authors have read and agreed to the published version of the manuscript.
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Beneficial Effects of Citrus Bergamia Polyphenolic Fraction on
Saline Load-Induced Injury in Primary Cerebral Endothelial
Cells from the Stroke-Prone Spontaneously Hypertensive
Rat Model

Rosita Stanzione 1,†, Maurizio Forte 1,†, Maria Cotugno 1, Francesca Oppedisano 2, Cristina Carresi 2,

Simona Marchitti 1, Vincenzo Mollace 2,3, Massimo Volpe 3,4 and Speranza Rubattu 1,4,*

1 IRCCS Neuromed, 86077 Pozzilli, Italy; stanzione@neuromed.it (R.S.); maurizio.forte@neuromed.it (M.F.);
maria.cotugno@neuromed.it (M.C.); simona.marchitti@neuromed.it (S.M.)

2 Department of Health Science, Institute of Research for Food Safety & Health IRC-FSH,
University Magna Graecia, 88100 Catanzaro, Italy; oppedisanof@libero.it (F.O.); carresi@unicz.it (C.C.);
mollace@unicz.it (V.M.)

3 IRCCS San Raffaele, 00163 Rome, Italy; massimo.volpe@uniroma1.it
4 Department of Clinical and Molecular Medicine, School of Medicine and Psychology,

Sapienza University of Rome, 00185 Rome, Italy
* Correspondence: speranzadonatella.rubattu@uniroma1.it
† These authors contributed equally to this work.

Abstract: High salt load is a known noxious stimulus for vascular cells and a risk factor for cardio-
vascular diseases in both animal models and humans. The stroke-prone spontaneously hypertensive
rat (SHRSP) accelerates stroke predisposition upon high-salt dietary feeding. We previously demon-
strated that high salt load causes severe injury in primary cerebral endothelial cells isolated from
SHRSP. This cellular model offers a unique opportunity to test the impact of substances toward the
mechanisms underlying high-salt-induced vascular damage. We tested the effects of a bergamot
polyphenolic fraction (BPF) on high-salt-induced injury in SHRSP cerebral endothelial cells. Cells
were exposed to 20 mM NaCl for 72 h either in the absence or the presence of BPF. As a result, we
confirmed that high salt load increased cellular ROS level, reduced viability, impaired angiogenesis,
and caused mitochondrial dysfunction with a significant increase in mitochondrial oxidative stress.
The addition of BPF reduced oxidative stress, rescued cell viability and angiogenesis, and recovered
mitochondrial function with a significant decrease in mitochondrial oxidative stress. In conclusion,
BPF counteracts the key molecular mechanisms underlying high-salt-induced endothelial cell damage.
This natural antioxidant substance may represent a valuable adjuvant to treat vascular disorders.

Keywords: salt loading; endothelial cell; oxidative stress; mitochondrial dysfunction; bergamot;
polyphenols; stroke; SHRSP

1. Introduction

The stroke-prone spontaneously hypertensive rat (SHRSP) represents a suitable animal
model for the dissection of the pathogenetic basis of cerebrovascular damage associated
with hypertension [1]. The stroke phenotype is accelerated in this model by feeding with
a high-salt/low-potassium Japanese-style diet (JD) [2,3], with renal damage preceding
stroke occurrence [4]. The stroke-resistant spontaneously hypertensive rat (SHRSR), which
represents the strict control of the SHRSP strain, does not develop vascular damage upon the
same dietary treatment despite similar blood pressure levels [3]. A genetic linkage analysis
demonstrated that few chromosomal loci contributed in a significant manner to the stroke
phenotype variance between the two strains [3]. Subsequent investigations targeted to a
chromosome 1 locus (STR1), explaining 20% of the stroke phenotype variance, highlighted
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a key role of mitochondrial dysfunction in mediating the high-salt-favored vascular damage
of JD-fed SHRSP [5]. In fact, in this experimental condition, a mitochondrial complex I
deficiency is induced by inhibition of the Ndufc2 subunit expression, whose gene maps
are at the peak of linkage within STR1. Ndufc2 is a fundamental subunit to allow for
regular assembly and function of the complex I, with consequent regular activity of the
oxidative phosphorylation [5]. Subsequent studies revealed that this molecular mechanism
also severely alters mitochondrial structure and function in peripheral blood mononuclear
cells of healthy subjects once exposed to either high salt or lipopolysaccharides [6]. Most
importantly, a decrease in the Ndufc2 subunit also contributes to both juvenile ischemic
stroke and myocardial infarction occurrence in humans [5–8]. Interestingly, isolated primary
cerebral endothelial cells (ECs) [6] from SHRSP, once exposed to saline load, show a
significant degree of mitochondrial dysfunction, dependent from a decrease in Ndufc2
subunit expression, with a consequent increase in oxidative stress, reduced viability, and
increased necrosis [9,10]. Therefore, this in vitro model mimics the in vivo condition
quite well and represents a suitable experimental tool for testing the effects of protective
molecules in vitro.

Vegetal substances are known for their beneficial vascular properties in both animal
models and in humans due to their ability to counteract oxidative stress, inflammation,
and mitochondrial dysfunction [11]. In this regard, our previous studies demonstrated
the protective role of Brassica oleracea sprout extract, based on both anti-inflammatory and
antioxidant actions, toward the high-salt-induced vascular injury of SHRSP [12,13]. The
latter evidence, showing a remarkable decrease in both renal and cerebrovascular damage,
further supported the significant adjuvant role of favorable nutritional components to
combat cardiovascular and cerebrovascular diseases.

Among the emerging substances of natural origin provided of cardiovascular beneficial
properties, the bergamot polyphenolic fraction (BPF), that is, the extract of the bergamot
fruit (Citrus bergamia), is attracting much attention. BPF reduces serum lipid level (low-
density lipoprotein cholesterol and triglycerides) and improves metabolic parameters and
endothelial function in both animal models and in humans [14–21]. At the cellular level,
BPF shows anti-inflammatory and antioxidant properties and can improve mitochondrial
bioenergetics, mitochondrial function, and cell metabolism [16,22–24]. Interestingly, the
protective action of BPF was also related to its ability to restore autophagy [25,26], a
process with a fundamental role in cellular, tissue, and organismal homeostasis since it
selectively targets dysfunctional organelles and pathogenic proteins [27]. Evidence that
BPF can counteract high-salt-favored vascular injury in the context of arterial hypertension
is still lacking.

On these premises, the goal of the present study was to test in vitro the potential beneficial
impact of BPF toward high-salt-induced injury and the underlying molecular mechanisms in
SHRSP cerebral ECs, as starting knowledge for subsequent in vivo investigations.

2. Materials and Methods

2.1. Preparation of the Bergamot Polyphenolic Fraction (BPF)

This step was performed through a standardized and previously reported proce-
dure [14]. In particular, the cultivations of Citrus bergamia Risso & Poiteau are present
along the Ionian coast of Calabria, in a geographical area of about 90 km between Bianco
and Reggio Calabria, Italy. After harvesting, the peeled fruits were squeezed to obtain the
bergamot juice, from which the oily fraction was removed by stripping. Furthermore, the
juice was clarified by ultrafiltration. At the end of this process, the clarified juice was eluted
through a polystyrene resin column, using a KOH solution, to retain the polyphenolic
compounds with a molecular weight between 300 and 600 Da. Incubation of the basic
eluate on a rocking platform allowed for a reduction in the furocoumarin content, on
which the shaking time depended. In the next step, this phytocomplex was neutralized
by filtration on cationic resin at acid pH, and after drying under vacuum and mincing, it
was transformed into powdered BPF. Analysis of the BPF powder by UHPLC-HRMS/MS

5



Nutrients 2023, 15, 1334

determined that it consisted of 40% flavonoids and 60% carbohydrates, fatty acids, pectins,
and maltodextrins. The flavonoid profile analyzed by high-resolution mass spectrometry
(Orbitrap spectrometer) and HRMSMS (ddMS2, data-dependent MS/MS) includes neoeri-
ocitrin, naringin and neohesperidin. In addition, the entire HMG family is present with
bruteridin and melitidin together with flavonoids such as 6.8-di-C-glycosides [24,28,29].
The BPF used in the present study was prepared and characterized by polyphenol content
a month before performing the experiments.

2.2. Cell Isolation and Culture

Primary cerebral ECs were isolated from newborn SHRSP rat brains (1–3 days old) by
enzymatic and mechanic digestions and subsequent positive selection using microbeads
magnetically labeled with CD31 antibody (Miltenyi Biotec, Bergisch Gladbach, Germany).
For the enzymatic and mechanic digestions, neural tissue from neonatal brains was dissoci-
ated into single-cell suspension by using the Neural Tissue Dissociation Kit (Miltenyi Biotec)
and the gentle MACS Dissociator (Miltenyi) with a specific program for neonatal brain.
Afterword, the positive selection of ECs with CD31 antibody (Endothelial Cell Isolation
Kit, Miltenyi) was performed by a separation over a MACS column placed in the magnetic
field of a MACS separator (Miltenyi). ECs were grown in DMEM/F12 medium (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 5% FBS (Euroclone Srl, Pero,
Italy) and ECGS (Sigma Aldrich–Merck, Darmstadt, Germany) on gelatin-precoated dishes
at 37 ◦C and 5% CO2 in an humified incubator. Cells were used between passages 1–4 for
all experiments, as previously reported [9]. Animal experiments for EC isolation were
performed in accordance with the European Commission guidelines (Dlg 2010/63/EU)
and the protocol was approved by Italian Ministry of Health (protocol n.: 448/2022-PR).

2.3. Immunostaining of Primary Cerebral ECs for CD31

The purity of ECs was confirmed by immunofluorescence for CD31, a transmembrane
glycoprotein expressed by ECs. For this purpose, 2 × 104 cells were plated in an 8-chamber
slide and fixed for 10 min with 4% PFA, washed in PBS, blocked with 5% goat normal
horse serum (Vector Laboratories, Burlingame, CA, USA) and incubated overnight at 4 ◦C
with anti-CD31 antibody (0AAF00819-Aviva System Biology, San Diego, CA, USA). Then,
Alexa fluor 488 (Invitrogen Carlsbad, CA, USA) was used for detection in fluorescence.
Cell nuclei were stained with Höechst reagent (Thermo Fisher Scientific). Images were
randomly taken with a fluorescence microscope.

2.4. Cell Treatments

Preliminary experiments testing different BPF concentrations (from 50 to 500 μg/mL)
on cell viability identified 250 μg/mL as the appropriate concentration to perform all
studies in our cellular model exposed to salt loading. The latter is a noxious stimulus
previously used in our studies to mimic the in vivo exposure of SHRSP to JD as a stroke-
promoting diet [9,10,30]. Therefore, to test the effects of BPF on cell proliferation, viability,
oxidative stress, angiogenesis, wound healing, and mitochondrial function, ECs were
exposed for 72 h to the following treatments: NaCl 20 mM, BPF alone (250 μg/mL), and
NaCl + BPF (20 mM and 250 μg/mL, respectively). Both NaCl and BPF were diluted in the
cell medium. All experiments were performed at least in triplicate.

2.5. Cell Viability

To test cell proliferation and viability, we used the quantitative colorimetric MTT (3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) test (Sigma Aldrich–Merck).
MTT is a yellow powder containing bromide, which in living cells is transformed, by an
enzymatic scission, into an insoluble blue/purple precipitate, the formazan. To perform
the assay, ECs were plated in a 96-multiwell plate at a density of 1 × 104 cells per well,
and they were exposed to 20 mM NaCl for 72 h, as previously described [9,10]. After the
treatment, ECs were incubated for 2–3 h with 10 μL of MTT reagent (5 mg/mL) in a 37 ◦C,
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5% CO2 incubator. Then, 100 μL of DMSO were added to each well, and the mixture was
stirred well until the formazan was completely dissolved. Finally, the absorbance of the
solubilized substrate was measured with a microplate reader (Biorad, Hercules, CA, USA)
at a wavelength of 570 nm.

2.6. Cellular Reactive Oxygen Species (ROS) Measurement

Cellular ROS were evaluated using the fluorescent probe 2′,7′-Dichlorofluorescein
diacetate (DCFH-DA Sigma Aldrich). DCHF-DA is an apolar molecule that diffuses easily
in cells, where by two successive enzymatic reactions, it is transformed into DCF, a highly
fluorescent molecule that is emitted at a wavelength of 532 nm. The oxidation of DCHF to
DCF occurs mainly by H2O2. Therefore, the fluorescence intensity is considered directly
proportional to the quantity of H2O2 produced by the cells. In our experiments, ECs were
treated with 200 μL of 10 μM DCFH-DA for 30 min at 37 ◦C in the darkness. Production
of ROS was measured by a microplate reader (Berthold, Bad Wildbad, Germany) at an
excitation wavelength of 485 nm and an emission wavelength of 530 nm.

2.7. Angiogenesis Assay

The angiogenesis assay was performed by using a Matrigel matrix (Corning, by Sigma
Aldrich–Merck). In the specific, 50 microliters of Matrigel matrix were added to each well
of a 96-multiwell plate and allowed to solidify for 1 h at 37 ◦C. After treatment with NaCl
and BPF, 1 × 104 ECs were plated on top of the Matrigel layer and incubated for 4 h. Images
were taken with EVOS Cell Imaging Systems (Thermo Fisher Scientific) and the number of
master junctions was quantified using a specific plugin “Angiogenesis analyzer” of ImageJ
software (National Institutes of Health, Bethesda, MD, USA) [31].

2.8. Wound-Healing Assay

Cell migration was evaluated by conventional wound-healing assay. For this purpose,
5 × 105 cells were plated on each well of a 24-multiwell plate until confluence was reached.
Then, ECs were incubated with 20 mM NaCl for 72 h either in the absence or in the presence
of BPF, and the cell monolayers were damaged by manual scratching with a sterile yellow
tip. Images were randomly collected at different time points using an inverted microscope
(EVOS Cell Imaging Systems, Thermo Fisher Scientific). Percentage of wound closure was
calculated according to the following formula:

% wound closure = [Area of the original wound (t0) − Area of the actual wound (t 72 h)]/Area of original
wound (t0) × 100.

Wound area was calculated by ImageJ software (version 1.53t).

2.9. Assessment of Mitochondrial Membrane Potential Using JC-1 Staining

To determine the mitochondrial membrane potential depolarization by JC-1 reagent
(Thermo Fisher Scientific), 3 × 104 cells were plated on each well of a 24-multiwell plate,
and later, they were exposed to 20 mM NaCl for 72 h, as previously described [9], either in
the absence or in the presence of BPF in a humidified CO2 incubator. After 72 h, ECs were
incubated with 10 μg/mL JC-1 at 37 ◦C for 20 min. After incubation, cells were washed
twice with ice-cold PBS 1X. Finally, the images were taken with EVOS Cell Imaging Sys-
tems (Thermo Fisher Scientific). JC-1 is a cationic dye that exhibits potential-dependent
accumulation in mitochondria, indicated by a fluorescence emission shift from green to red.
Mitochondrial depolarization is indicated by a decrease in the red/green fluorescence inten-
sity. The red-to-green fluorescence intensity ratio (R:G) was calculated by ImageJ software.

2.10. Assessment of Mitochondrial Function

To assess mitochondrial function, we measured mitochondrial complex I activity (as-
sessed as NAD+:NADH ratio) and ATP levels with two commercially available kits. To
investigate the redox status of the ECs after 72 h of treatment, the concentrations of NADH
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and NAD+ were determined using an NAD+/NADH Assay Kit (ABCAM) in accordance
with the manufacturer’s instructions. The absorbance values were acquired at 450 nm by a
microplate reader (Berthold), and data were analyzed following the manufacturer’s protocol.

ATP levels were assessed with an ATP colorimetric assay (ABCAM), which, by a series
of enzymatic reactions, forms a product that is quantified at 570 nm using a microplate
reader (Berthold). Finally, data were analyzed following the manufacturer’s protocol.

Mitochondrial ROS level was evaluated by using the MitoSOX™ Mitochondrial Super-
oxide Indicators (Thermo Fisher Scientific) following the manufacturer’s instructions. The
MitoSOX Red reagent specifically reacts with superoxide, but not with ROS and reactive ni-
trogen species (RNS). To perform this experiment, ECs were plated onto 8-well chambered
cell culture slides (Corning by Thermo Fisher Scientific) and treated as reported above.
After 72 h of high salt exposure, ECs were treated with MitoSOX Red (5 μM) for 30 min at
room temperature and then washed. Cell nuclei were stained by Höechst reagent (Thermo
Fisher Scientific). MitoSOX Red fluorescence and Höechst were acquired by a fluorescence
microscope Axiophot2 (Zeiss, Oberkochen, Germany), and MitoSOX fluorescent signal was
determined with Image J.

2.11. Statistical Analysis

All values are expressed as mean ± standard error (SEM). Comparisons between the
experimental groups were performed by one-way ANOVA followed by Bonferroni post hoc
test. A p value of <0.05 was considered significant. GraphPad Prism (Ver 5.01 GraphPad
Software, Inc., La Jolla, CA, USA) statistical software was used for the statistical analysis.

3. Results

First of all, we checked and confirmed the purity of ECs extracted from the brain of
neonatal SHRSP by immunofluorescence for CD31, an established marker of ECs. Results
are shown in Figure 1.

Figure 1. Homogeneity of ECs from brain of neonatal SHRSP. Representative images of immunofluo-
rescence of the isolated cerebral ECs from SHRSP after incubation with CD31 antibody. Alexa Fluor
488 (green) was used as a secondary fluorescent antibody. Cell nuclei were stained with Höechst.

As previously shown [9,10,30], in the current set of studies, we confirmed that the
saline load increased oxidative stress; reduced cell proliferation, viability, and migration;
impaired angiogenesis, and induced mitochondrial dysfunction with an impairment of
mitochondrial membrane potential, reduced complex I activity, and ATP synthesis in
SHRSP primary cerebral ECs (Figures 2–4).

In the presence of BPF, cerebral ECs exposed to saline load for 72 h significantly
reduced ROS production (Figure 2A) and rescued cell proliferation and viability (Figure 2B).
Of note, BPF alone increased cell viability (Figure 2B).

BPF rescued the angiogenetic property of ECs, as shown by the increased num-
ber of master junctions in cells exposed to the high-salt treatment in the presence of
BPF (Figure 3A,B). Moreover, BPF prompted wound healing by favoring EC migration
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(Figure 3C,D). In fact, the wound appeared significantly covered by migrated cells upon
the combined treatment with salt loading and BPF.

Figure 2. BPF reduces ROS level and rescues cell viability in SHRSP cerebral ECs exposed to high
salt load. ECs were treated for 72 h with 20 mM NaCl either in the presence or in the absence of
250 μg/mL BPF. (A) Evaluation of total ROS level; (B) evaluation of cell viability; N = 3–4. CTR
indicates nontreated cells. * p < 0.05 and **** p < 0.0001 obtained using one-way ANOVA followed by
Bonferroni post hoc analysis. Data are reported as mean ± SEM.

Figure 3. Cont.
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Figure 3. BPF rescues angiogenesis and promotes wound healing in SHRSP cerebral ECs exposed to
high salt load. ECs were exposed to 20 mM NaCl for 72 h either in the presence or in the absence of
250 μg/mL BPF. CTR indicates nontreated cells. Representative images of Matrigel assay (A) and the
quantification of master junctions (B); representative images of scratch wound-healing assay (C) and
relative quantification of wound closure percentage (D). N = 3. * p < 0.05 and ** p < 0.01 obtained
using one-way ANOVA followed by Bonferroni post hoc analysis. Data are reported as mean ± SEM.

Figure 4. BPF exerts beneficial effect on mitochondrial function in SHRSP cerebral ECs exposed
to high salt load. Fluorescence microscope analysis of mitochondrial membrane potential (ΔΨm)
levels through JC1 dye; representative images (A) and corresponding quantification (B) are shown.
(C) ATP levels, (D) NAD+:NADH ratio (as a measure of Complex I activity), (E,F) mitochondrial
ROS production detected by MitoSOX fluorescence and its graphical quantification. CTR indicates
nontreated cells. N = 3–4. * p < 0.05, ** p < 0.01 and **** p < 0.0001 obtained using one-way ANOVA
followed by Bonferroni post hoc analysis. Data are reported as mean ± SEM.
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We also tested the impact of BPF on the saline load-induced mitochondrial dysfunction.
First, we confirmed that salt loading caused a significant impairment of the mitochondrial
membrane potential, which is fundamental to preserve cell integrity. Then, we observed
that BPF rescued the mitochondrial membrane potential (Figure 4A,B), as documented by
the increased JC1 red-to-green fluorescence ratio. BPF also rescued both ATP synthesis
and complex I activity in cerebral ECs under saline load (Figure 4C,D). Consistently,
the mitochondrial ROS production decreased in ECs treated with both saline load and
BPF (Figure 4E,F).

The whole results of the present investigation indicate that BPF can antagonize the
harmful effects induced by high salt load in cerebral ECs, obtained from the SHRSP rat
model, on several parameters of cell survival and function.

4. Discussion

In the present study we demonstrate that BPF, a vegetal extract obtained from the
Citrus bergamia fruit, exerts a significant protective effect toward the high-salt-induced in-
jury in primary cerebral ECs isolated from the brain of newborn SHRSP rats. In fact,
BPF treatment was able to rescue relevant cellular processes, including proliferation,
viability, migration, angiogenesis, and mitochondrial function, which are all compro-
mised upon saline load in the SHRSP experimental model. The latter represents a well-
characterized animal model of human disease, particularly for its ability to accelerate
cerebrovascular events upon high-salt dietary feeding, which is also based on a genetic
predisposition [2–5,9,12,13,32]. The endothelial dysfunction precedes stroke occurrence in
the JD-fed SHRSP as well as in humans [33–36], an observation that further supports the
valuable role of this model for studies on the human disease. Interestingly, as shown in
previous studies, the SHRSP primary cerebral ECs exposed to saline load quite closely
mimic the in vivo condition and represent a unique experimental tool to test in vitro the
effects of protective substances toward the molecular mechanisms involved in the higher
predisposition to the vascular damage of the strain [9,10,30].

Herein, based on the available evidence supporting the beneficial properties of BPF
in other experimental contexts [14,37–39], we aimed to test the potential protective effect
of BPF on the cellular parameters known to be compromised upon saline load in the
stroke predisposition of the SHRSP strain. We paid particular attention to the ability of
BPF to rescue mitochondrial functional parameters (such as mitochondrial membrane
potential, ATP synthesis, and complex I activity). A severe mitochondrial dysfunction,
dependent on a complex I deficiency, has been previously identified as one of the main
pathogenic molecular mechanisms underlying the higher predisposition of the JD-fed
SHRSP to vascular damage and its dramatic consequences [5]. In fact, a significant reduction
in complex I Ndufc2 subunit expression was observed in the JD-fed SHRSP. Importantly,
we have already demonstrated that the recovery of the mitochondrial dysfunction through
the correction in complex I deficiency with nicotinamide administration delayed both renal
and cerebrovascular damage occurrence in JD-fed SHRSP [9].

The primary cerebral ECs also show an impaired mitochondrial function once exposed
to the saline load [9,10,30].

As a result of our present study, BPF exposure led to a significant increase in cell
survival, a reduction in oxidative stress and an increase in endothelial cell tubular forma-
tion. Remarkably, mitochondrial function was improved with a significant decrease in
mitochondrial oxidative stress production.

Our current evidence is consistent with the results of previous investigations and
strongly points to BPF as a valuable adjuvant substance to combat cardiovascular diseases.
In this regard, an integrated therapeutic strategy, combining standard pharmacological
treatments with natural protective substances of either vegetable or animal origin, can
reduce the risk of common cardiovascular diseases such as stroke and ischemic heart
disease. To support this concept and further validate the suitability of our rat model, we
previously reported the significant protective effect of a Brassica oleracea sprout extract
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administration toward renal and cerebrovascular damage occurrence in JD-fed SHRSP [12].
Moreover, the administration of the natural disaccharide trehalose, present in different
foods, led to a significant delay in renal damage and stroke occurrence in JD-fed SHRSP [40].

Among the natural available compounds, the bergamot polyphenolic fraction (BPF),
extracted from the bergamot fruit (Citrus bergamia), a plant endemic to the Calabrian Ionian
coast in Southern Italy, belongs to a class of molecules (the polyphenols) that are well
known for their protective properties on human health. In particular, bergamot is rich in
flavonoid glycosides, such as neoeriocitrin, neohesperidin, and naringin; and glycosylated
polyphenols, such as bruteridin and melitidin [28]. Several studies have demonstrated the
beneficial effects of polyphenols against widespread pathologies, including cardiovascular
diseases, both in preclinical models and in humans [18]. Regarding stroke, a neuroprotective
effect was reported even when polyphenols were administered after stroke induction,
indicating that these molecules can also contribute to the recovery of patients suffering
from stroke [18]. Contrasting effects were observed in schizophrenia [41,42]. The protective
functions of BPF are mainly based on antioxidant, anti-inflammatory, lipid-lowering, and
hypoglycemic effects of polyphenols [43]. Of note, polyphenols act as both reactive oxygen
species scavengers and metal chelators [44]. Moreover, they activate transcription factors
such as erythroid 2-related factor 2 (Nrf2), which are able to stimulate the expression of
several antioxidant enzymes, including superoxide dismutase (SOD), heme oxygenase-1
(HO-1), catalase, glutathione reductase, and glutathione-S-transferase [45]. In addition,
polyphenols exert an anti-inflammatory property that is based on their ability to modulate
immune cell regulation, inflammatory gene expression, and the synthesis of inflammatory
mediators [46].

In vitro studies revealed that BPF stimulated higher mitochondrial activity with in-
creased ATP production from oxidative metabolism in both isolated mitochondria and
porcine aortic endothelial cells [24]. In addition, BPF carried out its beneficial effect on
the mitochondrial permeability transition pore (mPTP) phenomenon by desensitizing the
pore opening [24], a known molecular mechanism causing cell damage [43]. In fact, BPF
inhibited the Ca2

+-activated F1FO-ATPase, therefore counteracting the opening and size
of the mPTP with a final protective effect on mitochondrial dysfunction [24]. In the same
cell line, the authors demonstrated that BPF counteracted the toxic effect of doxorubicin
on cell viability and mitochondrial function [29]. Based on this in vitro study, BPF, by
restoring the correct metabolic cellular functions, can behave as a positive agent toward the
cardiovascular disorders resulting from the toxic action of doxorubicin.

Moreover, the protective effects of BPF were reported in a few models of cardiovas-
cular diseases. For instance, consistently with the above-mentioned in vitro data, BPF
exerted an antioxidant cardioprotective effect in a rat model of doxorubicin-induced car-
diac damage [26]. Interestingly, in this work, the protective action of BPF was related to its
ability to restore autophagy. BPF administration in the hyperlipidemic Wistar rat induced a
significant reduction in malondialdehyde and glutathione peroxidase serum levels, two
known markers of oxidative stress [47].

Furthermore, in a rat model of angioplasty, the pretreatment with bergamot essential
oil reduced smooth muscle cell proliferation and neointima formation. This effect was
associated with reduced free radical formation and reduced expression of LOX-1, the
receptor for oxidized low-density lipoprotein [48].

A human study performed in subjects with moderate hypercholesterolemia evaluated
the effects of a Bergamot extract on cardiometabolic parameters, including plasma lipids,
atherogenic lipoproteins, and subclinical atherosclerosis, within a relatively short time
frame of six months. As a result, the bergamot extracts reduced plasma lipids and improved
the lipoprotein profile. Remarkably, a reduced subclinical atherosclerosis (assessed as
carotid intimal media thickness) was observed [49].

Altogether, the available evidence, along with the results of the present study, strongly
support the role of bergamot toward vascular protection and its potential role as an adjuvant
for the treatment of vascular disorders and related acute events.
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5. Conclusions

We provide the first evidence that BPF is a natural antioxidant able to counteract
high-salt-induced injury in a suitable experimental tool, the primary cerebral endothelial
cells obtained from the SHRSP model. The latter represents an optimal animal model
of human disease, regarding the hypertensive target organ damage favored by high salt
exposure. In our study, the treatment with BPF in the presence of high salt, a noxious
stimulus, allowed for the recovery of all cellular vital parameters and turned off the key
molecular mechanisms underlying endothelial cell damage and dysfunction. This in vitro
study represents a fundamental basis for further in vivo investigations testing the impact of
BPF toward cerebrovascular accidents. This vegetal substance, as part of the Mediterranean
diet, may become an attractive and useful adjuvant to either prevent or treat vascular
disorders, such as stroke, associated with hypertension.
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Abstract: Elevated serum cholesterol levels, either associated or not with increased triglycerides,
represent a risk of developing vascular injury, mostly leading to atherothrombosis-related diseases
including myocardial infarction and stroke. Natural products have been investigated in the last few
decades as they are seen to offer an alternative solution to counteract cardiometabolic risk, due to the
occurrence of side effects with the use of statins, the leading drugs for treating hyperlipidemias. Red
yeast rice (RYR), a monacolin K-rich natural extract, has been found to be effective in counteracting
high cholesterol, being its use accompanied by consistent warnings by regulatory authorities based
on the potential detrimental responses accompanying its statin-like chemical charcateristics. Here
we compared the effects of RYR with those produced by bergamot polyphenolic fraction (BPF), a
well-known natural extract proven to be effective in lowering both serum cholesterol and triglyc-
erides in animals fed a hyperlipidemic diet. In particular, BPF at doses of 10 mg/Kg given orally for
30 consecutive days, counteracted the elevation of both serum LDL cholesterol (LDL-C) and triglyc-
erides induced by the hyperlipidemic diet, an effect which was accompanied by significant reductions
of malondialdehyde (MDA) and glutathione peroxidase serum levels, two biomarkers of oxidative
stress. Furthermore, the activity of BPF was associated to increased HDL cholesterol (HDL-C) levels
and to strong reduction of Proprotein convertase subtilisin/kexin type 9 (PCSK9) levels which were
found increased in hyperlipidemic rats. In contrast, RYR at doses of 1 and 3 mg/Kg, produced
only significant reduction of LDL-C with very poor effects on triglycerides, HDL-C, glutathione
peroxidase, MDA and PCSK9 expression. This indicates that while BPF and RYR both produce serum
cholesterol-lowering benefits, BPF produces additional effects on triglycerides and HDL cholesterol
compared to RYR at the doses used throughout the study. These additional effects of BPF appear
to be related to the reduction of PCSK9 expression and to the antioxidant properties of this extract
compared to RYR, thereby suggesting a more complete protection from cardiometabolic risk.

Keywords: hypercholesterolemia; red yeast rice (RYR); bergamot polyphenolic fraction (BPF);
malondialdehyde (MDA); oxidative stress; proprotein convertase subtilisin/kexin type 9 (PCSK9)

1. Introduction

Hypercholesterolemia, either associated or not to increased triglyceride serum lev-
els, has been clearly shown to represent one of the key players in the development
of atherosclerosis-associated vascular disorders including coronary artery disease and
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stroke [1,2]. On the other hand, a clear correlation exists suggesting that a significant reduc-
tion of low-density lipoprotein cholesterol (LDL-C) is required for both primary prevention
of cardiovascular disorders and reduction of cardiovascular risk in patients with previous
cardiovascular events, including myocardial infarction [3–5].

In the last decades, this was achieved by means of extensive use of very effective drugs
such as the statins, which reduce endogenous biosynthesis of cholesterol, via inhibition of
hydroxy-3-methylglutaryl-CoA reductase (HMGCoA reductase), the key enzyme of the
pathway generating cholesterol from acetyl-CoA [6–8].

This class of drugs, due to their widespread activities in protecting vascular tissues,
(anti-proliferative effects, atherosclerotic plaque stabilizing properties, reduction of vascular
inflammatory biomarkers, etc.), has also been found able to reduce hospitalization and
mortality in high-risk atherosclerotic patients [6,7].

Alongside their beneficial effect in the prevention and treatment of cardiovascular
disorders, the use of statins is however associated to several side effects that include mus-
cular pain, rhabdomyolysis and subsequent elevation of serum creatine phosphokinase
(CPK) [9–11]. This seems to occur in nearly 5% of patients taking statins [12,13]. However,
recent epidemiological studies revealed that nearly 30% of people stop statin treatment
because of muscle aches [13,14]. Moreover, prolonged treatment with statins is also asso-
ciated to increased risk of developing type 2 diabetes and neurological disorders, mostly
characterized by memory loss [14]. Thus, based on the occurrence of these and other side
effects, the use of statins in low-risk subjects is still controversial and alternative and more
safe treatments for lowering serum cholesterol have been suggested in the last few decades,
including nutraceutical supplementation by means of products able to inhibit HMGCoA
reductase [15,16].

Red yeast rice (RYR) is a natural extract obtained via fermentation of white rice with
the yeast Monascus purpureus mold that has widely been used to reduce serum cholesterol in
patients [17,18]. The properties of RYR for lowering serum cholesterol remain to be clarified.
However, evidence exists that RYR extract contains significant amounts of monacolin K,
which is structurally identical to lovastatin, thereby suggesting a statin-like response in
patients undergoing treatment with RYR [19]. To date, clinical data suggest an efficacy of
RYR in lowering serum cholesterol which has been determined in a range from 14% to
24% with a satisfactory safety profile, though causality between therapy and side effects
described in several studies remains to be confirmed [18–20]. However, a European Food
Safety Authority (EFSA) Scientific Panel, in 2018, highlighted several warnings in vulnera-
ble populations (e.g., pregnant women) and concluded “to be unable to identify a dietary intake
of monacolins from RYR, not giving rise to concerns about potentially harmful effects to health for
the general population, and as appropriate, for vulnerable subgroups of the population” [21].

Thus, based on this conclusion, it is necessary to identify better nutraceutical solutions
to attenuate the potential risk of using RYR as a first line nutraceutical approach and
to counteract potential side effects and uncertainties deriving from elevated amounts of
monacolin K in final preparations.

Based on this preliminary evidence, the present study was addressed to evaluate the
potential synergistic response in a formulation containing lower concentration of RYR
either associated or not to bergamot polyphenolic fraction (BPF) a well characterized
natural extract deriving from bergamot juice which has been found to produce consistent
hypolipidemic response both in animal settings and in patients [15,16,22–26]. This was
achieved in rats fed a hyperlipidemic diet.

2. Materials and Methods

2.1. Plant Material
2.1.1. Red Yeast Rice (RYR)

RyR extract (NLT 3% Monacolin K) was purchased from Giellepi S.p.A (Milano, Italy).
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2.1.2. Preparation of BPF

C. bergamia Risso & Poiteau fruits were collected in the Calabrian region, from plan-
tations that cover 90 km long costal area located between Reggio Calabria and Bianco.
Bergamot juice (BJ) was obtained from peeled-off fruits by industrial pressing and squeez-
ing. The depletion of oil fraction from juice was obtained through the stripping and
the clarification by ultra-filtration; the subsequent loading on suitable polystyrene resin
columns (Mitsubishi Chemical, Weekday, Japan Standard Time) that absorbed polyphenol
compounds of MW between 300 and 600 Da [22]. The elution of polyphenol fractions
was carried out through a mild KOH solution. Subsequently, the neutralization of phy-
tocomplex was obtained through the filtration on cationic resin at acidic pH. Finally, it
was vacuum dried and minced to the desired particle size to obtain BPF powder. The
analysis of BPF powder was performed through HPLC to evaluate the flavonoid and other
polyphenols content. Furthermore, in the toxicological analyses the presence of pesticides,
heavy metals, phthalates and synephrine was not found (data not shown) [22]. Standard
microbiological evaluation showed the absence of mycotoxins and bacteria. All proce-
dures have been performed according to the European Community Guidelines concerning
dietary supplements.

2.1.3. High-Pressure Liquid Chromatography (HPLC) Analysis

High-pressure liquid chromatography (HPLC) analysis was performed on Fast 1200
HPLC system (Agilent Technologies, 5301 Stevens Creek Blvd Santa Clara, USA) equipped
with DAD detector and ZORBAX Eclipse XDB-C18 column—50 mm. Two μL of sample
(BPF diluted in 50% ethanol and filtered through a 0.2 μm filter) was injected eluting with
a two solvent gradient of water and acetonitrile. Different gradients were used for the
determination of flavonoid content or possible fumocumarin contaminants. The flow-rate
was 3 mL/min and the column was maintained at 35 ◦C. The detector was monitored
at 280 nm. Flavonoid and furocumarin pure standards were purchased from Sigma-
Aldrich (Burlington, MA, USA). Brutieridin and melitidin were identified according to Di
Donna [22,23]. The estimated concentration of the five main flavonoids was: neoeriocitrin
(77,700 ppm), naringin (63,011 ppm), neohesperidin (72,056 ppm), melitidin (15,606 ppm)
and brutieridin (33,202 ppm) [22].

2.2. Animal Studies

Male Wistar rats (Harlan Laboratories Ltd., Fullinsdorf, Switzerland), weighing
180–200 g, were used for the experiments. The animals were kept under stable and con-
trolled conditions (temperature, 22 ◦C; humidity, 60%) with water ad libitum. Animal care
was in accordance with Italian regulations on protection of animals used for experimental
and other scientific purposes (D.M. 116192), as well as with the European Community
guidelines [23].

The effects of BPF, or RYR on total cholesterol, LDL-C, high density lipoprotein
cholesterol (HDL-C), triglycerides, malondialdehyde (expressing peroxidative damage)
and paraoxonase were evaluated in Wistar rats fed a hypercholesterolemic diet composed
of a standard diet (Harlan Laboratories Ltd., Fullinsdorf, Switzerland), supplemented with
cholesterol 2% (pur. 95%, Sigma-Aldrich, Burlington, MA, USA), 0.2% cholic acid (min.
98%, Sigma-Aldrich, Burlington, MA, USA) and 4.8% palm oil. Moreover, the effect of
these treatments on proprotein convertase subtilisin/kexin type 9 (PCSK9) levels were
also studied.

The rats were divided into five groups of 10 animals each:
Group 1 (normolipidemic controls) was kept on a standard diet (Harlan) for 30 days.
Group 2 (hyperlipidemic controls) received the hypercholesterolemic diet for 30 days.
Group 3 received the hypercholesterolemic diet for 30 days; from the 1st to the

30th day, each rat was administered by gavage with BPF (10 mg/kg/rat daily, same route).
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Groups 4 and 5 received the hypercholesterolemic diet for 30 days; from the 1st to the
30th day, each rat was administered by gavage with RYR extract (3 and 1 mg/kg/rat daily,
respectively, same route).

During the experiment, animals were weighed weekly, and 24 h food consumption
was recorded daily. On day 29, rats were individually housed in metabolic cages. At the
end of the study, the animals were fasted overnight; blood samples were collected from the
penile vein of the rats and serum was separated and stored at −20 ◦C until analyzed. The
analysis of serum T-CHOL, LDL-C and HDL-C, triglycerides, MDA and paraoxonase was
performed as described below.

2.3. Blood Measurements

At the baseline and after 4 weeks of the experimental protocol, a 12 h fasting morning
blood sample was collected, processed and stored at −80 ◦C. All serum marker concen-
trations or activities were measured using classical methods and commercial assay kits,
according to the manufacturers’ instructions. Assay kits for total cholesterol, LDL-C, HDL-
C, triglycerides, malondialdehyde (MDA), paraoxonase and glutathione peroxidase were
purchased from Novamedical S.R.L. (Reggio Calabria, Italy). All the laboratory tests were
performed in a blinded manner in respect to the assigned treatment.

2.4. PCSK9 Measurements

For proprotein convertase subtilisin/kexin type 9 (PCSK9) assay one serum aliquot
from each rat was tested by colorimetric enzyme-linked immunosorbent assay from R&D
Systems (Minneapolis, MN, USA). The minimal limit of detection was 125 pg/mL, the
mean intra- and inter-assay coefficient of variation was at the accepted threshold of less
than 8%.

2.5. Statistical Analysis

In case of homogenous set of data ANOVA was performed to determine the treatment
effects, and Dunnett’s test was employed as appropriate. In case of heterogeneous data,
F test was carried out to determine which pairs of groups are heterogeneous. This was
followed by Cochran’s or Student’s t tests, as appropriate. The analysis was performed by
the Statistical analysis add-in component of Microsoft Excel 2007.

3. Results

Administration of hyperlipidemic diet in rats (Group 2) produced, compared to
control group (Group 1) an elevation of serum levels of total cholesterol, LDL-C (Table 1)
and an elevation of serum paraoxonase activity, MDA and PCSK9 expression, an effect
accompanied by reduction of HDL-C levels and of glutathione peroxidase, an endogenous
antioxidant enzyme. These effects were found significantly attenuated by treating rats with
BPF 10 mg/Kg daily for 30 consecutive days (Group 3; Table 1, Figures 1 and 2). In fact BPF,
according to previous evidence, significantly reduces the levels of serum total and LDL-C,
an effect associated to reduced triglycerides, MDA, PCSK9 and paraoxonase activity. In
addition, BPF increased HDL-C and glutathione peroxidase, as previously described.

Treatment of rats with RYR (3 and 1 mg/Kg for 30 consecutive days; Groups 4 and 5,
respectively) reduced total cholesterol, LDL-C and paraoxonase (Table 1). However, when
comparing the effect of RYR with BPF, we found BPF to better counteract diet-induced
hyperlipidemia. Indeed, RYR produced no effect in triglycerides, HDL-C, MDA levels and
glutathione peroxidase. In addition, RYR produced and very poor effects in PCSK9 when
compared to BPF, thereby confirming that BPF is able to produce a better protection against
diet-induced hyperlipidemia (Figures 1 and 2).
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Table 1. The effect of BPF (10 mg/Kg daily; n = 10; Group 3) or RYR (3 and 1 mg/Kg daily; n = 10
for each group; Groups 4 and 5, respectively) on serum T-CHOL, LDL-C and HDL-C, triglycerides,
malondialdehyde (MDA) paraoxonase and glutathione peroxidase in rats fed a hyperlipidemic diet.
Groups 1 and 2 (n = 10 for each group represent animals receiving standard or hyperlipidemic diet,
respectively. Data are expressed as mean ± SD. * p < 0.05 Control (Group 1) vs. Hyperlipidemic rats
(Group 2); § p < 0.05 Hyperlipidemic (Group 2) vs. BPF, RYR 3 and 1 mg (Groups 3–5). Abbreviations.
BPF: Bergamot Poliphenolic Fraction; RYR: Red yeast rice; T-CHOL: Total Cholesterol; LDL-C: Low
density lipoprotein cholesterol; HDL-C: High density lipoprotein-cholesterol.

Study Groups
Serum

T-CHOL
(mg/dL)

Serum
LDL-C

(mg/dL)

Serum
HDL-C
(mg/dL)

Serum
Triglycerides

(mg/dL)

Serum
Paraoxonase

(nmol/mL/min)

Glutathione
Peroxidase

(U/mL)

Group 1
Standard diet (n = 10) 110 ± 12 34 ± 6 41 ± 6 145 ± 16 85 ± 6 186 ± 5

Group 2
Hyperlipidemic diet (n = 10) 196 ± 14 * 117 ± 10 * 32 ± 8 * 235 ± 18 * 132 ± 8 * 175 ± 4 *

Group 3
Hyperlipidemic diet + BPF

10 mg/Kg (n = 10) 154 ± 12 § 73 ± 8 § 46 ± 7 § 175 ± 15 § 102 ± 10 § 214 ± 4 §

Group 4
Hyperlipidemic diet + RYR

(3 mg/Kg) (n = 10) 164 ± 14 § 83 ± 7 § 38 ± 5 215 ± 19 106 ± 9 § 192 ± 5

Group 5
Hyperlipidemic diet + RYR

(1 mg/Kg) (n = 10) 176 ± 14 § 94 ± 11 § 36 ± 6 222 ± 16 116 ± 5 § 194 ± 6

Figure 1. The effect of BPF (Group 3) or RYR (Groups 4 and 5) in PCSK9 serum levels in rats
fed a hyperlipidemic diet (Group 2) compared to control rats (Group 1).*: p < 0.05 Control
(Group 1) vs. Hyperlipidemic rats (Group 2); §: p < 0.05 Hyperlipidemic (Group 2) vs. BPF or
RYR (Groups 3–5). Abbreviations. BPF: Bergamot Poliphenolic Fraction; RYR: Red yeast rice;
PCSK9: Proprotein convertase subtilisin/kexin type 9.

20



Nutrients 2022, 14, 477

Figure 2. The effect of BPF (Group 3) or RYR (Groups 4 and 5) on MDA serum levels in rats
fed a hyperlipidemic diet (Group 2) compared to control rats (Group 1). *: p < 0.05 Control
(Group 1) vs. Hyperlipidemic rats (Group 2); §: p < 0.05 Hyperlipidemic (Group 2) vs. BPF or
RYR (Groups 3–5), respectively. Abbreviations. BPF: Bergamot Poliphenolic Fraction; RYR: Red yeast
rice; MDA: malondialdehyde.

4. Discussion

Our data show, for the first time, that BPF leads to a better hypolipidemic response
when compared to RYR in rats fed a hyperlipidemic diet. In particular, our data demonstrate
that BPF reduces both LDL-C and triglycerides, alongside with an elevation of HDL-C,
as previously found in animal settings and patients with hyperlipidemia [15,16,24–27]. In
contrast, the effect of RYR was limited to the reduction of LDL-C with no responses found
in our model on triglycerides and HDL-C. On the other hand, the effect of BPF was higher
to the one found in animals treated with RYR at doses used throughout the study.

The reason for a better performance of BPF when compared to RYR still remains to be
better clarified. However, antioxidant properties of BPF and its subsequent activity against
overexpression of PCSK9 seem to play a role.

Accumulated evidence has shown that BPF, a polyphenolic rich extract obtained from
bergamot juice, produces consistent activities in regulating serum levels of cholesterol and
triglycerides acting at different levels in the lipid metabolism [15,16,24–27]. In particular,
data show that BPF reduces the activity of pancreatic cholesteryl ester hydrolase, a key
enzyme in the absorption of cholesterol acting at the intestinal level [24]. In addition, the
lipid transfer protein system in regulated by BPF, leading to better lipid transport into the
bloodstream [25]. Furthermore, it was be found that the capability of the liver to release in
blood vessel non-oxydized LDL occurs in patients with hyperlipidemia and liver steatosis,
thereby playing a role in the regulation of the lipoprotein traffic in hepatic tissue [27].
Finally, BPF has been found to contain several glycosylated polyphenols such as bruteri-
dine and melitidine which have been proven to antagonize the endogenous formation
of HMGCoA reductase, the key enzyme which generate endogenous cholesterol [23–27],
thereby contributing to serum cholesterol reduction. All these activities seem to involve
the formation of free radical species, as also shown by data collected in our experiments
here. In fact, the effect of BPF was associated to reduction of serum levels of MDA, a
well recognized biomarker of oxidative stress. This effect did not occur in animals treated
with RYR.
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The effect of BPF was also associated to reduced expression of PCSK9 in animals fed
an hyperlipidemic diet, thus suggesting that this effect may significantly contribute in the
better reduction produced by this extract when compared to RYR.

The role of PCSK9 in the regulation of cholesterol metabolism and the relative car-
dioprotective action has been widely studied in the last few years [28–30]. In particular,
evidence has been collected showing that PCSK9 modulates LDL-C concentrations by
binding to hepatic LDL receptors, facilitating their catabolism [28–31], thereby increasing
circulating LDL-C. This is also confirmed by the evidence that newly approved PCSK9
inhibitors reduce LDL receptor degradation and lower LDL-C by >50% [32–34], thus offer-
ing an additional therapeutic option for patients not meeting LDL-C treatment goals with
diet and maximally tolerated lipid-lowering therapy. Several recent studies also showed
the key role of natural derivatives and the importance of microbiota to inhibit the PCSK9,
through its transcriptional and epigenetic regulation and the subsequent up-regulation
of low-density lipoprotein receptor expression, thus increasing LDL metabolism [35–41].
Interestingly, statin therapy itself increases serum PCSK9 levels [42], a finding that may
in part explain the nonlinear relationship between statin dose and LDL-C reduction and
the intra-individual LDL-C response to statin therapy [43,44]. This could explain our data
with BPF and RYR in PCSK9 expression in hyperlipidemic rats. In fact, hypelipidemia
is accompanied by elevation of PCSK9 [28]. This effect, in our hands, is antagonized by
BPF alone but not by RYR. The reason of this discrepancy is unclear. However, being the
effect of RYR mainly due to the presence of lovastatin, it is likely that an overexpression of
PCSK9 may attenuate the reduction of LDL-C seen in animals treated with RYR. On the
other hand, elevation of PCSK9 occurs under conditions of increased oxidative stress and
inflammation [45]. This also explains the better response found with BPF compared to RYR.
In fact, being BPF a powerful antioxidant action in vivo, it is likely that this extract leads to
a reduced formation of free radical species in liver tissue [26], an effect accompanied by
reduced expression of PCSK9. This, in turn, leads to a better efficacy of BPF compared to
RYR in modulating serum cholesterol and PCSK9.

5. Conclusions

Our data show that BPF produces consistent benefits in reducing serum cholesterol
and triglycerides compared to RYR in animals fed a hyperlipidemic diet. This better
performance seems to results from a better antioxidant profile, an effect associated to
reduced expression of PCSK9, and this may represent a new perspective in nutraceutical
supplementation in hyperlipidemic states. Obviously, the study takes into account the
potential bias and imprecision of data collected in animal models that need to be confirmed
in clinical studies to be carried out in patients.
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Abstract: Diabetes is a complex chronic disease, and among the affected patients, cardiovascular
disease (CVD)is the most common cause of death. Consequently, the evidence for the cardiovascular
benefit of glycaemic control may reduce long-term CVD rates. Over the years, multiple pharma-
cological approaches aimed at controlling blood glucose levels were unable to significantly reduce
diabetes-related cardiovascular events. In this view, a therapeutic strategy combining SGLT2 in-
hibitors and plant extracts might represent a promising solution. Indeed, countering the main
cardiometabolic risk factor using plant extracts could potentiate the cardioprotective action of SGLT2
inhibitors. This review highlights the main molecular mechanisms underlying these beneficial effects
that could contribute to the better management of diabetic patients.

Keywords: diabetes; insulin resistance; lipid accumulation; inflammation; reactive oxygen species
(ROS); SGLT2 inhibitors; nutraceutical supplementation; cardiovascular risk

1. Introduction

Diabetes is a complex disease, characterised by chronic hyperglycaemia, which in-
cludes different subtypes of heterogeneous metabolic disorders, such as type 1 diabetes
mellitus (T1DM) and type 2 diabetes mellitus (T2DM), gestational diabetes and monogenic
diabetes syndromes [1].

In some forms of T1DM, the pathogenesis of the disease depends on the destruction
of autoimmune β-cell that causes an absolute insulin deficiency, whereas a progressive
loss of β-cell insulin secretion, frequently on the background of insulin resistance, leads to
T2DM [1,2].

Clinically, the progressive loss of β-cell mass or function due to several genetic and
environmental factors manifests as hyperglycaemia. In all subtypes of diabetes, it represents
a risk for the development of chronic complications, although their progression may differ,
as in the presence of different comorbidities (i.e., hyperlipidaemia) [1,3].

Among populations suffering from diabetes, cardiovascular disease (CVD) represents
one of the most common causes of death. On the other hand, in the early stages of diabetes
subtypes, glycaemic control and countering cardiovascular risk factors can reduce the CVD
mortality rate [4].

Nutrients 2022, 14, 3737. https://doi.org/10.3390/nu14183737 https://www.mdpi.com/journal/nutrients25



Nutrients 2022, 14, 3737

Over the years, multiple pharmacological approaches aimed at controlling blood
glucose concentrations in diabetic patients have been used. Starting from the use of insulin,
the research progress in improving the pharmacotherapy of diabetes, through the discovery
of metformin, sulfonylureas, and thiazolidinediones, failed to reduce cardiovascular events
despite the beneficial effects on blood glucose regulation [5]. Differently, novel classes
of antihyperglycaemic drugs, such as sodium-glucose cotransporter-2 (SGLT2) inhibitors
(SGLT2i) and glucagon-like peptide-1 receptor agonist (GLP-1 RA), appeared more effective
in preventing CV complications [6]. Starting from this evidence, some SGLT2i have even
been approved to treat heart failure (HF) independently from the presence of diabetes [6–8].
Indeed, beyond the mechanisms underlying the benefit of SGLT2i on the cardio–renal
axis [9], a recent study has shown that SGLT2i improve cardiovascular outcomes, affecting
a small group of circulating intracellular proteins (e.g., IGFBP1 and TSMB10, implicated
in cardioprotection and nephroprotection, respectively) which promote autophagic flux,
reduce oxidative stress and inflammation, and stimulate repair and renewal in the heart
and kidneys [10].

The purpose of this review is to focus on the molecular mechanisms underlying the
therapeutic properties of SGLT2i in countering the detrimental effects of hyperglycaemia
on cardiac function. On this background, we will overview the possible use of natural
polyphenols in the prevention and management of diabetic cardiomyopathy (DCM) beyond
glycaemic control.

2. SGLT2 Inhibitors and Molecular Mechanisms of Cardioprotection

SGLT2i are strongly favoured in diabetic patients with diagnosed HF or at risk of
HF [11–13]. The choice of this therapeutic approach—preserving heart function—suggests
the existence of specific mechanisms underlying these favourable effects based on the
modulation of metabolism [14], haemodynamic parameters, electrolyte levels and neuro-
hormonal activation [15]. In addition, cardiac protection is also mediated by the restoration
of calcium homeostasis, anti-inflammatory, and antifibrotic effects.

2.1. SGLT2 Inhibitors and Modulation of Metabolism in Heart Tissue

As mentioned above, heart failure is associated with alterations in myocardial metabolic
substrate flexibility [16]. In diabetic patients, the lack of glucose and fatty acid utilization,
in turn, is associated with the gradual use of ketone bodies as a fuel source aimed to ensure
cardiac function [17,18]. At the molecular level, this implies the downregulation of the
fatty acid transporter carnitine palmitoyltransferase 1-α (CPT1-α), the downregulation of
the glucose transporter type 4 (GLUT4), and the inhibition of the pyruvate dehydroge-
nase complex (PDH), mediated by the upregulation of pyruvate dehydrogenase kinase 4
(PDK4) [16], physiologically responsible for the entrance of carbohydrate intermediates
into the Krebs cycle [19] (Figure 1).

In the insulin-resistant heart, impaired cardiac metabolism, characterised by deficient
ATP production, can be prevented by empagliflozin [20], which promotes increased glucose
oxidation associated with unchanged or lower ketone body oxidation rate. This suggests
that SGLT2i-induced rise of circulating ketone body levels can represent an additional
source of energy to support heart contractile function. In pigs, this beneficial metabolic
effect afforded by empagliflozin was associated with an amelioration of left ventricle
remodelling, and in humans, it was also confirmed in the presence of T2DM and coronary
artery disease [15].

Thus, the restoration of the complex metabolic equilibrium in heart tissue, which is
impaired under diabetes, represents an additional therapeutic goal of disease treatment.
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Figure 1. Metabolic alterations in diabetic patients. At the molecular level, insulin resistance causes
an increase in both plasma glucose and serum insulin levels, which lead to a reduction in glucose
transporter type 4 (GLUT4), and a decrease in glucose uptake. These events lead to a reduction in the
glycolysis pathway and glucose oxidation caused by the downregulation of the pyruvate dehydroge-
nase complex (PDH). The hyperglycaemia is associated with the concomitant increase in hematic
fatty acid concentration and the consequent upregulation of fatty acids uptake and oxidation due to
the decreased levels of malonyl CoA and the consequent activation of carnitine palmitoyltransferase
1 (CPT1). CD36—cluster of differentiation 36; ACC—Acetyl-CoA carboxylase; MCD—Malonyl-CoA
decarboxylase; CTP1—carnitine palmitoyltransferase 1; CTP2—carnitine palmitoyltransferase 2;
MCP—mitochondrial pyruvate carrier; CT—carnitine translocase; PDH—pyruvate dehydrogenase
complex; GLUT4—glucose transporter type 4.

2.2. SGLT2i-Mediated Anti-Inflammatory, Antifibrotic, and Antioxidant Effects on the Heart

Circulating leukocytes are involved in the development of a chronic low-grade inflam-
matory state, characterized by increased circulating leukocyte-produced proinflammatory
cytokines and decreased anti-inflammatory IL-10, which represents the main cause of
enhanced cardiovascular risk in T2DM patients [21,22]. In diabetes and heart failure,
pathogenic inflammatory cytokines, specifically IL-1β, are promoted by the activation of
the Nod-like receptor (NLR) family pyrin domain-containing 3 (NLRP3) inflammasome.
Although empagliflozin was shown to possess an analogue glucose-lowering power com-
pared with the sulfonylurea, it can reduce IL-1β secretion mostly with an enhancement
of serum β-hydroxybutyrate (BHB) and decreased serum insulin. Chronic inflammation
and persistent oxidative stress lead to the development and progression of vascular pro-
liferative diseases. The proinflammatory cytokine interleukin IL-17A induces oxidative
stress and increases inflammatory signalling in human aortic smooth muscle cells through
TRAF3IP2-mediated NLRP3/caspase-1-dependent mitogenic and migratory proinflamma-
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tory cytokines IL-1β and IL-18. It has been shown that the inhibition of SGLT2 in smooth
muscle cells by empagliflozin decreased IL-17A/TRAF3IP2-dependent oxidative stress,
NLRP3 expression, caspase-1 activation, and IL-1β and IL-18 secretion [23]. Additionally,
empagliflozin can lessen serum uric acid levels, which is a potent activator of NLRP3
inflammasome. Thus, the inhibition of NLRP3 inflammasome, caused by the mentioned
mechanisms, might contribute to explaining SGLT2i cardioprotective effects [24].

As proinflammatory cytokines promote the accumulation of neutrophils and macrophages
into the lesion site, it has been demonstrated that, in DCM, this inflammatory environment
also determines the release of growth factors, triggering fibroblast activation and the
consequent development of fibrosis [25]. The prevention of remodelling and fibrotic
processes after early and late treatment with empagliflozin was highlighted by the reduced
increase in left ventricle mass and by the diminished cardiomyocyte cross-sectional area of
myocardial infarction (MI) in diabetic hearts. Furthermore, SGLT2i significantly reduce the
inflammatory response and infarct size in type 2 diabetic patients with acute myocardial
infarction through a mechanism independent of glucose-metabolic control [26]. Moreover,
in noninfarcted areas, empagliflozin-induced myocardial protection was confirmed by the
reduced expression of specific markers of fibrosis, such as collagen 1 and procollagen [19].

It has been demonstrated that the sodium hydrogen exchanger-1 (NHE-1) may play
a fundamental role in HF and diabetes since cardiac NHE-1 is upregulated in both con-
ditions [27,28]. In rodent and rabbit models of diabetes [29], the inhibition of NHE-1 by
SGLT2i and modulation of intramyocardial Ca2+ and Na+ fluxes seem to have a beneficial
impact on diastolic myocardial function [29,30]. This effect can be connected to enhanced
SERCA activity and to antifibrotic effects [31,32].

Although the NHE-1 inhibition affords cardioprotection in animal models, NHE-1
inhibitors failed in clinical practice, suggesting that the reduction in hyperactivation of the
exchanger rather than the total inhibition of NHE-1 can represent the more appropriate
therapeutic approach. In this view, the restoration of the basal activity might justify the
cardioprotective effects of SGLT2i, similarly to other drugs modulating NHE1 activity
through the control of its phosphorylation [33].

In turn, the reduced cytosolic Na+ and Ca2+
, caused by the modification of NHE-1

activity by empagliflozin, can cause an increase in mitochondrial Ca2+ [29,30], favour-
ing the maintenance of cellular calcium handling and the prevention of the oxidative
stress. Then, calcium homeostasis preservation provokes the attenuation of oxidative
Ca2+/Calmodulin-dependent kinase IIδ (CaMKII) activity, downregulating NHE-1 and
promoting the amelioration of diastolic and systolic functions [34] (Figure 2).

Further study indicated that oxidative stress and fibrosis development are suppressed
by empagliflozin through the inhibition of TGF-beta, and the activation of Nrf2/ARE
signalling [35].
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Figure 2. Downregulation of NHE-1, modulation of intramyocardial Ca2+ and Na+ fluxes by

SGLT-2 inhibitors. The sodium hydrogen exchanger-1 (NHE-1) is upregulated in heart failure (HF)
and diabetes. SGLT2i have a key role in the inhibition of NHE-1, sodium-glucose co-transporter
1 (SGLT1), and Na+/Ca2+ exchanger (NCX), preserving the calcium and sodium homeostasis and
attenuating the oxidative Ca2+/Calmodulin-dependent kinase IIδ (CaMKII) activity. The modulation
of Ca2+ and Na+ fluxes lead to a reduction in reactive oxygen species (ROS) and prevention of
the cytosolic increase in calcium because of the mitochondrial and sarcoplasmic release caused by
mitochondrial Na+/Ca2+ exchanger (NCLX) and ryanodine receptor 2 S(RyR2).

3. SGLT2i and Cardiometabolic Risk Factors

It has been recognized that insulin resistance and atherogenic dyslipidaemia, char-
acterised by the presence of low high-density lipoprotein (HDL)-cholesterol and high
triglyceride levels [36,37], enhance the incidence of cardiovascular disease and diabetes
mellitus. In this scenario, the positive impact of SGLT2i on cardiac tissue is due to coun-
teracting the main cardiometabolic risk factors, which are also considered the cause of the
metabolic activity dysregulation of other organs, such as liver and adipose tissue, which
are directly involved in the control of lipid metabolism in the body.

Consequently, the modulation of specific molecular targets at those levels can also
impact myocardial tissue function.

3.1. SGLT2i and Modulation of Lipid Metabolism

The most debated item related to the use of SGLT2i remains the effect on cholesterol
low-density lipoprotein (cLDL) and triglycerides levels as, despite their proven cardiopro-
tective effects, an increased level of cLDL emerged from several clinical studies. It has been
hypothesised that the rise depends on the enhanced activity of lipoprotein lipase (LpL),
independently of the turnover of circulating low-density lipoprotein (LDL), as confirmed
by the lowered level of hepatic LDL receptors [38].
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According to these discoveries, canagliflozin indirectly promotes LpL activity in the
heart, white and brown adipose tissue, and skeletal muscle, also contributing to the decrease
in triglycerides and very low levels of low-density lipoprotein (VLDL). On the other hand,
the failed clearance of LDL is counterbalanced by a positive effect on LDL subclasses [39],
further supporting the cardioprotective role of SGLT2i. In agreement with this evidence,
canagliflozin administration contributed to very large high-density lipoprotein (VLHDL)
and large high-density lipoprotein (LHDL) levels [40].

A meta-analysis of randomised clinical trials confirmed the amelioration of plasma
lipid profile induced by SGLT2i in a dose-dependent manner [41]. In addition, although
the most relevant effect concerns LDL subclass size and oxidation, canagliflozin [38] and
dapagliflozin [42] have been shown to inhibit the hepatic synthesis of triglycerides through
the downregulation of those enzymes responsible for the catabolism of fatty acids [43].

Among them, peroxisome proliferator-activated receptors (PPAR)-α and PPAR-γ ap-
pear to be interesting targets of SGLT2i because they might contribute to counteracting
endothelial dysfunction too. Indeed, it has been demonstrated that their activation induces
cholesterol removal from human macrophage foam cells [44]. Moreover, canagliflozin stim-
ulates PPAR-α, promoting the uptake, utilization, and catabolism of fatty acids, whereas
PPAR-γ activation ameliorates insulin sensitivity through the stimulation of fibroblast
growth factor 21 (FGF21) and the cluster of differentiation 36 (CD36) enzyme [38].

In addition to the effects on plasma lipid profile and liver metabolism, SGLT2i therapy
can exert its beneficial property by acting at the adipose tissue level. Indeed, although
lower body weight in patients who have diabetes [45] has been correlated with the recovery
of the caloric balance promoted by glucose excretion, it is also associated with the positive
effects of SGLT2i on adipose tissue mass; indeed, its reduction is able to boost insulin
sensitivity [46]. Moreover, SGLT2i-induced “visceral fat lowering” is associated with the
reduction in inflammatory responses caused by dysfunctional adipocytes, which prevents
lipotoxicity and energy imbalance.

Particularly, empagliflozin can ameliorate insulin sensitivity by counteracting in-
flammatory events promoted by M2 macrophage polarization through the browning
of white adipose tissue, which promotes an increase in energy expenditure and ther-
mogenesis [47,48]. Additionally, canagliflozin has been shown to improve insulin resis-
tance by a reduction in visceral and ectopic fatty tissues [49], adipocytes number, and
plasma lipids [47,48,50], whereas dapagliflozin improved adipocyte function by stimulat-
ing adiponectin production in obese patients with T2DM [51].

3.2. Haemodynamic and Vascular Effects

The origin of hypertension can be ascribed to the kidneys that are responsible for the
control of haemodynamic parameters. As it occurs in diabetic patients, the injured kidneys
determine an enhanced sympathetic activation and, consequently, vasoconstriction, sodium
and water retention, and tachycardia, leading to a rise in blood pressure. The prolonged
increase in sympathetic tone can ultimately lead to a decline in renal function and to an
enhanced cardiac load contributing to the development of heart failure [52].

Thus, the favourable haemodynamic consequences of the SGLT2i action depend on
the reduced preload and afterload at the ventricular level, and this final effect appears to be
mediated by the regulation of several parameters, comprising osmotic diuresis, natriuresis,
and plasma and interstitial fluid volume [53–55]. Overall, they contribute to relieving
the renal load and reducing sympathetic nerve overactivation [50], lowering blood pres-
sure [56,57]. Thus, the findings related to the action of SGLT2i on blood pressure highlight
the dissociation of antihypertensive from antihyperglycemic effects [58]. Although some
clinical studies suggest that SGLT2i do not directly affect haemodynamic parameters, it was
highlighted that SGLT2i significantly reduce markers of tubular injury by certain mecha-
nisms [59]. Indeed, at the molecular level, SGLT2i exert their beneficial effects also through
the modulation of sodium hydrogen exchanger 3 (NH3), responsible for HCO3

- absorption
at proximal tubule level in the absence of luminal glucose. It has been demonstrated that
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NH3 and SGLT2 can regulate each other; consequently, all those events characterizing
diabetic conditions (i.e., low luminal glucose, the overactivation of the sympathetic nervous
system, acidosis, oxidative stress, chronic kidney disease, and congestive heart failure
(CHF)), contribute to inducing primarily NH3 and enhance SGLT2 expression [60]. There-
fore, SGLT2 inhibition blocking sodium–hydrogen exchanger 3 (NHE3) may also prevent
HCO3

- absorption and metabolic acidosis [56].
It has been recognized that luminal glucose and uric acid compete to bind Urate

transporter 1 (URAT-1) for reabsorption at the proximal tubule level [61]. Consequently,
SGLT2i, increasing luminal glucose concentration, causes the inhibition of URAT-1 [62],
favouring renal uric acid clearance [63] and, at the same time, counteracting the detri-
mental effects of high concentrations of plasma urate, such as reactive oxygen species
overproduction, inflammation, vascular proliferation, and renal damage [64]. In turn, the
reduction in vascular and renal ROS contributes to restoring the physiological level [65]
and function [66] of endothelial nitric oxide (NO), counteracting aortic stiffness [67–69].
Additionally, the normalization of NO production, probably caused by the inhibition of
sodium–hydrogen exchanger 1 (NHE1), further contributes to reducing blood pressure [56].
Moreover, SGLT2i improve macro- and microvascular endothelial function [70] through the
modulation of AT1R/NADPH oxidase/SGLT1 and two pathways, providing a promising
strategy to maintain physiological endothelial function [69,71].

Recently, Mone et al. have identified a signature of microRNA functionally involved
in endothelial function. In frail patients with heart failure with preserved ejection fraction
and diabetes, the treatment with the SGLT2i caused a modification of these microRNA
signatures, indicating a maintained endothelial function [72].

Finally, SGLT2i reduce frailty in diabetic and hypertensive patients by a reduction in
mitochondrial generation of ROS species in endothelial cells [73].

4. DCM and Cardiometabolic Risk: Can Plant Extract Supplementation Support
SGLT2i Action?

Chemically, SGLT2 inhibitors are synthetic derivatives of phlorizin, the main phenolic
glucoside in apple trees (roots, bark, shoots, and leaves) [74]. Despite its structural amelio-
ration, aimed to selectively inhibit NHE-1 and promote renal glucose excretion, it has been
proven that the phlorizin-rich extract can contribute to improving other aspects of diabetes
as well as of other metabolic disorders, also ameliorating the most common cardiometabolic
risk factors [75]. Recently, in accordance with this evidence, the peculiar value of several
phytocomplexes in the prevention of CVD or as a supplement to most widespread therapies
has emerged. This suggests a role for several plant extracts/nutraceuticals that, synergiz-
ing with SGLT2i or supporting their action through the modulation of glucose and lipid
metabolism, might potentiate their cardioprotective effects under diabetes development
(Figure 3).

4.1. Insulin Resistance

In vitro and in vivo studies demonstrated that several plant extracts can counteract
insulin resistance through different mechanisms, such as the improvement of the glucose
uptake process in tissues and the stimulation of pancreatic insulin secretion.

In particular, glucose uptake regulation occurs principally through the enhancement
of GLUT-4 expression and translocation into the cells, which can be mediated by several sig-
nalling pathways, including the AMP-activated protein kinase (AMPK), phosphoinositide
3-PI3K/Akt, PKC, and G protein–phospholipase C (PLC)–PKC pathways.

Cassia angustifolia Vahl extract has been shown to improve GLUT-4 expression and
turnover through the G protein–PLC–PKC signalling pathway and inositol 1,4,5-trisphosphate
receptor (IP3R) [76].
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Figure 3. Common cardioprotective effects of the plant extract supplementation and SGLT2 in-

hibitors. The SGLT2i and several phytocomplexes show a similar action to counteract the ROS
production caused by hyperglycemia. In particular, they play a key role in the inhibition of the
inflammasome, leading to a reduction in inflammation and fibrosis. The downregulation of LDL
oxidation and PARP activation lead to the reduction in lipid peroxidation and endothelial dysfunc-
tion. PKC—Protein kinase C; OX-LDL—Oxidized Low-Density Lipoprotein; FFA—Free fatty acids;
ROS—reactive oxygen species; TNF-α—Tumour Necrosis Factor α; IL-1β—Interleukin 1 beta; IL-6—
Interleukin 6; VEGF—Vascular-Endothelial Growth Factor; ICAM-a—intracellular adhesion molecule
a, TGF-β—Transforming Growth Factor Beta; PARP—Poly (ADP-ribose) polymerase; LDL—Low-
Density Lipoprotein.

Morus alba L. leaf extract counteracts insulin resistance and improves glucose metabolism
through the activation of the IRS-1/PI3K/Glut4 signalling pathway at the muscular level.
Additional mechanisms, due to anthocyanin extract of Morus alba L., are explicated by
the activation of PI3K/Akt pathway [77] that regulates the basal expression of glucose-
6-phosphatase (G6Pase) and phosphoenolpyruvate carboxyl kinase (PEPCK), two key
rate-limiting enzymes of gluconeogenesis. Indeed, Akt activation inhibits gluconeogenesis
through the phosphorylation of forkhead Box O1 (FOXO1) that renders the protein unable
to translocate into the nucleus and to transcript G6Pase and PEPCK [78,79] proteins, thus
blocking gluconeogenesis. In accordance with this evidence, FOXO1 downregulation has
been shown to reverse hyperglycaemia in models of insulin resistance, and, in contrast,
FOXO1 overactivation has been found to promote the insulin-resistant state [80–82].

Cinnamomum cassia extracts have also shown a significant improvement in glycaemic
control in different animal models and patients with prediabetes dysfunction or dia-
betes [82]. The antidiabetic effect is due to different molecular mechanisms, including
the control of insulin receptor (IR) phosphorylation, GLUT-4 expression and translocation,
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and the modulation of hepatic glucose metabolism, mediated by pyruvate kinase (PK) and
phosphoenol pyruvate carboxykinase (PEPCK) activities [83].

Finally, Rauwolfia serpentina appears to counter insulin resistance, improving glucose
metabolism, as proven by the reduction in total and glycosylated haemoglobin [76].

4.2. Antioxidant and Anti-Inflammatory Effects

Growing evidence shows that inflammation and oxidative stress can be counteracted
by the active compounds of plant extracts.

Boswellia serrata extract [84], Momordica charantia L. fruit juice [85], and Sclerocarya birrea
extract [86] have been shown to induce the overexpression of endogenous antioxidants, such
as superoxide dismutase (SOD), catalase (CAT), and (glutathione) GSH, whereas Nyctanthes
arbor-tristis L. leaf extract was able to suppress hyperglycaemia-induced oxidative stress
and inflammation through the control of Nuclear factor kappa B (NF-kB) [87].

Boswellia serrata extract administration also reduced glucose, insulin, and cholesterol,
in a T2DM rat model, preventing the hippocampal accumulation of Aβ 1-42 and glycogen
synthase kinase-3β (GSK-3β) overexpression and counteracting excitotoxicity [84]. This
beneficial response has been attributed to the downregulation of inflammatory mediators,
such as TNF-α, IL-1β, and IL-6 and the amelioration of oxidative balance generated by the
decrease in lipid peroxidation products and the upregulation of GSH and SOD levels [84].

Cichorium intybus L. extract improved insulin and glucose metabolism in high-fat
diet-induced diabetic male C57BL/6 mice, and these effects were also mediated by the
inhibition of NLRP3 inflammasome activation, leading to the decrease in IL-1β levels [88].
In adipose tissues, the inhibitory effect exerted on the NLRP3 inflammasome promoted the
shift of M1 proinflammatory macrophages towards the M2 anti-inflammatory phenotype.
In turn, this change was able to reduce the inducible nitric oxide synthase (iNOS) and
TNF-α levels derived from M1 macrophages and to increase the expression of Arg-1 and
IL-10, which are typical M2 markers [89].

Panax ginseng C.A. Meyer extract has been shown to ameliorate adipose inflammation
in Ovariectomized female C57BL/6J mice through the reduction in the expression of
proinflammatory cytokines CD68, TNF-α, and Monocyte chemoattractant protein-1 (MCP-1)
and the number of infiltrating inflammatory cells. In addition, it reduced MMP-2 and MMP-
9 expression and activity, mRNA levels of Vascular endothelial growth factor A (VEGF-A),
and Fibroblast growth factor 2 (FGF-2) [90].

Salvia officinalis extract has a strong antioxidant activity. Indeed, experimental studies
have shown that it induced the activation of glutathione peroxidase [91], preventing DNA
damage in hepatocytes, and improved cellular superoxide scavenging power, enhancing
catalase, glutathione peroxidase, glutathione-S-transferase, and superoxide dismutase in
the pancreas [92].

In in vivo models of different inflammatory stimuli than diabetes, Rosmarinus officinalis
has shown anti-inflammatory activity. This effect depended on the inhibition of NF-kB,
leading to a reduced expression of cyclooxygenase-2 (COX-2) and iNOS, suggesting an
antioxidant effect, too [93,94].

4.3. Lipid Metabolism

The modulation of lipid metabolism operated by plant extracts can be exerted at the
liver, adipose tissue, and skeletal muscle level, with a consequent beneficial impact on
those tissues and on the oxidative state of circulating lipids.

Syzygium cumini (L.) Skeels. and Zingiber officinale Roscoe extracts can positively
modulate lipid metabolism upregulating PPARα and PPARγ [83,95]. Differently, the
hypolipidemic effects of Morus alba L. leaf extract in diabetic rats have manifested with
reduced levels of triglycerides, total cholesterol, and LDL with consequent inhibition of lipid
accumulation in skeletal muscles [76]. In an alternative way, Rauwolfia serpentina improved
lipid metabolism through the inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) reductase activity, suggesting an improvement in liver function [76].
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4.4. Pleiotropic Effects of Plant Extracts in Counteracting Cardiometabolic Risk Factors and Heart
Failure: Berberia Vulgaris and Citrus Bergamia

Several phytocomplexes in plant extracts have interesting therapeutic potential in
the treatment of patients in whom the main cardiovascular risk factors tend to cluster,
impairing the whole metabolism.

Berberia vulgaris and Citrus Bergamia extracts can represent peculiar examples of natural
compounds that might be candidate supplements in an SGLT2i-based therapy.

Berberia vulgaris, historically used in the treatment of inflammations and high blood
pressure [96,97], has been shown to have antihyperglycemic, hypolipidemic, and antioxi-
dant effects; consequently, different parts of this plant, including fruits, leaves, and roots,
have been used in traditional medicine for a long time [97,98].

Most of these effects have been attributable to berberine, which is able to reduce
serum levels of triglycerides and total cholesterol, to increase the expression of cardiac
fatty acid transport protein-1, fatty acid transport proteins, fatty acid beta-oxidase, and
PPAR-γ [99]. Moreover, it ameliorates plasma lipoprotein profile through the increase in
hepatic low-density lipoprotein receptor (LDLR) expression [100]. An additional mecha-
nism responsible for lowering blood cholesterol levels includes the inhibition of absorption
at the intestinal level with a reduction in enterocyte cholesterol uptake and secretion and
the interference with intraluminal cholesterol micellization. Moreover, the upregulation of
thermogenesis mediated by Uncoupling protein 1 (UCP1) and phosphorylated signal trans-
ducer and activator of transcription 3 (p-STAT3) in adipose tissue determines the reduction
in proinflammatory cytokines (IL-6, TNF-α and MCP1) and infiltrating macrophages [101],
thus contributing to improving insulin sensitivity [89]. Finally, studies carried out in
dogs have shown that berberine improves cardiac output and reduces left ventricular end-
diastolic pressure and systemic vascular resistance caused by an ischemic injury [102]. The
amelioration of hemodynamic parameters and the hypotensive effect was also confirmed
in humans [103], suggesting the role of this extract in combination therapy to counteract
high blood pressure.

Citrus bergamia Risso et Poiteau (Bergamot) is an endemic plant, growing in Calabria
(Southern Italy), that is characterized by a unique composition of flavonoids and glycosides
in the extracts derived from the different parts of the fruit (i.e., essential oil, hydro-alcoholic
extract, and fruit juice). An additional distinctive feature is the concentration of these
bioactive compounds that, in the juice, is more abundant than in other citrus fruits [103,104].

Growing evidence suggests a protective role for bergamot extracts in the management
of the metabolic syndrome. Although bergamot polyphenols have been shown to improve
insulin resistance and glucose tolerance through the molecular mechanisms that still need to
be clarified, several beneficial effects can be imputed to the pleiotropic anti-oxidative, anti-
inflammatory, and lipid-lowering effects of bergamot extracts. This peculiar action has been
studied in different experimental models (in vitro and in vivo) of metabolic dysfunctions
that are commonly considered the main cardiometabolic risk factors.

The antioxidant effect of bergamot was first discovered by testing the activity of the
nonvolatile fraction of the bergamot essential oil (BEO-NVF) in an experimental model of
neointima hyperplasia. The results showed that the antioxidant effect is mediated by the
downregulation of Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) receptor
and ROS formation that led to a regression of artery injury [105]. The restoration of the
total oxidative status has also been confirmed after oral administration of the bergamot
polyphenol fraction (BPF), derived from juice and albedo, in an animal model of metabolic
associated fatty liver disease (MAFLD). Specifically, it was associated with a reduction in
specific markers of oxidative stress, such as c-Jun N-terminal kinase (JNK) and p38 MAP
kinase activity, in the liver, and with the restoration of total antioxidant status, measured in
the plasma [106]. The neutralization of free radical overproduction is further reflected by the
amelioration of the oxidative status of the LDL profile detected in patients with metabolic
syndrome. Particularly, BPF administration determined a significant re-arrangement of
lipoproteins with a reduction in oxidated LDL small-size atherogenic particles and an
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increase in large-size antiatherogenic HDL [107]. In addition, in BPF-treated patients,
a significant reduction in serum total cholesterol (TC) and LDL-C, probably due to the
inhibition of HMG-CoA reductase and triglycerides (TG), was detected. Moreover, the
amelioration of these parameters was associated with a significant decrease in serum
glucose, transaminases, gamma-glutamyl-transferase, and inflammatory biomarkers, such
as TNF-α and C-reactive protein [108]. The anti-inflammatory and lipid-lowering effects
afforded by BPF were also confirmed in patients with isolated hypercholesterolemia, mixed
hyperlipidaemia (hypercholesterolemia plus hypertriglyceridemia) as well as in patients
with mixed hyperlipidaemia and hyperglycaemia [108], suggesting a potential use in the
management of T2DM. In accordance with this hypothesis, BPF enriched with a Cynara
cardunculus extract has shown a beneficial potentiated effect on vascular inflammation and
oxidative stress in patients with T2DM and MAFLD [109], which also translated into an
improvement of endothelial function and NO-mediated reactive vasodilation [109].

Finally, the BPF administration in rats revealed a very interesting effect; indeed, it
can prevent heart failure through direct antioxidant action at the cardiac level, imped-
ing myocyte apoptotic cell death. In addition, apoptosis was counterbalanced by the
reduction in attrition in cardiac-resident stem cells with the consequent formation of new
myocytes [110].

5. Conclusions

To date, the conjugation of therapies aimed to achieve the control of glucose plasma
levels, and the prevention of cardiovascular disease occurring in diabetic patients, still
represents a priority considering the growing incidence of hospitalization and death. In this
view, a potential approach combining the use of SGLT2i and plant extracts might be consid-
ered a promising solution. Indeed, other than their hypoglycaemic effects, the molecular
mechanisms underlying the cardioprotective action of SGLT2i could be potentiated through
the combination with phytocomplexes able to prevent or limit the main cardiometabolic
risk factors [76], thus contributing to better management of diabetic patients.
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91. Kozics, K.; Klusová, V.; Srančíková, A.; Mučaji, P.; Slameňová, D.; Hunáková, L.; Kusznierewicz, B.; Horváthová, E. Effects of
Salvia officinalis and Thymus vulgaris on oxidant-induced DNA damage and antioxidant status in HepG2 cells. Food Chem. 2013,
141, 2198–2206. [CrossRef]

92. Govindaraj, J.; Sorimuthu Pillai, S. Rosmarinic acid modulates the antioxidant status and protects pancreatic tissues from
glucolipotoxicity mediated oxidative stress in high-fat diet: Streptozotocin-induced diabetic rats. Mol. Cell. Biochem. 2015, 404,
143–159. [CrossRef] [PubMed]

93. Gonçalves, C.; Fernandes, D.; Silva, I.; Mateus, V. Potential Anti-Inflammatory Effect of Rosmarinus officinalis in Preclinical In
Vivo Models of Inflammation. Molecules 2022, 27, 609. [CrossRef] [PubMed]

94. Carresi, C.; Gliozzi, M.; Musolino, V.; Scicchitano, M.; Scarano, F.; Bosco, F.; Nucera, S.; Maiuolo, J.; Macrì, R.; Ruga, S.; et al. The
Effect of Natural Antioxidants in the Development of Metabolic Syndrome: Focus on Bergamot Polyphenolic Fraction. Nutrients
2020, 12, 1504. [CrossRef] [PubMed]

95. Sharma, S.; Pathak, S.; Gupta, G.; Sharma, S.K.; Singh, L.; Sharma, R.K.; Mishra, A.; Dua, K. Pharmacological evaluation
of aqueous extract of syzigium cumini for its antihyperglycemic and antidyslipidemic properties in diabetic rats fed a high
cholesterol diet-Role of PPARγ and PPARα. Biomed. Pharm. 2017, 89, 447–453. [CrossRef]

96. Arayne, M.S.; Sultana, N.; Bahadur, S.S. The berberis story: Berberis vulgaris in therapeutics. Pak. J. Pharm. Sci. 2007, 20, 83–92.
97. Tomosaka, H.; Chin, Y.W.; Salim, A.A.; Keller, W.J.; Chai, H.; Kinghorn, A.D. Antioxidant and cytoprotective compounds from

Berberis vulgaris (barberry). Phytother. Res. 2008, 22, 979–981. [CrossRef]

39



Nutrients 2022, 14, 3737

98. Imenshahidi, M.; Qaredashi, R.; Hashemzaei, M.; Hosseinzadeh, H. Inhibitory Effect of Berberis vulgaris Aqueous Extract on
Acquisition and Reinstatement Effects of Morphine in Conditioned Place Preferences (CPP) in Mice. Jundishapur. J. Nat. Pharm.
Prod. 2014, 9, e16145. [CrossRef]

99. Grundy, S.M.; Vega, G.L.; Yuan, Z.; Battisti, W.P.; Brady, W.E.; Palmisano, J. Effectiveness and tolerability of simvastatin plus
fenofibrate for combined hyperlipidemia (the SAFARI trial). Am. J. Cardiol. 2005, 95, 462–468. [CrossRef]

100. Vergès, B. Fenofibrate therapy and cardiovascular protection in diabetes: Recommendations after FIELD. Curr. Opin. Lipidol. 2006,
17, 653–658. [CrossRef]

101. Lin, J.; Cai, Q.; Liang, B.; Wu, L.; Zhuang, Y.; He, Y.; Lin, W. Berberine, a Traditional Chinese Medicine, Reduces Inflammation in
Adipose Tissue, Polarizes M2 Macrophages, and Increases Energy Expenditure in Mice Fed a High-Fat Diet. Med. Sci. Monit.
2019, 25, 87–97. [CrossRef]

102. Zhang, C.H.; Yu, R.Y.; Liu, Y.H.; Tu, X.Y.; Tu, J.; Wang, Y.S.; Xu, G.L. Interaction of baicalin with berberine for glucose uptake in
3T3-L1 adipocytes and HepG2 hepatocytes. J. Ethnopharmacol. 2014, 151, 864–872. [CrossRef] [PubMed]

103. Gardana, C.; Nalin, F.; Simonetti, P. Evaluation of flavonoids and furanocoumarins from Citrus bergamia (Bergamot) juice and
identification of new compounds. Molecules 2008, 13, 2220–2228. [CrossRef] [PubMed]

104. Salerno, R.; Casale, F.; Calandruccio, C.; Procopio, A. Characterization of flavonoids in Citrus bergamia (Bergamot) polyphenolic
fraction by liquid chromatography–high resolution mass spectrometry (LC/HRMS). Pharma Nutr. 2016, 4, S1–S7. [CrossRef]

105. Mollace, V.; Ragusa, S.; Sacco, I.; Muscoli, C.; Sculco, F.; Visalli, V.; Palma, E.; Muscoli, S.; Mondello, L.; Dugo, P.; et al. The
protective effect of bergamot oil extract on lecitine-like oxyLDL receptor-1 expression in balloon injury-related neointima
formation. J. Cardiovasc. Pharm. 2008, 13, 120–129. [CrossRef]

106. Musolino, V.; Gliozzi, M.; Scarano, F.; Bosco, F.; Scicchitano, M.; Nucera, S.; Carresi, C.; Ruga, S.; Zito, M.C.; Maiuolo, J.; et al.
Bergamot Polyphenols Improve Dyslipidemia and Pathophysiological Features in a Mouse Model of Non-Alcoholic Fatty Liver
Disease. Sci. Rep. 2020, 10, 2565. [CrossRef]

107. Gliozzi, M.; Carresi, C.; Musolino, V.; Palma, E.; Muscoli, C.; Vitale, C.; Gratteri, S.; Muscianisi, G.; Janda, E.; Muscoli, S.; et al. The
effect of bergamot-derived polyphenolic fraction on LDL small dense particles and non-alcoholic fatty liver disease in patients
with metabolic syndrome. Adv. Biol. Chem. 2014, 4, 129–137. [CrossRef]

108. Mollace, V.; Sacco, I.; Janda, E.; Malara, C.; Ventrice, D.; Colica, C.; Visalli, V.; Muscoli, S.; Ragusa, S.; Muscoli, C.; et al.
Hypolipemic and hypoglycaemic activity of bergamot polyphenols: From animal models to human studies. Fitoterapia 2011, 82,
309–316. [CrossRef]

109. Musolino, V.; Gliozzi, M.; Bombardelli, E.; Nucera, S.; Carresi, C.; Maiuolo, J.; Mollace, R.; Paone, S.; Bosco, F.; Scarano, F.; et al.
The synergistic effect of Citrus bergamia and Cynara cardunculus extracts on vascular inflammation and oxidative stress in
non-alcoholic fatty liver disease. J. Tradit. Complement. Med. 2020, 10, 268–274. [CrossRef] [PubMed]

110. Carresi, C.; Scicchitano, M.; Scarano, F.; Macrì, R.; Bosco, F.; Nucera, S.; Ruga, S.; Zito, M.C.; Mollace, R.; Guarnieri, L.; et al. The
Potential Properties of Natural Compounds in Cardiac Stem Cell Activation: Their Role in Myocardial Regeneration. Nutrients
2021, 13, 275. [CrossRef]

40



Citation: Sánchez-Quintero, M.J.;

Delgado, J.; Medina-Vera, D.;

Becerra-Muñoz, V.M.;

Queipo-Ortuño, M.I.; Estévez, M.;

Plaza-Andrades, I.;

Rodríguez-Capitán, J.; Sánchez, P.L.;

Crespo-Leiro, M.G.; et al. Beneficial

Effects of Essential Oils from the

Mediterranean Diet on Gut

Microbiota and Their Metabolites in

Ischemic Heart Disease and Type-2

Diabetes Mellitus. Nutrients 2022, 14,

4650. https://doi.org/10.3390/

nu14214650

Academic Editors: Bruno Trimarco

and Gaetano Santulli

Received: 15 September 2022

Accepted: 29 October 2022

Published: 3 November 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

Beneficial Effects of Essential Oils from the Mediterranean Diet
on Gut Microbiota and Their Metabolites in Ischemic Heart
Disease and Type-2 Diabetes Mellitus

María José Sánchez-Quintero 1,2,3, Josué Delgado 1,2,3,4,*, Dina Medina-Vera 1,2,5,6,

Víctor M. Becerra-Muñoz 1,2,3, María Isabel Queipo-Ortuño 1,7,8, Mario Estévez 9, Isaac Plaza-Andrades 1,7,

Jorge Rodríguez-Capitán 1,2,3, Pedro L. Sánchez 3,10, Maria G. Crespo-Leiro 3,11,

Manuel F. Jiménez-Navarro 1,2,3,6,* and Francisco Javier Pavón-Morón 1,2,3,5

1 Instituto de Investigación Biomédica de Málaga y Plataforma en Nanomedicina (IBIMA-Plataforma
BIONAND), 29590 Málaga, Spain

2 Unidad de Gestión Clínica Área del Corazón, Hospital Universitario Virgen de la Victoria,
29010 Málaga, Spain

3 Centro de Investigación Biomédica en Red de Enfermedades Cardiovasculares (CIBERCV), Instituto de Salud
Carlos III, 28029 Madrid, Spain

4 Higiene y Seguridad Alimentaria, Facultad de Veterinaria, IPROCAR, Universidad de Extremadura,
10003 Cáceres, Spain

5 Unidad de Gestión Clínica de Salud Mental, Hospital Regional Universitario de Málaga, 29010 Málaga, Spain
6 Departamento de Dermatología y Medicina, Facultad de Medicina, Universidad de Málaga (UMA),

29010 Málaga, Spain
7 Unidad de Gestión Clínica Intercentros de Oncología Médica, Hospitales Universitarios Regional y Virgen de

la Victoria y Centro de Investigaciones Médico Sanitarias (CIMES), 29010 Málaga, Spain
8 Departamento de Especialidades Quirúrgicas, Bioquímica e Inmunología, Facultad de Medicina,

Universidad de Málaga (UMA), 29010 Málaga, Spain
9 Instituto Universitario de Investigación de Carne y Productos Cárnicos (IPROCAR), Universidad de

Extremadura (UEX), 10003 Cáceres, Spain
10 Servicio de Cardiología, Hospital Universitario de Salamanca, Universidad de Salamanca,

Instituto de Investigación Biomédica de Salamanca (IBSAL), 37007 Salamanca, Spain
11 Servicio de Cardiología, Complexo Hospitalario Universitario A Coruña (CHUAC), Universidade da

Coruña (UDC), Instituto Investigación Biomédica A Coruña (INIBIC), 15006 A Coruña, Spain
* Correspondence: jdperon@unex.es (J.D.); mjimeneznavarro@uma.es (M.F.J.-N.); Tel.: +34-927251425 (J.D.)

Abstract: Ischemic heart disease (IHD) and type-2 diabetes mellitus (T2DM) remain major health
problems worldwide and commonly coexist in individuals. Gut microbial metabolites, such as
trimethylamine N-oxide (TMAO) and short-chain fatty acids (SCFAs), have been linked to cardiovas-
cular and metabolic diseases. Previous studies have reported dysbiosis in the gut microbiota of these
patients and the prebiotic effects of some components of the Mediterranean diet. Essential oil emul-
sions of savory (Satureja hortensis), parsley (Petroselinum crispum) and rosemary (Rosmarinus officinalis)
were assessed as nutraceuticals and prebiotics in IHD and T2DM. Humanized mice harboring gut
microbiota derived from that of patients with IHD and T2DM were supplemented with L-carnitine
and orally treated with essential oil emulsions for 40 days. We assessed the effects on gut microbiota
composition and abundance, microbial metabolites and plasma markers of cardiovascular disease,
inflammation and oxidative stress. Our results showed that essential oil emulsions in mice supple-
mented with L-carnitine have prebiotic effects on beneficial commensal bacteria, mainly Lactobacillus
genus. There was a decrease in plasma TMAO and an increase in fecal SCFAs levels in mice treated
with parsley and rosemary essential oils. Thrombomodulin levels were increased in mice treated with
savory and parsley essential oils. While mice treated with parsley and rosemary essential oils showed
a decrease in plasma cytokines (INFG, TNFα, IL-12p70 and IL-22); savory essential oil was associated
with increased levels of chemokines (CXCL1, CCL2 and CCL11). Finally, there was a decrease in
protein carbonyls and pentosidine according to the essential oil emulsion. These results suggest that
changes in the gut microbiota induced by essential oils of parsley, savory and rosemary as prebiotics
could differentially regulate cardiovascular and metabolic factors, which highlights the potential of
these nutraceuticals for reducing IHD risk in patients affected by T2DM.
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1. Introduction

Ischemic heart disease (IHD) is the most common form of cardiovascular disease
and the leading cause of death in Europe in recent years in both men and women [1,2],
excluding the emergence of COVID-19. In past decades, various strategies have been
established to reduce the morbidity and mortality of patients with coronary disease, and
important improvements have been achieved. Type-2 diabetes mellitus (T2DM) often leads
to an increased risk of development of several forms of cardiovascular complications, such
as IHD [3]. Previous studies in patients with IHD suggest that the presence of T2DM is
linked to an impairment of the immune system mediated by the gut microbiota, finding
significantly less beneficial or commensal bacteria in these patients [4]. In fact, it has been
reported that T2DM can significantly alter intestinal microbial populations in patients with
IHD [4]. Recently, there is a growing interest in replacing pharmaceutical therapies by
dietary interventions based on natural bioactive food components, which has led to the
development of new alternative therapies to extend and improve the quality of life of
patients. On this line, plant-derived bioactive components, such as essential oils, have been
studied as potential modulators of physiological processes related to IHD.

Growing evidence has demonstrated a link between gut dysbiosis and cardiovascular
disease risk [5,6], and that the modulation of the gut microbiome may contribute to amelio-
rating these diseases. Inhibitory substances of non-beneficial microbiota can be present in
spices or plants commonly used in the Mediterranean diet [7]. However, the consumption
of usual levels from these plants within the diet would have a limited beneficial effect on
bacteria population. Therefore, it would be necessary to use them as nutraceuticals, under-
standing this term as a food that provides health benefits, including the prevention and/or
treatment of diseases. Furthermore, different studies have shown that essential oils affect
both the microbial population composition and its activity, which have a direct effect on
IHD [8]. Thus, these substances may be used to regulate the immune response and enhance
the presence of beneficial microorganisms, such as Lactobacillus spp., to the detriment of
those bacteria that do not provide benefits or produce unwanted metabolites [9].

One example of how gut microbiota has an impact on IHD is through the formation of
trimethylamine N-oxide (TMAO). TMAO is a pro-atherogenic substance which has been
associated with the development of adverse cardiovascular events in the general population
over the last several years [10–13]. TMAO results from the oxidation of trimethylamine
(TMA) in the liver, which is in turn produced by certain colonic microbial populations,
such as some species of Bacteroidetes and Firmicutes [4]. These common microorganisms
contribute to TMA formation in the colon through the precursors L-carnitine and phos-
phatidylcholine [14]. Previous studies have observed that plant origin substances can act
as prebiotics and reduce the transformation of L-carnitine to TMA through their action on
the colonic microbiota [15]. Considering this, the gut microbiota could be modulated to
restore the balance between beneficial and detrimental microorganisms regarding TMA
and TMAO production.

Another mechanism by which gut microbiota is related to IHD is through the formation
of short-chain fatty acids (SCFAs). Dietary fibers, resistant starch and other polysaccharides
that evade digestion by host enzymes in the upper gut are metabolized by the microbiota in
the cecum and colon, through anaerobic fermentation [16,17]. Their major end-products are
SCFAs, monocarboxylic acids with two to five carbons [18,19]. Acetic, propionic and butyric
acids are the main SCFAs at the rate of 60:20:20, respectively, and are generated in the
human gut daily, depending on the fiber content of the diet and microbiota structure [20–24].
The rate between these fatty acids has consequences in terms of gut health, adiposity and
IHD. Butyric acid is used as an energy source by enterocytes and strengthens the intestinal
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epithelium; while acetic acid positively affects body weight control, insulin sensitivity
and control of appetite; and propionic acid decreases liver lipogenesis, hepatic and serum
cholesterol levels, preventing or hampering the IHD [23,25,26].

Besides the effects of essential oils on microbiota, these compounds may be related to
IHD through many other mechanisms. For instance, the capacity of certain plant origin
products to prevent the formation of free radicals that would interact with cellular DNA,
confer antioxidant, antifungal, immunomodulatory, anticancer and anti-inflammatory ac-
tivity in animal models [27,28]. In fact, higher inflammation levels are usually reported in
patients suffering from cardiovascular disease and/or T2DM than those found in healthy
ones [29]. Thus, extensive studies aiming to counteract these diseases have shown the
potent therapeutic effects of plant-derived compounds against a series of chronic diseases,
such as cardiovascular disease and T2DM, unraveling new anti-inflammatory and an-
tioxidant molecules [30]. The accretion of oxidized proteins in tissues is a pathological
hallmark of chronic diseases, such as those aforementioned, and hence, the protection
of plant antioxidants against protein oxidation may be a plausible means to inhibit the
biological consequences of protein oxidation: cell dysfunction and health disorders [31].
The formation of protein carbonyl and pentosidine is increased under a variety of stress
conditions, especially oxidative stress and inflammation, contributing to severe vascular
and cardiovascular complications [32]. Carbonyls are the result of a mechanism by which
sensible alkaline amino acids (lysine, proline, arginine) undergo oxidative deamination
to yield aldehydes (α-aminoadipic semialdehyde (AAS), also known as allysine, and G-
glutamic semialdehyde (GGS)) [33]. The formation of AAS in the presence of glucose and
toxic diabetes metabolites suggests that it may be formed under pathological pro-diabetic
conditions [34]. In fact, AAS and its final oxidation product, the α-aminoadipic acid, are
commonly used as markers of many chronic diseases involving enduring oxidative stress,
such as T2DM [31,35].

In this study, we generated a gnotobiotic murine model carrying colonic microbiota
derived from patients with IHD and T2DM. The objective of this work was to evaluate the
effect of the administration of essential oils from commonly used herbs in the Mediterranean
diet on the gut microbial population, TMAO and SCFA levels, inflammation and oxidative
stress, using this gnotobiotic murine model.

2. Materials and Methods

2.1. Ethical Statement and Animals

This study was designed in accordance with the European directive 2010/63/EU
for the protection of animals used for scientific purposes and the Spanish regulations for
the care and use of laboratory animals (RD53/2013 and RD118/2021). All protocols and
experiments were approved by the “Animal Experimentation Ethics Committee of BIONAND”,
Málaga, Spain (23/10/2018/151). Randomly cycling female CD1 mice (Janvier Labs, Le
Genest-Saint-Isle, France) were acclimated for 4 weeks and housed in a humidity and
temperature-controlled vivarium and maintained on a 12-h light-dark cycle with food
(Table S1) and water ad libitum.

2.2. Humanized Gnotobiotic Mouse Model

A humanized gnotobiotic mouse model was developed through the fecal micro-
biota transplantation of human feces into mice. Prior to the transplantation procedure,
18-week-old mice (n = 40) were treated with broad-spectrum antibiotics for 10 consecutive
days to induce gut microbiota depletion, combining both oral gavage administration and
drinking water supplementation. Thus, mice were orally treated by gavage every 12 h with
an antibiotic cocktail (10 mL kg−1 body weight) consisting of vancomycin (5 mg mL−1),
neomycin (10 mg mL−1) and metronidazole (10 mg mL−1), and ampicillin was administered
in drinking water (1 g L−1) [36–38]. Then, mice received a fecal microbiota transplantation
derived from a selection of patients to recolonize the gastrointestinal tract, as previously
described [38]. Specifically, three patients with IHD, T2DM and high plasma levels of
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TMAO were eligible for feces donation. Fresh fecal samples were suspended in sterile
phosphate buffered saline (PBS), and glycerol was added at 10% (v/v) final concentration;
then, samples were aliquoted into cryotubes and immediately stored at −80 ◦C. At the
moment of the transplantation, aliquot samples from these patients were thawed in ice
and mixed in equal quantities as a sample pool to guarantee that every mouse received a
similar microbiota load. The sample pool was centrifuged for 2 min at 2800× g, and the
supernatant was transferred to mice by oral gavage for three consecutive days, according
to previously published protocols [38–40]. Mice were moved to clean cages every two days
to minimize the coprophagia and to prevent reinoculation from old feces.

2.3. Study Design and Treatments
2.3.1. Experimental Groups

Transplanted mice were randomly assigned to five experimental groups, with eight
animals per group (n = 8), in a cage at the beginning of the study, based on a previous similar
study [15]: (1) control group, mice without L-carnitine supplementation or essential oil
administration; (2) carnitine group, mice with L-carnitine supplementation but not essential
oil administration; (3) savory group, mice with L-carnitine supplementation and savory
essential oil; (4) parsley group, mice with L-carnitine supplementation and parsley essential
oil; and (5) rosemary group, mice with L-carnitine supplementation and rosemary essential
oil. No criteria were used for including and excluding animals during the experiment.

2.3.2. Preparation of Essential Oil Emulsions

Three commercial essential oils derived from commonly used herbs in the Mediter-
ranean diet were purchased from Farmacia Rico Néstares (Málaga, Spain): savory (Satureja
hortensis), parsley (Petroselinum crispum) and rosemary (Rosmarinus officinalis). For oral
administration, oil-in-water (O/W) emulsions were prepared with these essential oils at
3.38% (v/v) concentration in distilled water with lecithin (0.76%, w/v) and maltodextrin
(21.47%, w/v) as emulsifiers to prevent the oil and water phases separation.

2.3.3. Treatment with Essential Oil Emulsions

During a total of 40 days, 20-week-old female mice from four groups (i.e., carnitine, sa-
vory, parsley and rosemary groups) were given drinking water supplemented with L-carnitine
(0.02%, w/v), a precursor of TMA to stimulate the TMAO production, and treated with es-
sential oil emulsions or vehicle emulsion (i.e., treatment with a vehicle solution containing
distilled water, lecithin and maltodextrin in the same proportions but without essential oils).
In contrast, mice from the control group were given drinking water without L-carnitine. The
essential oils were administered daily by gavage at 100 mg kg−1 for 40 days after considering
their spectrum of action and effective dose [41]. Following the same procedure, mice from the
control and carnitine groups were administered daily by gavage with the vehicle emulsion. To
avoid any confounder, treatments were always applied in the same order of groups, relocating
the mice in a clean cage until the last mouse was treated. However, four mice died during
the treatment period and the number of animals per group at the end of treatments was as
follows: (1) control group, n = 7; (2) carnitine group, n = 7; (3) savory group, n = 8; (4) parsley
group, n = 8; and (5) rosemary group, n = 6.

2.4. Collection of Fecal and Plasma Samples

Twenty-four hours after the last administration of essential oil emulsions or vehicle
emulsion, mice were euthanized by decapitation, and trunk blood samples (0.8–1.0 mL)
were collected in Microvette CB300 plasma/lithium heparin (Thermo Fisher Scientific,
Waltham, MA, USA) tubes with volumes up to 300 μL. Blood samples were centrifuged at
3500× g for 5 min and the supernatant plasmas were stored at −80 ◦C until determinations
were performed. In addition, fresh fecal samples were collected directly into the small
tubes and stored at −80 ◦C until.
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2.5. Microbiota Analysis by 16S rRNA Gene Sequencing

Fecal microbiota was analyzed after essential oil treatments. Briefly, total DNA was
isolated from feces using the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany).
The Ion 16S Metagenomics Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used
to amplify the 16S rRNA gene region from stool DNA using two primer pools (V2-4-8
and V3-6, 7-9) covering hypervariable regions of the 16S rRNA region in bacteria. The
Ion Plus Fragment Library Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used
to ligate barcoded adapters to the generated amplicons and create the barcoded libraries.
Template preparation of the created amplicon libraries was performed on the automated
Ion Chef System using the Ion 520TM/530TM Kit-Chef (Thermo Fisher Scientific, Waltham,
MA, USA), according to the manufacturer’s instructions. Sequencing was carried out on an
Ion 520 chip using the Ion S5TM System (Thermo Fisher Scientific, Waltham, MA, USA).

2.6. L-carnitine, TMA and TMAO Levels in Plasma

A total volume of 15 μL of plasma was incubated with 45 μL of cold methanol for
2 h at −80 ◦C. After incubation, samples were centrifuged at 18,200× g for 12 min at 4 ◦C,
and supernatant was collected and stored at −80 ◦C for further analysis. L-carnitine, TMA
and TMAO levels were quantified using a Dionex UltiMate 3000 RSLC system coupled
to Q Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). An Accucore HILIC 150 × 2.1 mm × 2.6 μm column was used as
a stationary phase, while as a mobile phase we used a solvent (A: H2O with 0.005 M
ammonium formate pH 4.88; and B: acetonitrile and H2O (9:1) with 0.005 M ammonium
formate pH 4.9). The gradient was isocratic 70% (A/B), the injection volume was 5 μL
and flow rate was set as 0.4 mL min−1. Detection of L-carnitine, TMA and TMAO was
performed with positive ionization in full scan with 70,000 full width at half maximum
(FWHM), using the ions m/z 162.1125, 60.0808 and 76.0757 as targets, respectively, and
setting 5 ppm of accuracy. Retention time was 2.08 ± 0.1 for L-carnitine, 2.3 ± 0.1 min
for TMA and 2.03 ± 0.1 min for TMAO. Serial dilutions of commercial standards for
both metabolites from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) were used
to determine the linearity. Limit of detection (LOD) and limit of quantitation (LOQ) for
TMA and TMAO were calculated at the lowest evaluable concentration level at which
the qualifier ion signal exceeds the noise level by factor of 10 for LOD and 3.5 for LOQ:
(1) L-carnitine, TMA: LOD = 0.2 ng mL−1 and LOQ = 0.6 ng mL−1, LOD = 0.225 ng mL−1

and LOQ = 0.7 ng mL−1; and (2) TMAO, LOD = 0.175 ng mL−1 and LOQ = 0.5 ng mL−1.

2.7. SCFA Species in Feces

Acetic, propionic and butyric acids were determined in the feces of mice treated with
essential oil emulsions or vehicle emulsion. Feces were weighted and treated with 3 mL of
double deionized water and hexane 50% (v/v), vortexed and sonicated for 5 min in a bath.
Finally, samples were centrifuged at 1400× g for 5 min. To measure acetic, butyric and pro-
pionic acid, a small volume from the upper phase was injected in a 6890 N Flame Ionization
Detector Gas Chromatograph System equipped with a DB-WAX 60 × 0.32 mm × 0.25 μm
column (Agilent, Santa Clara, CA, USA). The temperature of injector and detector was
set starting at 100 ◦C and increasing up to 250 ◦C in 15 min. The retention time of these
metabolites were 3.58 ± 0.05, 4.18 ± 0.05 and 4.93 ± 0.05 min for acetic, propionic and
butyric acids, respectively. The standards used were purchased from Dr. Ehrenstorfer (LGC
Standards, Middlesex, UK). SCFA species were expressed as mg g−1 feces.

2.8. Determination of Other Analytes in Plasma
2.8.1. Cardiovascular Markers-

Markers for cardiovascular disease were measured using the Mouse CVD Magnetic
Bead Panel 1 (Merck Millipore, Burlington, MA, USA), according to manufacturer’s in-
structions. A panel of seven cardiovascular markers was measured for this study using
a 96-well plate: sE-Selectin, sICAM-1, Pecam-1, sP-Selectin, PAI-1 (total), proMMP-9 and
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Thrombomodulin. All samples were prepared following the protocol and were run in
duplicate in a 96-well plate. Briefly, a total volume of 25 mL of 1:20 diluted sample was
mixed with 25 μL of Mixed Beads. The plate was incubated with agitation on a plate
shaker overnight. After incubation, 25 μL of detection antibodies were added to wells, and
the plate was incubated with agitation for 1 h at room temperature before adding 25 μL
of Streptavidin-Phycoerythrin. Wells were incubated and washed and then mixed with
150 μL of sheath fluid to resuspend the beads. The plate was run on a Bio-Plex MAGPIX™
Multiplex Reader with Bio-Plex Manager™ MP Software (Luminex, Austin, TX, USA) and
data were acquired. Cardiovascular markers were expressed as ng per mL of plasma.

2.8.2. Cytokines and Chemokines

The determination of inflammatory factors was performed using the ProcartaPlex™
Mouse Cytokine & Chemokine Convenience Panel 1 26-Plex (ThermoFisher Scientific, Waltham,
MA, USA), following manufacturer’s instructions. A panel of 26 cytokines and chemokines
was measured for this study using a 96-well plate: (i) Th1/Th2 cytokines: GM-CSF, IFNG,
IL-1β, IL-2, IL-4, IL-5, IL-6, IL-12p70, IL-13, IL-18, TNFα; (ii) Th9/Th17/Th22/Treg cytokines:
IL-9, IL-10, IL-17A (CTLA-8), IL-22, IL-23, IL-27; (iii) chemokines: Eotaxin (CCL11), GROα

(CXCL1), IP-10 (CXCL10), MCP-1 (CCL2), MCP-3 (CCL7), MIP-1α (CCL3), MIP-1β (CCL4),
MIP-2 and RANTES (CCL5). Briefly, 25 mL of non-diluted sample were mixed with an
assay buffer and capture beads in a 96-well plate using duplicates. The plate was incubated
with shaking at room temperature for 2 h to facilitate the reaction. After incubation, 25 mL
of detection antibodies were added, and the plate was incubated with shaking at room
temperature for 30 min. Following incubation, 50 μL of Streptavidin-PE were added to
each well. After incubating and washing, 120 μL of reading buffer were added to wells,
and the plate was incubated at room temperature for 5 min. Finally, the plate was run on a
Bio-Plex MAGPIX™ Multiplex Reader with Bio-Plex Manager™ MP Software (Luminex,
Austin, TX, USA), and data were acquired. Inflammatory markers were expressed as pg
per mL of plasma.

2.8.3. Protein Carbonyls and Pentosidine

The AAS determination was carried out as previously described [42]. Briefly, 50 μL of
plasma were treated with cold 10% trichloroacetic acid (TCA) solution, vortexed and cen-
trifuged at 600× g for 5 min at 4 ◦C. The supernatants were removed, and the pellets were
incubated with freshly prepared solution composed of 0.5 mL of 250 mM 2-(N-morpholino)
ethanesulfonic acid (MES) buffer, pH 6.0, containing 1 mM diethylenetriaminepentaacetic
acid (DTPA); 0.5 mL of 50 mM 4-amino benzoic acid (ABA) in 250 mM of MES buffer
pH 6.0 and 0.25 mL 100 mM sodium cyanoborohydride (NaBH3CN) in 250 mM MES
buffer pH 6.0. Samples were vortexed and incubated at 37 ◦C for 90 min, stirring them
every 15 min. After derivatization, samples were treated with cold 50% TCA solution and
centrifuged at 1200× g for 10 min. Supernatants were removed and pellets were washed
twice with 10% TCA and diethyl ether-ethanol (1:1). Finally, pellets were treated with 6N
HCl and incubated at 110 ◦C for 18 h until completion of hydrolysis. The hydrolysates were
dried in vacuo in a centrifugal evaporator. The generated residues were reconstituted with
200 μL of Milli-Q water and filtered through hydrophilic polypropylene GH Polypro (GHP)
syringe filters with 0.45 μm pore size (Pall Corporation, Port Washington, NY, USA) for
HPLC analysis. Samples were analyzed using a Shimadzu Prominence HPLC instrument
equipped with a quaternary solvent delivery system (LC-20AD), DGU-20AS on-line de-
gasser, SIL-20A auto-sampler, RF-10A XL fluorescence detector (FLD) and CBM-20A system
controller (Shimadzu Corporation, Kyoto, Japan). An aliquot (1 μL) from the reconstituted
protein was injected for the analysis. AAS-ABA, GGS-ABA and pentosidine were eluted in
a Cosmosil 5C18-AR-II RP-HPLC column (150 × 4.6 mm × 5 μm) equipped with a guard
column (10 × 4.6 mm). The flow rate was kept at 1 mL min−1, and the temperature of the
column was maintained constant at 30 ◦C. The eluate was monitored with excitation and
emission wavelengths set at 283 and 350 nm, respectively. Standards (0.1 μL) were run
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and analyzed under the same conditions. Identification of both derivatized semialdehydes
in the fluorescence detector chromatograms was carried out by comparing their retention
times with those from the standard compounds. The peaks corresponding to analytes of in-
terest (AAS-ABA, GGS-ABA and pentosidine) were manually integrated from fluorescence
detector chromatograms and the resulting areas from derivatized semialdehydes plotted
against an ABA standard curve with known concentrations, that ranged from 0.1 to 0.5 mM.
Results were expressed as nmol of semialdehyde AAS per mg of protein. Pentosidine was
not quantified and, hence, expressed as fluorescence intensity.

2.9. Bioinformatics and Statistical Analysis

Data in the graphs are expressed as bacterial composition (percentages), mean and
standard error of the mean (mean ± SEM), and median and interquartile range. All
determinations in mouse feces and plasmas were performed in five groups with six to eight
animals per group (n = 6–8).

Regarding the bacterial diversity, the Chao1 and Shannon indices (i.e., alpha diversity)
were used to measure the number and diversity of bacteria in the microbial community,
and the Bray-Curtis dissimilarity index (i.e., beta diversity) was used to measure the
dissimilarity in the microbial community composition of each group based on abundance
data. Statistically, alpha diversity was assessed using the Kruskal-Wallis rank-sum test
and the Benjamini-Hochberg procedure for multiple comparisons, and beta diversity was
assessed using the analysis of similarity (ANOSIM). Principal coordinate analysis (PCoA)
based on Bray-Curtis dissimilarity metrics was used to show the distance in the bacterial
communities between the treatment groups.

The distribution of raw data from biochemical determinations was assessed using
the D’Agostino-Pearson normality test in order to use parametric or non-parametric tests.
Differences in normal variables were assessed using the Student’s t test (two groups) or
one-way analysis of variance (ANOVA) (more than two groups). In contrast, non-normal
variables were assessed using the Mann-Whitney U test (two groups) or the Kruskal-Wallis
rank-sum test (more than two groups) as non-parametric tests. When raw data were
not normally distributed because of a positively skewed distribution, data were log10-
transformed to approximate a normal distribution and to ensure statistical assumptions
of the parametric tests. The Sidak’s correction test was used as post hoc tests for multiple
comparisons in the ANOVA and Kruskal-Wallis rank-sum test.

Correlation analyses were performed to examine the association between biochem-
ical and/or microbial variables using the Spearman’s correlation coefficient (rho) with
categorical variables and the Pearson’s correlation coefficient (r) with continuous variables.

Quantitative Insights into Microbial Ecology (QIIME2, version 2019.4) software [43]
was used to analyze sequence quality and for diversity and taxonomic analysis, as previ-
ously described [44]. The statistical analysis of the microbiota sequencing was performed
in R version 3.6.0., while the statistical analysis of biochemical data was performed using
the Graph-Pad Prism version 5.04 software (GraphPad Software, San Diego, CA, USA).
Test statistic values and degrees of freedom are indicated in the results. A p-value less than
0.05 was considered statistically significant.

3. Results

3.1. Mice from the Experimental Groups Showed Differences in the Composition and Bacterial
Abundances of Gut Microbiota

To characterize and identify intestinal bacteria populations in the fecal samples of
mice from the experimental groups, we assessed diversity indices and examined the gut
microbiota at different taxa levels.

3.1.1. Alpha and Beta Diversity

Regarding the alpha diversity, the Chao1 (Figure 1A) and Shannon (Figure 1B) indices
at genus level showed no significant differences in bacterial richness and diversity of
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samples from mice of the experimental groups (control, carnitine, savory, parsley and
rosemary groups). In contrast, the Bray-Curtis dissimilarity index showed a significant
dissimilarity in the microbial community composition of fecal samples comparing the
mean of ranked dissimilarities between and within groups (R = 0.175, p = 0.001, ANOSIM)
(Figure 1C). The PCoA of the Bray-Curtis distance matrix based at genus level abundances
allowed for representation of the dissimilarities of each sample and showed the percentage
of variation explained by the principal coordinates (PCoA1 = 32% and PCoA2 = 19%)
(Figure 1D).

Figure 1. Alpha and beta diversity analyses of bacterial microbiota in fecal samples from the treatment
groups. (A) Chaos1 index; (B) Shannon index; (C) Bray-Curtis dissimilarity index; and (D) Principal
coordinates analysis of Bray-Curtis dissimilarity. Dots are individual values. Alpha diversity was
assessed using the Kruskal-Wallis rank-sum test, and the Bray-Curtis dissimilarity index was assessed
using the analysis of similarity (ANOSIM). Principal coordinates analysis (PCoA) based on Bray-Curtis
dissimilarity index shows the distance in the bacterial communities between the treatment groups.

3.1.2. Gut Microbial Abundances at Different Taxonomic Levels

The relative abundances at the phylum level in the experimental groups showed
Bacteroidetes, Firmicutes and Proteobacteria as the most predominant phyla, but there
were no differences among the groups (Figure 2A). In contrast, variations in bacterial
communities were observed among the different groups at the family and genus levels.
Thus, while there were no differences in the relative abundance between the carnitine and
control groups, the essential oil groups showed relevant differences in bacterial families
and genera. At the family level, there was a higher abundance of Lactobacillaceae and a
lower abundance of Bacteroidaceae in mice treated with essential oils (mainly in the parsley
and rosemary groups) than in mice from the carnitine group (Figure 2B). Similarly, mice
treated with essential oils had a higher abundance of Lactobacillus and a lower abundance
of Bacteroides than mice from the carnitine group (Figure 3A). Furthermore, the analysis of
the number of each genus revealed significant differences in Lactobacillus genus among the
groups (p < 0.040), and mice treated with essential oils, mainly in the rosemary group, had a
higher number of Lactobacillus than mice from the carnitine and control groups (Figure 3B).
The relative abundances at the species level are shown in Figure S1.
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Figure 2. Bacterial profile at the phylum and family levels in fecal samples of mice from the treatment
groups. (A) Phyla; and (B) Families. Bars show the relative abundances (%) for each group using 16S
rRNA gene sequencing (Ion S5TM System).

3.2. Treatment with Essential Oils of Parsley and Rosemary Reduced Plasma TMAO Levels

L-carnitine, TMA and TMAO levels were measured in the plasma of mice from all
groups after treatment. Raw data were log10-transformed, and the estimated marginal
means and SEM of the logarithmic values are represented in Figure 4.
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(831)

Figure 3. Bacterial profile at the genus level and abundance of Lactobacillus in fecal samples of mice
from the treatment groups. (A) Genera; and (B) Lactobacillus. Bars show the relative abundance (%)
for each group using 16S rRNA gene sequencing (Ion S5TM System). Dots are individual values and
data from the carnitine, savory, parsley and rosemary groups were analyzed using the Kruskal-Wallis
rank-sum test (*) p < 0.05 denotes significant differences compared with the carnitine group.

3.2.1. Plasma L-carnitine Levels

As expected, L-carnitine supplementation induced a significant increase in plasma
L-carnitine levels in the carnitine group compared with the control group (t7.194 = 5.269,
p = 0.001). However, one-way ANOVA revealed no significant differences in the L-carnitine
levels in the essential oil (i.e., savory, parsley and rosemary) and carnitine groups (Figure 4A).
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Figure 4. Plasma levels of total L-Carnitine, TMA and TMAO in mice from the treatment groups. (A) To-
tal L-carnitine; (B) TMA; and (C) TMAO levels. Dots are individual values. Bars are means ± SEM of
L-Carnitine concentrations (relative area) and log10-transformed concentrations of TMA and TMAO
(ng mL−1). Data from the control and carnitine groups were analyzed using Student’s t test. Data from
the carnitine, savory, parsley and rosemary groups were analyzed using one-way ANOVA. ($$) p < 0.01
denotes significant differences compared with the control group. (*) p < 0.05 denotes significant differ-
ences compared with the carnitine group.
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3.2.2. Plasma Levels of TMA and TMAO

Similar to L-carnitine levels, mice from the carnitine group showed a significant
increase in plasma TMA levels compared with the control group (t11 = 3.706, p = 0.004), but
there were no significant differences in TMA levels in the essential oil and carnitine groups
(Figure 4B).

Unlike L-carnitine and TMA levels, there were no significant differences in plasma
TMAO levels between the carnitine and control groups. However, there were significant
differences in TMAO levels among the essential oil and carnitine groups (F3,23 = 4.890,
p = 0.009), and the post hoc test showed significant decreases in the parsley and rosemary
groups compared with the carnitine group (p < 0.05) (Figure 4C).

3.3. Treatment with Essential Oils of Parsley and Rosemary Increased Fecal SCFAs Levels

Acetic, butyric and propionic acids were measured in the feces of mice from the
experimental groups, as shown in Figure 5.

The comparisons of these SCFA species between the carnitine and control groups
revealed no significant differences. In contrast, one-way ANOVA tests showed significant
differences in fecal levels of acetic (F3,25 = 3.624, p = 0.028), butyric (F3,25 = 14.07, p < 0.001)
and propionic (F3,24 = 4.093, p = 0.018) acids among mice from the essential oil and carnitine
groups. Specifically, the post hoc comparison showed significant increases in acetic acid
levels in the parsley and rosemary groups compared with the carnitine group (p < 0.05)
(Figure 5A); significant increases in propionic acid levels in the parsley and rosemary
groups compared with the carnitine group (p < 0.05 and p < 0.001, respectively) (Figure 5B);
and a significant increase in butyric acid levels in the rosemary group compared with the
carnitine group (p < 0.05) (Figure 5C).

3.4. Treatment with Essential Oils of Savory and Parsley Increased Plasma Thrombomodulin Levels

Plasma samples were used to measure common cardiovascular disease markers (sE-
selectin, sICAM-1, Precam-1, sP-selectin, PAI-1 and thrombomodulin). Raw data were
log10-transformed, and the estimated marginal means and SEM of the logarithmic values
are represented in Figure 6.

The comparisons of these cardiovascular disease markers between the carnitine and
control groups revealed no significant differences. The one-way ANOVA tests showed no
significant differences in sE-selectin (Figure 6A), sICAM-1 (Figure 6B), Precam-1 (Figure 6C),
sP-selectin (Figure 6D) and PAI-1 (Figure 6E) levels among mice from the essential oil and
carnitine groups. In contrast, there were significant differences in thrombomodulin levels
(F3,22 = 8.523, p < 0.001), and the post hoc comparisons showed significant increases in
the savory and parsley groups compared with the carnitine group (p < 0.001 and p < 0.01,
respectively) (Figure 6F).

3.5. Treatment with Essential Oils Altered Plasma Inflammatory Markers

Cytokines and chemokines were analyzed in the plasma of mice from the experimental
groups. Because of statistical requirements, raw data were log10−transformed, and the
estimated marginal means and SEM were represented and statistically analyzed. For clarity,
only those cytokines and chemokines that resulted in statistical significance were shown in
Figure 7.

3.5.1. Cytokines

The comparisons between mice from the carnitine and control groups only showed
differences in IFNGlevels (Figure 7A), and a significant increase was found in the carnitine
group compared with the control group (t6.571 = 2.480, p = 0.044).
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Figure 5. Fecal levels of SCFA species in mice from the treatment groups. (A) Acetic; (B) Propionic;
and (C) Butyric acid levels. Dots are individual values. Bars are means ± SEM of SFCA concentrations
(mg g−1). Data from the control and carnitine groups were analyzed using Student’s t test. Data from
the carnitine, savory, parsley and rosemary groups were analyzed using one-way ANOVA. (*) p < 0.05
and (***) p < 0.001 denote significant differences compared with the carnitine group.
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Figure 6. Plasma levels of cardiovascular markers in mice from the treatment groups. (A) sE-
Selectin; (B) sICAM; (C) Pecam-1; (D) sP-Selectin; (E) PAI-1; and (F) Thrombomodulin levels. Dots
are individual values. Bars are means ± SEM of log10-transformed concentrations of relevant
cardiovascular markers (ng mL−1). Data from the control and carnitine groups were analyzed using
Student’s t test. Data from the carnitine, savory, parsley and rosemary groups were analyzed using
one-way ANOVA. (**) p < 0.01 and (***) p < 0.001 denote significant differences compared with the
carnitine group.

Regarding one-way ANOVAs and post hoc tests among the essential oil and carni-
tine groups, there were significant differences in the plasma levels of various cytokines:
(a) IFNG(F3,23 = 3.690, p = 0.027), the parsley and rosemary groups showed significant de-
creases compared with the carnitine group (p < 0.05) (Figure 8A); (b) TNFα (F3,23 = 4.923,
p = 0.009), the rosemary group showed a significant decrease compared with the carnitine
group (p < 0.05) (Figure 7B); IL-4 (F3,23 = 3.876, p = 0.022), the savory group showed a signif-
icant decrease compared with the carnitine group (p < 0.05) (Figure 7C); IL-6 (F3,23 = 3.200,
p = 0.042), the savory group showed a significant increase compared with the carnitine group
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(p < 0.05) (Figure 7D); IL-12p70 (F3,23 = 5.090, p = 0.008), the rosemary showed a signifi-
cant decrease compared with the carnitine group (p < 0.01) (Figure 7E); IL-22 (F3,23 = 5.129,
p = 0.007), the savory, parsley and rosemary groups showed significant decreases compared
with the carnitine group (p < 0.01, p < 0.05 and p < 0.05, respectively) (Figure 7F); and IL-23
(F3,23 = 3.302, p = 0.038), the savory group showed a significant increase compared with the
carnitine group (p < 0.05) (Figure 7G).

Figure 7. Plasma levels of cytokines and chemokines in mice from the treatment groups. (A) IFNG;
(B) TNFα; (C) IL−4; (D) IL−6; (E) IL−12p70; (F) IL−22; (G) IL−23; (H) CXCL10 (IP−10); (I) CXCL1
(GROα); (J) CCL2 (MCP−1); and (K) CCL11 (Eotaxin) levels. Dots are individual values. Bars are
means ± SEM of log10-transformed concentrations of cytokines and chemokines (pg mL−1). Data
from the control and carnitine groups were analyzed using Student’s t test. Data from the carnitine,
savory, parsley and rosemary groups were analyzed using one-way ANOVA. ($) p < 0.05 denotes
significant differences compared with the control group. (*) p < 0.05 and (**) p < 0.01 denote significant
differences compared with the carnitine group.
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Figure 8. Plasma levels of protein carbonyls and pentosidine in mice from the treatment groups.
(A) Aminoadipic semialdehyde (AAS); (B) Glutamic semialdehyde (GGS); and (C) Pentosidine levels.
Dots are individual values. Bars are means ± SEM of AAS (nmol mg−1), GGS (nmol mg−1) and
pentosidine (fluorescence intensity) concentrations. Data from the control and carnitine groups were
analyzed using Student’s t test. Data from the carnitine, savory, parsley and rosemary groups were
analyzed using one-way ANOVA. (*) p < 0.05 and (***) p < 0.001 denotes significant differences
compared with the carnitine group.

Other cytokines (i.e., GM-CSF, IL-1β, IL-2, IL-5, IL-9, IL-10, IL-13, IL-17A, IL-18 and
IL-27) were not significantly altered in the experimental groups (Figure S2).
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3.5.2. Chemokines

The comparisons between the carnitine and control groups only showed differences in
CXCL10 levels (Figure 7H), and a significant increase was observed in the carnitine group
compared with the control group (t12 = 2.664, p = 0.037). However, there were no significant
differences in the essential oil and carnitine groups.

Unlike CXCL10, one-way ANOVA tests revealed significant differences in other
chemokines as follows: (a) CXCL1 (F3,23 = 5.466, p = 0.006), the savory groups showed
a significant increase compared with the carnitine group (p < 0.01) (Figure 7I); (b) CCL2
(F3,23 = 4.597, p = 0.012), the savory groups showed a significant increase compared with the
carnitine group (p < 0.01) (Figure 7J); and CCL11 (F3,23 = 3.109, p = 0.046), the savory groups
showed a significant increase compared with the carnitine group (p < 0.05) (Figure 7K).
Therefore, only the savory group showed significant increases in chemokines.

Similar to cytokines, other chemokines (i.e., CXCL2, CCL3, CCL4, CCL5 and CCL7)
were not significantly altered in the experimental groups (Figure S2).

3.6. Treatment with Essential Oils Reduced Protein Oxidative Stress

Protein carbonyls (AAS and GGS) and pentosidine were also measured in the plasma
of mice from the experimental groups to examine the effects of essential oil emulsions on
oxidative stress, as shown in Figure 8.

3.6.1. Protein Carbonyls

The comparisons between the carnitine and control groups revealed that supplemen-
tation with L-carnitine had no significant effects on the plasma levels of AAS and GGS.
However, one-way ANOVA tests revealed significant differences in AAS (F3,24 = 4.238,
p = 0.015) (Figure 8A) and GGS (F3,24 = 3.421, p = 0.033) (Figure 8B) in the essential oil and
carnitine groups. Thus, the post hoc comparisons showed a significant decrease in AAS
levels in the savory group and a significant decrease in GGS levels in the rosemary group
compared with the carnitine group (p < 0.05).

3.6.2. Pentosidine

Although there were no differences between the carnitine and control groups, signifi-
cant differences in pentosidine levels were found in the essential oil and carnitine groups
(F3,24 = 11.09, p < 0.001) (Figure 8C). Similar to AAS, the savory group showed a significant
decrease in pentosidine levels compared with the carnitine (p < 0.001).

3.7. Association between Gut Microbial Abundance and Metabolites

Because the TMAO precursor (TMA) and SCFA species are produced by gut mi-
crobiota from dietary fiber fermentation and carnitine metabolism, we investigated the
association between these products and the microbial abundance at different taxonomic
ranks. Additionally, we explored the association between inflammatory and oxidative
markers and the microbial abundance.

3.7.1. L-carnitine, TMA and TMAO

As shown in Table 1, we analyzed the association between the abundance of gut
microbiota and plasma levels of L-carnitine, TMA and TMAO. The analysis of these
metabolites revealed significant and positive correlations between L-carnitine and TMA
levels (r = +0.77, p < 0.001) and between TMA and TMAO levels (r = +0.49, p < 0.01).
Regarding the microbial abundance, significant associations with L-carnitine and TMA
levels were found at different taxonomic ranks. At the phylum level, L-carnitine levels
were inversely correlated with Tenericutes (rho = −0.36, p < 0.05) and TMA levels were
positively correlated with Lentisphaerae (rho = +0.34, p < 0.05), but inversely correlated
with Tenericutes (rho = −0.37, p < 0.05). At the family level, L-carnitine levels were inversely
correlated with Anaeroplasmataceae (rho = −0.36, p < 0.05) and TMA levels were positively
correlated with Lactobacillaceae (rho = +0.35, p < 0.05), Alcaligenaceae (rho = +0.34, p < 0.05)
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and Victivallaceae (rho = +0.34, p < 0.05), but inversely correlated with Anaeroplasmataceae
(rho = −0.37, p < 0.05). At the genus level, L-carnitine levels were inversely correlated
with Anaeroplasma (rho = −0.36, p < 0.05) and TMA levels were positively correlated with
Lactobacillus (rho = +0.35, p < 0.05), Pigmentiphaga (rho = +0.39, p < 0.05) and Victivallis
(rho = +0.34, p < 0.05), but inversely correlated with Anaeroplasma (rho = −0.37, p < 0.05).
In contrast, TMAO levels were not significantly associated with the abundance of gut
microbiota.

Table 1. Correlation analysis among plasma levels of L-carnitine, TMA and TMAO, as well as
between gut microbial abundance and plasma levels of L-carnitine, TMA and TMAO.

L-carnitine (Area) TMA (ng mL−1) TMAO (ng mL−1)

r p-Value r p-Value r p-Value

TMAO (ng mL−1) +0.152 0.383 +0.492 0.003 1 —

TMA (ng mL−1) +0.767 <0.001 1 — +0.492 0.003

L-carnitine (area) 1 — +0.767 <0.001 +0.152 0.383

Phylum rho p-value rho p-value rho p-value

Lentisphaerae +0.329 0.058 +0.342 0.047 +0.007 0.970

Tenericutes −0.362 0.035 −0.369 0.032 +0.003 0.988

Family rho p-value rho p-value rho p-value

Lactobacillaceae +0.337 0.051 +0.353 0.041 −0.210 0.234

Alcaligenaceae +0.271 0.122 +0.342 0.048 +0.203 0.250

Victivallaceae +0.329 0.058 +0.342 0.047 +0.007 0.970

Anaeroplasmataceae −0.362 0.035 −0.369 0.032 +0.003 0.988

Genus rho p-value rho p-value rho p-value

Lactobacillus +0.337 0.051 +0.353 0.041 −0.210 0.234

Pigmentiphaga +0.248 0.157 +0.390 0.023 +0.259 0.139

Victivallis +0.329 0.058 +0.342 0.047 +0.007 0.970

Anaeroplasma −0.362 0.035 −0.369 0.032 +0.003 0.988

Abbreviations: r, Pearson correlation coefficient; rho, Spearman correlation coefficient; TMA, trimethylamine;
TMAO, trimethylamine N−oxide.

3.7.2. SCFA Species

The association between the abundance of gut microbiota and fecal levels of acetic,
propionic and butyric acids was also analyzed (Table 2). A first correlation analysis between
SCFA levels showed significant and positive correlations (acetic acid vs. propionic acid,
r = +0.77, p < 0.001; acetic acid vs. butyric acid, r = +0.69, p < 0.001; and propionic
acid vs. butyric acid, r = +0.66, p < 0.001). At the family level, acetic acid levels were
positively correlated with Lactobacillaceae (rho = +0.39, p < 0.05) and propionic acid levels
were positively correlated with Barnesiellaceae (rho = +0.40, p < 0.05), Odoribacteraceae
(rho = +0.38, p < 0.05) and Lactobacillaceae (rho = +0.36, p < 0.05). At the genus level, we
confirm these significant associations with acetic (Lactobacillus) and propionic (Barnesiella,
Butyricimonas and Lactobacillus) acids. Unlike acetic and propionic acids, there were no
significant correlations between the gut microbial abundance and butyric acid levels.
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Table 2. Correlation analysis among fecal levels of SCFA species, as well as between gut microbial
abundance and fecal levels of SCFA species.

Acetic Acid (mg g−1) Propionic Acid (mg g−1) Butyric Acid (mg g−1)

r p-Value r p-Value r p-Value

Acetic acid (mg g−1) 1 — +0.770 <0.001 +0.692 <0.001

Propionic acid (mg g−1) +0.770 <0.001 1 — +0.655 <0.001

Butyric acid (mg g−1) +0.692 <0.001 +0.655 <0.001 1 —

Family rho p-value rho p-value rho p-value

Barnesiellaceae +0.233 0.177 +0.403 0.016 +0.162 0.352

Odoribacteraceae +0.272 0.114 +0.375 0.027 +0.095 0.589

Lactobacillaceae +0.387 0.022 +0.362 0.033 +0.054 0.758

Genus rho p-value rho p-value rho p-value

Barnesiella +0.236 0.172 +0.411 0.014 +0.165 0.345

Butyricimonas +0.272 0.114 +0.375 0.027 +0.095 0.589

Lactobacillus +0.387 0.022 +0.362 0.033 +0.054 0.758

Abbreviations: r, Pearson correlation coefficient; rho, Spearman correlation coefficient; SCFA, short-chain fatty acid.

3.7.3. Cytokines and Chemokines

Additionally, we also performed a correlation analysis to explore the association be-
tween gut microbiota and inflammatory markers (Table S2). After adjustment for multiple
correlations, we found significant associations with some inflammatory markers at family
and genus levels. At the family level, there were inverse correlations between IL−1ß levels
and Oxalobacteraceae (rho = −0.46, adjusted p < 0.05), GM-CSF levels and Lactobacillaceae
(rho = −0.53, adjusted p < 0.05), and CXCL12 levels and Ruminococcaceae (rho = −0.46,
adjusted p < 0.05). At the genus level, there were inverse correlations between GM-CSF levels
and Lactobacillus (rho = −0.53, adjusted p < 0.05), CXCL12 levels and Ocillospira (rho = −0.46,
adjusted p < 0.05), CXCL12 levels and Bilophila (rho = −0.46, adjusted p < 0.05), and CCL7
levels and Ocillospira (rho = −0.49, adjusted p < 0.05); but there was a positive correlation
between IL−22 levels and Clostridium (rho = +0.47, adjusted p < 0.05).

3.7.4. AAS, GGS and Pentosidine

Overall, there was a negative association between the gut microbial abundance and
plasma levels of carbonyl products and pentosidine (Table S3). After adjustment for
multiple correlations, we found significant correlations with AAS and GGS levels at family
and genus levels. Namely, AAS levels were inversely correlated with Paraprevotellaceae
and Paraprevotella (rho = −0–47, adjusted p < 0.05), GGS levels were inversely correlated
with Barnesiellaceae and Barnesiella (rho = −0.56, adjusted p < 0.05) and Lactobacillaceae
and Lactobacillus (rho = −0.50, adjusted p < 0.05). Unlike AAS and GGS, pentosidine levels
were not significantly associated with the gut microbial abundance.

4. Discussion

Evidence supports that adherence to the Mediterranean diet is strongly associated
with a reduction in the risk of cardiovascular disease [45–47]. In fact, the Mediterranean
diet is recommended to patients, as it was shown to be effective for prevention of car-
diovascular events [48,49]. Some components of the Mediterranean diet such as olive oil
provide cardiovascular benefits, antithrombotic properties [50,51] and improves postpran-
dial lipemia concentration, which is typically elevated in patients with T2DM [52]. In recent
years, interest in functional components from herbal medicines has increased, supported
by the confirmed medicinal potential of essential oils [53]. In this study, we aimed to assess
the effects of essential oils from savory, parsley and rosemary, which are commonly used
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condiments in the Mediterranean diet, using a higher dose than within a regular diet. We
used the essential oils as potential nutraceuticals and assessed their effects on microbial
populations, their metabolites (TMA and TMAO in plasma and SCFAs in feces) and plasma
markers (cardiovascular disease, inflammation and oxidative stress), using a humanized
mouse model harboring colonic microbiota derived from that of patients with IHD and
T2DM. The main results of this study are as follows: (a) Treatments with essential oil emul-
sions of savory, parsley and rosemary had prebiotic effects on gut microbiota by inducing
an increase in Lactobacillus genus, which are considered beneficial bacteria; (b) Plasma
TMAO levels, a pro-atherogenic substance related to the pathogenicity of IHD and the
production of pro-inflammatory cytokines [54], were significantly reduced after treatment
with essential oils, more specifically with parsley and rosemary; (c) Fecal levels of SCFA
species were increased after treatment with parsley and rosemary essential oils, which
suggests a beneficial effect of these essential oils on the gastrointestinal health; (d) Plasma
thrombomodulin levels were increased after treatments with essential oils of savory and
parsley; (e) Overall, essential oils had anti-inflammatory effects through alterations in the
plasma levels of cytokines and chemokines; and (f) Finally, there was a reduction in the
expression of protein carbonyls and pentosidine.

High-level adherence to the Mediterranean diet has been positively associated with
changes in gut microbiota composition and their metabolites [55]. Gut microbiota uses
L-carnitine as a precursor to generate TMA, which is rapidly absorbed into the portal
circulation by passive diffusion across the enterocyte membranes and then oxidized to
TMAO by the action of hepatic flavin-containing monooxygenases (mainly FMO3) [56].
As expected, our results showed that TMA was only increased after administration of
L-carnitine, but we did not observe changes in TMA levels after treatments with different
essential oil emulsions. In contrast, we observed a significant reduction of plasma TMAO
levels in the parsley and rosemary groups that cannot be explained by changes in the TMA
levels. Therefore, the treatments with parsley and rosemary essential oils likely affect the
metabolism of TMAO by decreasing the oxidative activity of FMO3 and/or increasing the
mobilization of TMAO (i.e., absorption by tissues or excretion in urine) [57]. However, the
exact mechanism has to be elucidated, and further research is needed.

Among others, the microorganisms linked to high concentrations of pro-atherogenic
substances, mainly TMAO, include species from Firmicutes, Pseudomonas, Bacillota and
Proteobacteria phyla, such as Anaerococcus hydrogenalis, Clostridium asparagiforme, Clostrid-
ium hathewayi, Clostridium sporogenes, Escherichia fergusonii, Proteus penneri or Providencia
rettgeri [58]. In fact, these microorganisms were found to a lesser extent in the colonic
microbiota of patients presenting low levels of TMAO in plasma [59]. However, after
correlation analysis, we found that TMAO levels were not significantly associated with the
abundance of different groups of gut microbiota. This fact would support the idea that the
TMAO inhibition provoked by these essential oils would be based on the TMAO oxidation
hampering, instead of the bacterial role.

Specific dietary components could also alter gut microbiota composition and activ-
ity [60]. Colonic microbiota populations play a key role in the generation of SCFAs, with a
positive impact on the metabolism of the host [16]. Within the SCFA, acetate is present in
highest proportions in subjects with adherence to the Mediterranean diet [60]. In our results,
we observed that Mediterranean plant-derived essential oils alter the fecal composition
of SCFA species, as previously reported [61]. More specifically, essential oil emulsions of
parsley and rosemary induced an increase in the acetic acid levels, the most abundant SCFA.
These results are consistent with the increase in Lactobacillus genus population observed in
our results, which is one of the highest contributors to the production of acetic acid [62]. In
addition, we also observed an increase in the fecal levels of propionic and butyric acids in
the rosemary group. In this regard, the higher content of SCFAs seems to be also linked to
the increased percentage of Barnesiella genus in the gut microbiota by the effect of rosemary
essential oil. Consistently, the positive correlation of this genus with the SCFA levels [63]
has been previously reported.
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Previous studies demonstrated that SCFAs have a beneficial effect on regulating regula-
tory T cells [64], revealing the important role of both microbiota and microbiota-derived
SCFAs on immune system modulation [65,66]. Our data showed a marked differential
effect on plasma inflammatory markers depending on the essential oil administered. Thus,
our results suggest a role of savory essential oil in a pro-inflammatory response, while both
parsley and rosemary essential oils induce an anti-inflammatory profile, likely linked to
a high production of SFCAs. It is worth emphasizing that not all SFCAs play the same
role in relation to gut health, lipid metabolism and health status. Acetic and butyric acids
are used by rat colonic epithelial cells as an energy source and strengthen the epithelial
homeostasis preventing inflammation [67,68]. Considering the observed prebiotic effect,
boosting Lactobacillus genus among others, in parallel to the higher levels found for the
three main SFCAs and the anti-inflammatory response, rosemary essential oil seems to
exert the most beneficial effect.

In previous studies, the Mediterranean diet has been associated with reduced inflam-
mation [69] due to the effect of some of its components. In our study, the analysis of plasma
inflammatory markers, cytokines and chemokines, showed different profiles depending on
the type of essential oil used in the treatment. Thus, savory essential oil induced an increase
in the levels of chemokines CXCL1, CCL2 and CCL11 and pro-inflammatory cytokines
IL−6 and IL−23. Moreover, savory essential oil induced a decrease in IL−4 levels, which
is a typical anti-inflammatory cytokine. On the contrary, parsley essential oil induced a
more anti-inflammatory pattern showing low levels of IFNγ and IL−22 cytokines. Finally,
treatment with rosemary essential oil emulsion clearly showed an anti-inflammatory profile,
reducing the levels of IFNγ, TNFα, IL−12p and IL−22. In addition, we found increased
levels of CXCL10 in all groups supplemented with L-carnitine when compared with the
control group. CXCL10 is a pro-inflammatory chemokine that can be secreted by numerous
cell types in response to an inflammatory process, regulating cell recruitment [70]. Its
function can be regulated by cytokines, such as IFNγ and TNFα [71–73], and it has been
proposed, together with CXCL9 and CXCL11, as a biomarker for heart failure and left
ventricular dysfunction [74,75]. It has been previously reported that essential oils can
modulate the secretion of important cytokines, having an effect in inflammatory path-
ways such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) [76].
Our results suggest that treatment with parsley and rosemary essential oils may partially
compensate for the elevation of the pro-inflammatory chemokine CXCL10 by inducing an
anti-inflammatory profile.

These pro- and anti-inflammatory profiles may be also related to the production of
thrombomodulin, an anti-coagulant cofactor. Interestingly, recent studies have shown that
thrombomodulin exhibits anti-inflammatory effects by inhibiting leukocyte recruitment [77].
In addition, the prototypical pro-inflammatory NF-kB signaling pathway has been shown to
down-regulate thrombomodulin expression [78]; however, the elevated thrombomodulin
expression in the savory and parsley groups was only associated with the decrease in
the expression of the pro-inflammatory cytokine IL−22, because the expression of other
pro-inflammatory cytokines was inconsistent in both groups.

The antioxidant effect of some plant-derived compounds has been previously applied
against a series of chronic diseases, such as IHD and T2DM [30]. Recently, essential oils
of some plants have shown to exhibit important antioxidant activity [79]. To evaluate
the antioxidant potential of savory, parsley and rosemary essential oils, we assessed the
plasma levels of protein carbonyls and pentosidine after treatment. Protein carbonyls
are the result of oxidation of lysine, arginine and proline residues in proteins, mostly to
AAS and GGS. A pentosidine is a glycosylation end-product formed by the cross-link of a
pentose between arginine and lysine residues of proteins. Production of both carbonyls and
pentosidine are induced by oxidative reactions and, therefore, their levels are considered as
biomarkers of oxidative stress [80]. Protein oxidation and the accretion of protein carbonyls
is a pathological hallmark of multiple chronic diseases, such as T2DM, inflammatory bowel
diseases and neurodegenerative disorders, among others [81]. Scientific evidence reports
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the onset of carbonyl stress in hyperglycemic conditions leading to pancreatic failure,
insulin resistance and onset of T2DM [31,82]. In addition, pentosidine is commonly used as
an indicator of T2DM complications, such as hypertension and heart failure [83]. We did
not observe changes induced by L-carnitine supplementation, despite being an antioxidant
compound. However, we found a general reduction in the plasma levels of AAS, GGS
and pentosidine levels after treatments with essential oil emulsions. Specifically, AAS
and pentosidine levels were reduced in mice treated with savory essential oil, while GGS
levels were reduced with rosemary essential oil treatment. Consistently, gut microbiota
populations were found negatively correlated with AAS and GGS levels in the plasma.
Reduction in inflammation in the parsley and rosemary groups may alleviate the oxidative
stress, leading to lower levels of protein carbonyls and pentosidine. The savory group also
showed reduced oxidative stress, pointing out that the essential oil may contain compounds
with intrinsic antioxidant properties. Our results suggest an antioxidant profile of plant-
derived compounds widely used in the Mediterranean diet, such as savory, parsley and
rosemary essential oils, when used as nutraceuticals.

We are aware that there are some limitations to the findings reported in this study.
First, sample size was low, and a higher sample size would allow us to consolidate our
results. Second, we used a preclinical humanized model, which entails a number of
limitations when transferring the findings directly to patients. Third, randomly cycling
female mice were used because the variability in 30 categories of behavioral, morphological,
physiological, and molecular traits is not higher than in male mice [84], and because female
mice housed in groups do not fight [85]; however, we are aware that future studies need
to incorporate females and males in equal numbers with explicit comparison of the two
sexes and that the inclusion of the estrous cycle stage of female mice contributes to a better
characterization in several of these biochemical variables. Finally, we only assessed a single
high dose of essential oil emulsions of savory, parsley and rosemary to evaluate their
potential to protect against cardiovascular diseases. Furthermore, the combination of these
essential oils could give rise to a synergistic beneficial effect higher than the one observed
by each essential oil separately. Thus, our results pave the way for future translational
studies assessing the minimal dose with the maximum effect and the potential toxic effect.

5. Conclusions

In summary, this study demonstrates that dietary supplementation of essential oils
from parsley, savory and rosemary exert prebiotic effects by promoting or restoring bene-
ficial bacteria populations in the gut of humanized mice with fecal transplantation from
patients with IHD and T2DM. These effects on gut microbiota caused a decrease in plasma
TMAO levels and an increase in fecal SCFA levels. Interestingly, treatments with essential
oil emulsions were associated with an anti-inflammatory and antioxidant profile. It is
worth mentioning that rosemary essential oil was the most promising nutraceutical for the
treatment and/or prevention of cardiovascular events. Moreover, this work displays novel
evidence by which plant-derived essential oils, commonly used in the Mediterranean diet,
promote health and protect against inflammation and oxidative stress typically observed in
IHD and/or T2DM. Further studies are warranted to validate our results in humans with
the aim to modulate the gut microbiota and enhance biochemical biomarkers in patients
with IHD and T2DM.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu14214650/s1, Figure S1: Relative gut microbial abundances at
the species level. Figure S2: Plasma levels of additional cytokines and chemokines in mice from the
treatment groups; Table S1: Experimental diet used in animals. Table S2: Correlation analysis between
gut microbial abundance and plasma levels of cytokines and chemokines. Table S3: Correlation
analysis between gut microbial abundance and plasma levels of AAS, GGS and pentosidine.
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Abstract: Recently, the addition of copper nanoparticles (NPs) in a daily diet (6.5 mg/kg) was
studied in different animal models as a possible alternative to ionic forms. Male Wistar–Kyoto
rats (24-week-old, n = 11) were fed with copper, either in the form of carbonate salt (Cu6.5) or
metal-based copper NPs (NP6.5), for 8 weeks. The third group was fed with a half dose of each
(NP3.25 + Cu3.25). The thoracic aorta and blood plasma was studied. Supplementation with NP6.5

decreased the Cu (×0.7), Cu/Zn-ratio (×0.6) and catalase (CAT, ×0.7), and increased Zn (×1.2) and
superoxide dismutase (SOD, ×1.4). Meanwhile, NP3.25 + Cu3.25 decreased the Cu/Zn-ratio (×0.7),
and CAT (×0.7), and increased the daily feed intake (×1.06). Preincubation with either the selective
cyclooxygenase (COX)-2 inhibitor, or the non-selective COX-1/2 inhibitor attenuated vasodilation
of rat thoracic aorta in the NP6.5 group exclusively. However, an increased vasodilator response
was observed in the NP6.5 and NP3.25 + Cu3.25 group of rats after preincubation with an inhibitor of
20-hydroxyeicosatetraenoic acid (20-HETE) formation, and the thromboxane receptor (TP) antagonist.
Significant differences were observed between the NP6.5 and NP3.25 + Cu3.25 groups of rats in:
dietary intake, acetylcholine-induced vasodilation, and response to COX-inhibitors. Copper NPs in a
standard daily dose had more significant effects on the mechanism(s) responsible for the utilization
of reactive oxygen species in the blood plasma with the participation of prostanoids derived from
COX-2 in the vascular relaxation. Dietary copper NPs in both doses modified vasodilation through
the vasoconstrictor 20-HETE and the TP receptors.

Keywords: aging; 20-HETE; furegrelate; HET0016; indomethacin; NS-398; SQ-29,548; thromboxane-A2

1. Introduction

Copper fluctuations in a diet may have either pro- or antioxidant effects on animal
or human health, dependent on the daily dose [1–4]. A high intake of copper (including
the recommended daily dose) may induce oxidation of lipids and proteins in cells that
are potentiated in situations of a high-risk susceptibility to toxic compounds, such as
in diabetes mellitus or hypertension [5,6]. Many of the major enzymes of biological
processes are influenced by copper intake, including Cu–Zn superoxide dismutase (SOD),
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cytochrome c oxidase, lysyl oxidase, L-ascorbate oxidase, monoamine oxidase, tyrosinase,
and the enzymes of tryptophan degradation [7]. This may bring oxidative damage to lipids,
proteins, and DNA, and result in neurodegenerative changes when dysregulated by either
copper deficiency or its surplus [8,9].

Moreover, administration of copper nanoparticles (NPs) to animal feed, in a standard
daily dose, may be of toxicological relevance due to its negative impact on animal health
and the excretion of a large amount of this element into the environment and thus contami-
nation [10]. Copper NPs induce a toxic effect by the increased production of free radicals,
including hydroxyl radicals, hydrogen peroxides, and superoxide anions. The properties of
metal NPs, including small size and high reactivity, increase their biological action, which
may interfere with the physiological processes and the bioavailability of other macro- and
microelements; therefore, the standard daily dose (6.5 mg/kg of diet) should probably be
reduced to prevent increased toxicity [11].

As there are just a few studies regarding the safety of copper NPs in rats, and some of
these results are controversial, we aimed to examine the influence of a standard 6.5 mg/kg
dose of copper as NPs. In another group, the daily dose of NPs was reduced by half, to
3.25 mg/kg, and 3.25 mg/kg of copper carbonate was added instead. The third group was
fed with 6.5 mg/kg of copper carbonate. The blood plasma antioxidant status was studied
together with the participation of arachidonic acid metabolites in the vasodilator response
of rat thoracic aorta to acetylcholine.

2. Materials and Methods

2.1. Drugs and Chemicals

Acetylcholine (chloride), indomethacin, noradrenaline (hydrochloride), and NS-398 were
obtained from Sigma-Aldrich (St. Louise, MO, USA); copper as carbonate (purity ≥ 99%)
from Poch (Gliwice, Poland); SQ-29,548, furegrelate, and HET0016 from Cayman Chemical
(Ann Arbor, MI, USA). Stock solutions (10 mM) of these drugs were prepared in distilled
water, except for noradrenaline, which was dissolved in NaCl (0.9%) + ascorbic acid (0.01%
w/v) solution; HET0016, SQ-29,548, and indomethacin were dissolved in ethanol; 1400 W in
methanol; and NS-398 in DMSO. The solvent concentration was less than 0.01% (v/v).

These solutions were stored at −20 ◦C, and appropriate dilutions were made in Krebs–
Henseleit solution (KH in mM: NaCl 115; CaCl2 2.5; KCl 4.6; KH2PO4 1.2; MgSO4 1.2;
NaHCO3 25; glucose 11.1) on the day of the experiment.

Metal-Based Copper Nanoparticles

Copper NPs (99.9% purity powder, 40–60 nm size, 12 m2/g SSA, spherical morphol-
ogy, 0.19 g/cm3 bulk density, 8.9 g/cm3 true density) were purchased from Sky Spring
Nanomaterials (Inc., Houston, TX, USA). Stock solution (5 g/L) was prepared in a rapeseed
oil, and about 9% of NPs dissolved as Cu (II) ions; thus, the final suspension contained
both NPs and released copper species. The zeta potential of the copper NP suspension was
determined to be −30.3 mV (in PBS) and −38.3 mV (pH 5), and the size was 104 nm (in
rapeseed oil) determined by dynamic light scattering with a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) [12].

2.2. Experimental Protocol

24-week-old normotensive Wistar–Kyoto (WKYs/NCrl) rats from Charles River
(Sulzfeld, Germany) were allocated randomly to 3 groups (n = 11) and were fed indi-
vidually for 8 weeks with experimental diets under standard laboratory conditions [1].
Exclusively male rats were studied, to enable comparison with the previous experimen-
tations. The rats were fed with copper in a standard daily dose of 6.5 mg/kg, either as
carbonate salt (Cu6.5) or metal NPs (NP6.5). Moreover, the third group (NP3.25 + Cu3.25)
was fed with 3.25 mg of copper NPs plus 3.25 mg of copper carbonate. Animal pellets
were prepared according to the American Institute of Nutrition, and the copper NPs were
dissolved in pure rapeseed oil (5 g/L) and mixed with the diet weekly [1].
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2.3. Experimental Procedures

Intraperitoneal injections of ketamine (100 mg/kg BW) and xylazine (10 mg/kg BW)
were used for anesthesia, followed by exsanguination [13]. Blood was centrifuged at
3000× g for 10 min to separate the plasma, which was further stored at −80 ◦C until
analysis. The thoracic aorta was dissected and kept in an ice-cold Krebs–Henseleit buffer.

2.4. Blood Analysis

Copper and zinc were measured by the ICP–OES method. Bovine liver was used as
a certified reference material (NIST1577C) for quality control. The units are expressed as
μM. Superoxide dismutase activity was measured with Ransod and Ransel diagnostic kits
(Randox); meanwhile, catalase (CAT) was determined by the enzymatic decomposition
of hydrogen peroxide into water and oxygen. Data are expressed in U/mL. The sums of
reduced glutathione (GSH) and oxidized glutathione (GSSG) were determined using an
enzymatic method (Cell Biolabs) [14]. The units are expressed as μM. The total antioxidant
potency FRAP (Ferric Reducing Antioxidant Power) was measured colorimetrically at
594 nm through the reduction of Fe(III) to Fe(II) by antioxidants present in the sample.
Data are expressed as μM. The malondialdehyde (MDA) generates the MDA–TBA adduct,
which was quantified with a fluorometric assay kit (ab118970) at Ex/Em = 532/553 nm.
Data are expressed as mM.

2.5. Vascular Reactivity Studies

Briefly, aortic rings of 4 mm length were mounted in a stagnant 5 mL Graz Tissue
Bath System (Barcelona, Spain) under the pre-load tension of 1 cN and aerated with
carbogen gas for 60 min (TAM-A Hugo Sachs Elektronik, March, Germany) [15,16]. The
functional integrity of aortic rings was checked with high K+ (75 mM KCl) and ACh
(10 μM). Next, aortic rings were incubated for 30 min with either the inducible nitric
oxide synthase (iNOS) inhibitor (1 μM, 1400 W), the selective cyclooxygenase-2 (COX-2)
inhibitor (10 μM, NS-398), the non-selective COX-1/2 inhibitor (10 μM, indomethacin), the
inhibitor of 20-hydroxyeicosatetraenoic acid (20-HETE) formation (0.1 μM, HET0016), the
thromboxane-A2 synthase inhibitor (1 μM, furegrelate), or the thromboxane-A2 receptor
(TP) antagonist (1 μM, SQ-29,548), and contracted with noradrenaline (0.1 μM). Then, the
cumulative doses of ACh (0.1 nM–10 μM) were added into the incubation chambers. Only
one cumulative concentration–response curve (CCRC) was performed on each aortic ring.

2.6. Data Analysis and Statistics

Vascular relaxation was expressed as a percentage of the contractile response to
noradrenaline NA (0.1 μM). The CCRCs were analyzed by a nonlinear regression model
(log agonist vs. response), which determined the area under the curve (dAUC), the maximal
response (Emax, %), and the potency (pEC50 = −logEC50). The Gaussian distribution of
residuals and homoscedasticity of variance were tested for all data with n = 11; “n” refers
to independent values, not replicates. The group comparison was performed by either a
parametric (t-test or ANOVA) or non-parametric test (Mann–Whitney U-test or Kruskal–
Wallis test). Results are expressed as the means ± SEM (for CCRCs) and means ± SD. Due
to the small group sizes (n < 12), outliers detected by Grubbs’ test were included in a data
set [13]. The level of significance was when * p < 0.05.

3. Results

3.1. The General Characterization of WKY Rats

These results are presented in Figure 1A–D. Experimental supplementation with NP6.5
neither changed the body weight (BW) gain (×1.0, Figure 1C), nor the dietary intake (×1.02,
Figure 1D). In the NP3.25 + Cu3.25 group of rats, BW gain was not changed in a significant
way (×1.4, Figure 1C), contrary to the significant increase in daily feed intake (×1.06,
p = 0.0008, Figure 1D). No significant difference was observed in the BW gain between
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NP3.25 + Cu3.25 and NP6.5 supplemented rats (×1.4, Figure 1C), as opposed to the increased
daily feed intake (×1.04, p = 0.0462, Figure 1D).

Figure 1. The influence of experimental diets on rat body weight (A–C), and daily feed intake (D). Values are expressed as
means ± SD of n = 11 rats (A–C), and of m = 56 days of supplementation (D). NP3.25 + Cu3.25 increased by 1.06-fold the
daily feed intake.

3.2. Biomarkers of Oxidative Stress in the Blood Plasma

Supplementation with NP6.5 modified the Cu/Zn-ratio (×0.6, p = 0.007), Cu (×0.7,
p = 0.0083), CAT (×0.7, p = 0.0134), Zn (×1.2, p = 0.0429), and SOD (×1.4, p = 0.0137);
meanwhile, NP3.25 + Cu3.25 decreased the Cu/Zn-ratio (×0.7, p = 0.0397), and CAT (×0.7,
p = 0.0134). NP6.5 did not change FRAP (×1.0), GSH + GSSG (×1.1) and MDA (×1.4); and
NP3.25 + Cu3.25 did not change Cu (×0.8), MDA (×1.0), GSH + GSSG (×1.0), Zn (×1.1), FRAP
(×1.1), and SOD (×1.2). There was no significant difference between NP3.25 + Cu3.25 and
NP6.5 in the level of MDA (×0.7), GSH + GSSG (×0.9), SOD (×0.9), Zn (×0.9), CAT (×1.0),
FRAP (×1.1), Cu (×1.2), and Cu/Zn-ratio (×1.3). Data are presented in Figure 2A–H.

Figure 2. Cont.
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Figure 2. The influence of experimental diets on Cu, Zn content (A–C), and antioxidant mechanism (D–H) in blood plasma.
Values are expressed as means ± SD of n = 11 rats. Supplementation with NP6.5 decreased the Cu (×0.7), Cu/Zn-ratio
(×0.6), catalase (CAT, ×0.7), and increased Zn (×1.2), and superoxide dismutase (SOD, ×1.4). NP3.25 + Cu3.25 decreased the
Cu/Zn-ratio (×0.7), and CAT (×0.7).

3.3. Vascular Reactivity Studies

Neither NP3.25 + Cu3.25 (AUC: ×0.85) nor NP6.5 (AUC: ×1.18) changed the vasodila-
tion compared to the control Cu6.5. However, there was a tendency to increased vasodila-
tion at 10 nM of ACh in NP6.5 (see Figure 3). Moreover, significant change was observed in
NP3.25 + Cu3.25 compared to NP6.5 (AUC: ×0.72). Preincubation with NS-398 diminished
that response (between NP3.25 + Cu3.25 and NP6.5), which was completely abolished with
indomethacin (see Table 1).

Figure 3. The relaxant response to acetylcholine in the isolated thoracic rings from rats supplemented
with Cu6.5, NP3.25 + Cu3.25, and NP6.5. Results are means ± SEM, * compared to Cu6.5, # compared
to NP3.25 + Cu3.25, p < 0.05 of n = 11 rats; ANOVA/Tukey’s. The red curve is the nonlinear regression
model (log agonist vs. response). A significant change in the relaxant response was observed between
the NP3.25 + Cu3.25 and NP6.5 groups of rats.
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Table 1. The influence of iNOS inhibitor (1400 W, 1.0 μM), the selective COX-2 inhibitor (NS-398, 10 μM), the non-selective
COX-1/2 inhibitor (indomethacin, 10 μM), the inhibitor of 20-HETE formation (HET0016, 0.1 μM), the thromboxane-A2

synthase inhibitor (furegrelate, 1.0 μM), and the thromboxane receptor antagonist (SQ-29,548, 1.0 μM) on the vasorelaxant
effects to acetylcholine of thoracic arteries from Wistar–Kyoto rats supplemented with Cu6.5, NP3.25 + Cu3.25 and NP6.5.

Group Cu6.5 NP3.25 + Cu3.25 NP6.5

n Emax (%) pEC50 AUC n Emax (%) pEC50 AUC n Emax (%) pEC50 AUC

Control
conditions 11 69.76 7.509 182.0 11 62.19 7.413 157.0 11 76.80 $ 7.748 214.3 $

±SEM 1.899 0.087 12.73 3.460 0.172 25.01 3.294 0.147 25.10
+1400 W 5 74.95 7.581 205.9 5 66.40 7.454 173.2 5 80.15 $ 7.839 232.1 $

±SEM 4.092 0.183 21.09 4.326 0.209 25.66 3.212 0.131 18.19
+HET0016 5 60.64 7.795 175.1 6 76.50 *# 7.386 190.3 * 7 88.44 *#$ 7.874 $ 252.9 *#$

±SEM 4.180 0.227 22.66 4.714 0.165 19.81 2.919 0.120 20.99
+SQ-29,548 5 75.77 7.210 176.2 7 82.08 * 7.222 199.0 * 6 86.82 *# 7.683 #$ 241.4 *#

±SEM 3.725 0.139 17.27 2.855 0.102 15.66 2.929 0.112 17.28
+FURE 5 69.25 7.360 167.1 7 64.34 7.387 159.7 6 71.47 7.711 202.2
±SEM 2.888 0.124 12.77 3.030 0.143 16.53 4.186 0.195 27.60

+NS-398 5 73.82 7.582 207.5 5 61.61 # 7.277 152.7 # 5 70.36 7.624 $ 190.9 *
±SEM 5.746 0.267 29.95 4.113 0.200 20.22 3.652 0.170 24.58
+INDO 5 76.61 7.564 206.6 5 67.88 7.618 182.8 5 68.88 7.540 179.8 *
±SEM 4.008 0.173 21.78 3.088 0.158 13.54 3.772 0.174 22.93

Values are based on the concentration–response curves shown in Figures 3–7. Data are expressed as means ± SEM where n represents the
number of animals. * p < 0.05 compared with the control conditions, # p < 0.05 compared with the Cu6.5 group, $ p < 0.05 compared with the
NP3.25 + Cu3.25 group as determined by one-way ANOVA followed by Tukey’s post hoc test.

Figure 4. The influence of 1400 W on the relaxant response to acetylcholine. Aortic rings from rats supplemented with Cu6.5

(A), NP3.25 + Cu3.25 (B), and NP6.5 (C) were pre-incubated with the inducible nitric oxide synthase inhibitor (1400 W, 30 min,
1 μM). Results are means ± SEM, p > 0.05 of n = 5 rats; two-way ANOVA/Sidak’s. Preincubation with the selective iNOS
inhibitor did not modify the vasodilation.

Preincubation with 1400 W (1 μM) did not modify the vasodilation in Cu6.5 (AUC:
×1.13), NP3.25 + Cu3.25 (AUC: ×1.04), and NP6.5 (AUC: ×0.92), see Figure 4A–C.

Neither the selective COX-2 inhibitor (NS-398, 10 μM), nor the non-selective COX-
1/2 inhibitor (indomethacin, 10 μM) changed the acetylcholine-induced response in the
following groups of rats: Cu6.5 (AUC: ×1.09, and ×1.10, respectively, Figure 5A), and
NP3.25 + Cu3.25 (AUC: ×0.90, and ×1.05, respectively, Figure 5B). However, a decreased
response was observed in the NP6.5 group (×0.84, and ×0.81, respectively, Figure 5C).
There was no significant difference between NS-398- and indomethacin-induced response
in NP6.5 (AUC: ×1.04), opposite to some changes in NP3.25 + Cu3.25 (AUC: ×0.86).

Preincubation with HET0016 (0.1 μM) potentiated vasodilation in NP3.25 + Cu3.25
(AUC: ×1.39, Figure 6B), and NP6.5 (AUC: ×1.52, Figure 6C) fed rats. This was not
observed in the control group Cu6.5 (AUC: ×1.02, Figure 6A).
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Figure 5. The influence of NS-398 and indomethacin (Indo) on the relaxant response to acetylcholine. Aortic rings from
rats supplemented with Cu6.5 (A), NP3.25 + Cu3.25 (B), and NP6.5 (C) were pre-incubated with the selective cyclooxygenase-
2 (COX-2) inhibitor (NS-398, 30 min, 10 μM) and the non-selective COX-1/2 inhibitor (Indo, 30 min, 10 μM). Results
are means ± SEM, * p < 0.05 of n = 5 rats; ANOVA/Tukey’s. Preincubation with NS-398 and indomethacin attenuated
vasodilation of rat thoracic aorta in the NP6.5 group exclusively.

p p

Figure 6. The influence of HET0016 on the relaxant response to acetylcholine. Aortic rings from rats supplemented with
Cu6.5 (A), NP3.25 + Cu3.25 (B), and NP6.5 (C) were pre-incubated with an inhibitor of 20-HETE formation (HET0016, 30 min,
0.1 μM). Results are the means ± SEM, * p < 0.05 two-way ANOVA/Sidak’s. Number of animals is indicated in parenthesis.
Preincubation with HET0016 potentiated vasodilation in NP3.25 + Cu3.25, and NP6.5 fed rats. This was not observed in the
control group (Cu6.5).

Neither the thromboxane-A2 synthase inhibitor (furegrelate, 1 μM) nor the TP antago-
nist (SQ-29,548, 1 μM) changed the acetylcholine-induced response in Cu6.5 (Figure 7A).
However, in the NP3.25 + Cu3.25 (AUC: ×1.38, Figure 7B) and the NP6.5 (AUC: ×1.57,
Figure 7C) groups of rats, SQ-29,548 potentiated vasodilation. Furegrelate did not modify
that response (AUC: ×1.05, and ×1.03, respectively). Moreover, a significant increase was
also observed between SQ-29,548 and furegrelate (AUC: ×1.31, and ×1.53, respectively)
(Figure 7B,C).

The vasodilator response to acetylcholine is presented in Figures 3–7. Results are
expressed as Emax (%), pEC50 and AUC, see Table 1.
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Figure 7. The influence of furegrelate and SQ-29,548 on the relaxant response to acetylcholine. Aortic rings from rats
supplemented with Cu6.5 (A), NP3.25 + Cu3.25 (B), and NP6.5 (C) were pre-incubated with the thromboxane-A2 synthetase
inhibitor (FURE, 30 min, 1 μM) and the thromboxane-A2 receptor antagonist (SQ-29,548, 30 min, 1 μM). Results are
means ± SEM, * p < 0.05; ANOVA/Tukey’s. Number of animals is indicated in parenthesis. SQ-29,548 potentiated
vasodilation in the NP3.25 + Cu3.25 and in the NP6.5 group of rats.

4. Discussion

Our previous studies revealed differences in the vascular tone regulation and the
antioxidant status of rats supplemented with copper NPs (of 40–60 nm size) [1,2,12,17,18].
Of great importance is that in the previous experiments, both the age (either 4, 5, or
6 weeks) of Wistar Han IGS rats and the duration of feed intake (either 4 or 8 weeks) were
what differentiated these studies from the one presented now, which can be described
as 24 + 8 (24 weeks of age + 8 weeks of experimental feeding); and this was carried out
on Wistar–Kyoto (WKY) rats, as a control for the spontaneously hypertensive rat (SHR)
model which was also analyzed, but will be described elsewhere. Based on the previous
results, antioxidant status and the participation of arachidonic acid metabolites were
further investigated in the regulation of the vasodilator response induced by acetylcholine.
Three different diets (i) standard with copper carbonate (Cu6.5), (ii) with metal copper NPs
(NP6.5), and (iii) half dose of each (NP3.25 + Cu3.25) were prepared in the form of pellets,
and given daily to rats in order to study the physiological properties of dietary copper NPs.

Experimental supplementation with NP6.5 neither modified the body weight nor the
feed intake, which is in agreement with our previous results 4 + 8 (4 weeks of age + 8 weeks
of experimental feeding), and 5 + 4 (5 weeks of age + 4 weeks of experimental feed-
ing) [2,3,12,17]. However, in the NP3.25 + Cu3.25 group of rats, we observed a significant
increase in the daily feed intake compared to Cu6.5 and NP6.5, and an increase of body
weight gain (not significant), which might be explained by the higher feed intake, and may
become significant when more rats per group are studied. The observed increase in feed
intake is difficult to explain and merits further investigation. Experimental treatment with
NP6.5 markedly reduced blood plasma Cu and increased Zn, which resulted in a decreased
Cu/Zn-ratio. This is opposite to the 4 + 8 study, when Zn remained unchanged. However,
in the same study, Cu and the Cu/Zn-ratio also decreased [18]. In the NP3.25 + Cu3.25 group
of rats, the Cu/Zn-ratio decreased significantly, which was due to a decrease in Cu and
an increase in Zn (both results were not significant). There was no statistically significant
difference between NP3.25 + Cu3.25 and NP6.5 in the Cu, Zn, and Cu/Zn-ratio. We have
now observed, for the first time, increased activity of SOD and decreased CAT in NP6.5
supplemented rats. This is contrary to our previous studies (4 + 8, and 6 + 8), when the
activity of SOD was not modified and CAT increased [2,19]. However, another experiment
from our research group (5 + 4) pointed to a decrease in CAT [12]. Increased SOD (result
not significant) and decreased CAT were also observed for the NP3.25 + Cu3.25 group.
Increased SOD indicates an effective means of scavenging superoxide anion, whereas
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decreased CAT points to possible enzyme depletion in response to the increased oxidative
stress and intensified scavenging of hydrogen peroxide. Another enzyme of hydrogen
peroxide degradation, glutathione peroxidase, was not modified in this study, and this is
opposite to a significant decrease in the 5 + 4 study [12]. Copper in the form of NPs neither
modified FRAP nor MDA. These findings are not entirely in agreement with our previous
results (4 + 8 and 6 + 8), when FRAP increased [2,19], and MDA either increased (5 + 4
and 7 + 8) [1,12] or was not modified (4 + 8, and 6 + 8) [2,3,19]. We previously reported
that replacing Cu6.5 with NP6.5 and reducing the dose (from a standard 6.5 mg/kg to a
3.25 mg/kg in the diet of rats 5 + 4) had particularly unfavorable effects on the respiratory
system, causing adverse changes to the lungs. Surprisingly, these treatments also had
a positive effect on the redox status of the liver and brain [20]. Moreover, the addition
of copper NPs into the rat diet (5 + 4 and 7 + 8) reduced protein oxidation and nitra-
tion [1,12], as well as DNA oxidation and methylation. Meanwhile, lowering the daily dose
increased the oxidation of proteins and DNA methylation [12]. In our study, neither NP6.5
nor NP3.25 + Cu3.25 modified the acetylcholine-induced vasodilation compared to Cu6.5
control. However there was a tendency to increased vasodilation in NP6.5 supplemented
rats. This stays in agreement with the 4 + 8 study [2], and is in opposition to the 7 + 8
study, when NP6.5 potentiated the vasodilator response induced by acetylcholine in a
significant way [1]. Surprisingly, in the present study, NP6.5 potentiated that response
compared to NP3.25 + Cu3.25. Preincubation with NS-398 (COX-2 inhibitor) diminished that
response, which was completely abolished with indomethacin (COX-1/2 inhibitor). These
results suggest participation of COX-2 in NP-induced response, which is a dose dependent
mechanism. In another experiment, conducted by Cendrowska-Pinkosz et al. [21], NP6.5
in the diet of rats did not change the acetylcholinesterase level (an enzyme that catalyzes
the breakdown of acetylcholine) in the blood compared to Cu6.5 (7 + 8), so the observed
changes might not be due to enzyme depletion nor surplus. Even though we did not
currently report any changes in acetylcholine-induced vasodilation followed by NP6.5 and
NP3.25 + Cu3.25 intake (compared to the control Cu6.5), the contribution of nitric oxide
and arachidonic acid metabolites cannot be ruled out. We observed that iNOS inhibition
with 1400 W did not modify that response in aortas from all three studied groups, which
is contrary to the previous study (7 + 8), when the overproduction of NO from iNOS
was engaged in vascular relaxation in the NP6.5 group of rats [1]. Considering that the
sensitivity of the arteries to nitric oxide was not altered (study with an exogenous NO
donor sodium nitroprusside) [2], arachidonic acid derivatives may also be responsible for
the vascular tone regulation of copper NPs, as we suggested previously [18]. Preincubation
with either COX-2 or COX-1/2 inhibitors attenuated the vasodilator response in NP6.5,
indicating the involvement of a vasodilatory net effect of prostanoids origin from COX-2.
This was neither observed for the control (Cu6.5) nor when the dose was reduced by half
(in the NP3.25 + Cu3.25 group). The results with NP6.5 are contrary to our previous report
(4 + 8), which had revealed a decreased sensitivity of the smooth muscles to prostanoids
(no significant change in acetylcholine-induced response after COX-1/2 inhibition) [2].
Given these results, the participation of another vasoconstrictor agent in vascular relax-
ation was studied. 20-Hydroxyeicosatetraenoic acid (20-HETE) is a potent metabolite
of arachidonic acid. This reaction is mediated by cytochrome P450 and can be further
metabolized by COX to 20-hydroxy compounds. Preincubation with a 20-HETE inhibitor
potentiated the vascular relaxation in both NP6.5 and NP3.25 + Cu3.25 groups, indicating that
20-HETE is involved in acetylcholine-induced relaxation. However, this was not observed
in young rats (7 + 8) [1]. Finally, we analyzed the contribution of the potent vasoconstrictor
thromboxane-A2 in the acetylcholine-induced response. However, the present results
showed that thromboxane-A2 is not an important vasoconstrictor candidate engaged in
the vascular tone regulation of supplemented rats (studies with the thromboxane-A2 syn-
thesis inhibitor, furegrelate). Through the activation of thromboxane-A2 receptors (TP),
prostacyclin, prostaglandins, isoprostanes, and 20-HETE participate in the endothelial
dysfunction associated with cardiovascular risk factors [15]. In this study, when the TP
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were blocked with SQ-29,548, we observed increased vasodilation in both groups of copper
NPs supplemented rats (NP6.5 and NP3.25 + Cu3.25). These data point towards a potent
vasoconstrictor that acts on the TP, suggesting 20-HETE as a possible candidate. However,
other vasoconstrictors should also be taken under consideration in further studies [16]. As
there is an interplay between vasoconstrictor and vasodilator factors, vasodilators should
also be analyzed; this will be done in another study.

These data point to some significant changes induced by metal copper NPs, which are
age-dependent and are observed between younger (12-week-old) and older (32-week-old)
male WKY rats. Indeed, age-related changes in blood vessels elasticity/stiffness might be
exacerbated by daily diet [22]. Many recent studies have focused on dietary intervention to
improve vascular health and delay the onset of vascular aging [23]. Dietary intervention
may improve not only the vascular/cardiovascular impairment, but also vascular cognitive
impairment and dementia. However, so far, only certain vitamins (vitamin E, folate), multi-
nutrient formulations, and unsaturated fatty acids have shown some initial promise [24].

5. Conclusions

Our findings have shown that increased oxidative stress accompanies copper NP
intake, which further modulates vascular relaxation with the participation of 20-HETE,
through the thromboxane-A2 receptors. When a daily dose of copper NPs was decreased
by half, the interplay between COX metabolites was also modified; however, the Cu/Zn-
ratio and CAT remained unchanged compared to the higher dose. Further studies should
concentrate on animals with metabolic disorders.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13113793/s1, Table S1: Experimental results (means with SD).
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Abstract: Diabetes mellitus is a metabolic disease affecting more people every year. The treatment of
diabetes and its complications involve substantial healthcare expenditures. Thus, there is a need to
identify natural products that can be used as nutraceuticals to prevent and treat early-stage diabetes.
White mulberry (Morus alba L.) is a plant that has been used in traditional Chinese medicine for
thousands of years due to its many beneficial biological properties. White mulberry leaves are a
source of 1-deoxynojirimycin (DNJ), which, due to its ability to inhibit α-glucosidase, can be used
to regulate postprandial glucose concentration. In addition to consuming dried white mulberry
leaves as herbal tea, many functional foods also contain this raw material. The development of the
dietary supplements market brings many scientific and regulatory challenges to the safety, quality and
effectiveness of such products containing concentrated amounts of nutraceuticals. In the present study,
the quality of 19 products was assessed by determining the content of DNJ, selected (poly)phenols and
antioxidant activity (DPPH• assay). Nine of these products were herbal teas, and the other samples
were dietary supplements. These results indicate the low quality of tested dietary supplements,
the use of which (due to the low content of nutraceuticals) cannot bring the expected beneficial
effects on health. Moreover, a method for determining the content of DNJ (the essential component
for antidiabetic activity) based on ATR-FTIR spectroscopy combined with PLS regression has been
proposed. This might be an alternative method to the commonly used chromatographic process
requiring extraction and derivatization of the sample. It allows for a quick screening assessment of
the quality of products containing white mulberry leaves.

Keywords: mulberry; Morus alba; 1-deoxynojirimycin; DNJ; dietary supplements; PLS regression

1. Introduction

Diabetes mellitus (DM) is one of the most prevalent metabolism-related disorders as-
sociated with impaired insulin production (type 1) or developed insulin resistance (type 2).
According to the International Diabetes Federation, in 2019, nearly 10% of people aged
20–79 (463 million) were living with diabetes worldwide, and this is expected to reach
700 million by 2045 [1]. The increased prevalence of diabetes mellitus means that cardio-
vascular disorders, blindness, stroke, kidney failure, foot ulcers, and depression will also
increase. By 2045, the annual healthcare expenditure on treating diabetes and its compli-
cations are expected to be USD 845 billion [1]. Type 2 diabetes mellitus (T2DM) accounts
for approximately 90% of all diabetic patients and is strongly associated with the current
obesity epidemic [2]. Oral hypoglycemic drugs are the basis of pharmacotherapy for type 2
diabetes. Among them, α-glucosidase inhibitors (e.g., acarbose, voglibose, and miglitol) are
recommended as the first-line therapy [3]. The α-glucosidase is an enzyme that catalyzes
the hydrolysis of glycosidic bonds in dietary carbohydrates to absorb monosaccharides
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in the small intestine. Inhibiting the activity of this biomolecule reduces postprandial
hyperglycemia, which plays a crucial role in the treatment and prevention of diabetes
mellitus and its complications [4]. Although drugs from the group of α-glucosidase in-
hibitors have fewer side effects than other oral hypoglycemic drugs (sulfonamides, glinides,
gliptins, biguanides, and thiazolidinediones), with prolonged use, they may cause some
side effects such as gastrointestinal reactions and liver damage. [3]. Therefore, the search
for plants/natural products that can be used as functional food, and identifying their active
compounds that could be used as nutraceuticals or drugs has drawn considerable attention.

White mulberry (Morus alba L.) belongs to the mulberry family (Moraceae) and is native
to Central Asia, but nowadays it is also cultivated in Europe. It has been used in traditional
Chinese medicine for thousands of years. White mulberry leaves contain various beneficial
components to health such as flavonoids, alkaloids, phenolics, amino acids, and polysac-
charides. Numerous studies have shown that functional components included in white
mulberry possess abundant biological activities, including antidiabetic, hypolipidemic, an-
tiatherogenic, anticancer, cardiovascular, cardioprotective, antidopaminergic, antibacterial,
antioxidant, and anti-inflammatory effects [5–8]. According to research presented in [9],
the entire group of compounds (flavonoids and polysaccharides) found in white mulberry
leaves is responsible for antidiabetic effects.

The main active mulberry component, 1-deoxynojirimycin (DNJ), is the polyhydrox-
ylated piperidine alkaloid (tertrahydroxy piperidine derivative) (Figure 1), which can be
defined as a glucose analogue with an amine group substitution for the oxygen atom
in the pyranose ring [10]. DNJ competitively inhibits intestinal α-glucosidase and thus
reduces glucose absorption, leading to lower blood glucose levels. In addition to its role
in modulating glucose and insulin metabolism, DNJ also exhibits lipid-regulating and
anti-obesity activity [11], inhibits adipogenesis [12], and is likely to have neuroprotective
effects and may be an essential factor in preventing pathological brain changes in patients
with Alzheimer’s disease [13].

 
(2R,3R,4R,5S)-2-(hydroxymethyl)piperidin-1-ium-3,4,5-triol 

Figure 1. Structure of 1-deoxynojirimycin (DNJ).

The mechanism of DNJs multidirectional action still needs to be characterized. De-
tailed proteomic studies [14] show that long-term supplementation of mulberry leaf powder
could enhance metabolic regulation by modulating the expression of signaling proteins
in the insulin signaling pathway. Furthermore, cited work [14] also demonstrated an im-
provement in the functioning of mitochondria after supplementation of DNJ from mulberry
leaves. Mitochondrial dysfunction leads to a decrease in ATP production and an increase
in the production of reactive oxygen species, and consequently, to the development of
insulin resistance. Improving mitochondria functioning is, therefore, a crucial element in
preventing and treating type 2 diabetes. Other detailed studies on the mechanism of action
of mulberry leaf extract and DNJ in mice suggested that it improved insulin resistance
by modulating the insulin signaling pathway in the skeletal muscle of db/db mice after
mulberry leaf or DNJ supplementation [15].

Interesting sources of DNJ are culture supernatant extracts (CSE) obtained from Bacillus
sp. and Streptomyces sp. According to [16], appropriately selected culture conditions of
B. amyloliquefaciens to allow obtaining SCE with the ability to lower postprandial glucose
levels were comparable to white mulberry leaf extract. The literature indicates the potential
use of DNJ from microorganisms for functional purposes [16].
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From an analytical point of view, DNJ is a demanding molecule. Because of its high
hydrophilicity and small molecular weight, the interaction with the stationary phase of
conventional reverse-phase liquid chromatography (RP-HPLC) columns is so weak that
DNJ is not retained in the column. The lack of chromophores in the DNJ structure (as in
many other aminoglycosides) makes it impossible to use direct ultraviolet or fluorescence
detection. To use RP-HPLC with a UV detector (the most widely used quantitative analysis
technique) to quantify DNJ, it is necessary to derivatize the sample [17,18]. This procedure
extends the analysis time, generates costs, and degrades the sample.

It is worth noting that some DNJ analogues, such as the miglitol mentioned above
(N-EtOH-DNJ), miglustat (N-Bu-DNJ), and migalastat (DGJ, stereoisomer of DNJ), are
registered drugs used for the treatment of type 2 diabetes, type I Gaucher disease or
Niemann–Pick type C lysosomal storage diseases, and Fabry disease, respectively [19].
Importantly, research [20] suggests that miglitol can restore the counterregulatory response
to hypoglycemia following antecedent hypoglycemia. In addition, data are available
on other possible applications of these drugs, e.g., the treatment of cystic fibrosis [21],
cancer [22], or COVID-19 [23]. In addition, the compound N-(5-adamantane-1-yl-methoxy-
pentyl)-deoxynojirimycin (AMP-DNM) seems to be promising in the treatment of diabetes
and obesity by promoting satiety, activating brown adipose tissue [24], and the effect on
sterol regulatory element-binding proteins [25].

White mulberry leaves are most often consumed in teas or dietary supplements
(tablets, capsules) containing extracts or powdered dried raw material. The global dietary
supplements market size was USD 61.20 billion in 2020, estimated to be USD 128.64 billion
in 2028 [26]. The increasing interest in a healthy lifestyle and well-being is expected to be
a key driving factor for the dietary supplements market. The much lower requirements
for the production process and quality control of dietary supplements compared to drugs,
such as the fact that plant raw materials are not subject to standardization, with the
high complexity of herbs and extracts that may cause severe problems with their quality
and may be a potential threat to the consumer [27]. The diversification of the chemical
composition of plant products may result from the origin of the plant, the time and place
of harvesting, the drying process, extraction, the presence of impurities, or deliberate
forgery. Therefore, the quality control of plant-origin samples presents several challenges
for modern analytical chemistry.

There are various spectroscopic techniques for a characteristic chemical profile of
a plant or a fingerprint analysis. Fourier-transform infrared spectroscopy (FTIR) com-
bined with multivariate data analysis is an effective tool for extracting specific chemical
information. This approach has become a standard procedure for herbal species analysis.
The application of attenuated total reflectance—Fourier transform infrared spectroscopy
(ATR-FTIR) is strongly encouraged because it is rapid, non-destructive, and inexpensive
compared to other analytical methods. The IR spectrum contains information on the
biochemical composition of the sample, chemical bonds, and functional groups of the
compounds. It allows for detecting differences between samples based on their chemical
fingerprints [28,29].

This study aimed to quantify DNJ in white mulberry dry leaves (teas) and dietary
supplements. To the best of our knowledge, there are no available data on determining the
content of DNJ in products sold as dietary supplements. Moreover, the quality assessment
of dietary supplements was based on determining the content of chlorogenic acid (CGA),
neochlorogenic acid (nCGA), and rutin. Additionally, the DPPH• radical scavenging
activity was evaluated to measure antioxidant properties.

This work also presents the potential application of mid-infrared spectroscopy with
ATR sampling combined with chemometric tools for relatively fast and non-destructive
quantification of DNJ in white mulberry leaf products.
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2. Materials and Methods

2.1. Materials

All chemicals and solvents used in this study were purchased from Sigma–Aldrich
(Saint Louis, MO, USA). The solvents (acetonitrile, water, methanol, and formic acid) used
in this study were all analytical and HPLC grade. 2,2-diphenyl-1-picrylhydrazil (DPPH•)
was used to prepare the solution with an absorbance value of about 1. 1-deoxynojirimycin
(DNJ), chlorogenic acid, neochlorogenic acid, and rutin were used as analytical standards.
Sodium borate buffer (pH 8.5), glycine, acetic acid, and 9-fluorenylmethyl chloroformate
(FMOC-Cl) were used in the derivatization process of DNJ in samples.

The study analyzed 19 herbal products containing white mulberry leaves or extracts.
Ten of them (S1–S10) were dietary supplements. The other samples were herbal teas (T1–T9).
The commercial products were purchased from local pharmacies and markets (Bydgoszcz,
Poland) and online pharmacies.

2.2. HPLC Analysis

High-performance liquid chromatography with a photodiode array detector (HPLC-
DAD), (Shimadzu Corp., Kyoto, Japan) was used for the the quantitative analysis of
1-deoxynojirimycin, chlorogenic acid, neochlorogenic acid, and rutin in white mulberry
leaves and dietary supplements samples.

For the preparation of samples for the determination of (poly)phenolic compounds
(rutin, chlorogenic acid, neochlorogenic acid), about 500 mg of dried leaves or dietary
supplement products (crushed in a mortar) were added to 15 mL of the methanol-water
mixture (50:50), vortexed for 30 min, and then centrifuged (22,000 g) for 10 min (MPW-
352RH centrifuge, MPW MED. INSTRUMENTS, Warsaw, Poland). The obtained extracts
were filtered through a syringe filter with a pore diameter of 0.45 μm and subjected to
further analysis.

A Kinetex® column (150 mm × 4.6 mm, 5 μm) was used to separate (poly)phenolic
compounds. The analysis was carried out using reverse-phase high-performance liquid
chromatography (RP-HPLC). The mobile phase consisted of 0.2% formic acid in water
(phase A) and acetonitrile (phase B). At a flow rate of 0.7 mL/min, the gradient was as
follows: 0–2 min 10% B, 2–6 min 10–24% B, 6–11 min 10–24% B, 11–16 min 24–10% B and
16–25 min 10% B. UV detection wavelength of 325 and 350 nm and the injection volume of
20 μL was applied. Injection of each sample was performed in triplicate. The concentrations
of rutin, chlorogenic acid, and neochlorogenic acid in samples were calculated from the
calibration curves equation based on the peak area and recounted as the content in 1 g of
dried white mulberry leaves.

The methods were validated for linearity, precision, accuracy, recovery, detection
(LOD), and quantification (LOQ) limits according to ICH guideline ICH Q2 (R2) [30].
The detection limit was expressed as LOD = (3.3 · σ)/S, and the quantitation limit was
defined as LOQ = (10 · σ)/S (where σ is the standard deviation of the response (n = 6),
S is the slope of the calibration curve). The slope (S) was estimated from the calibration
curve of the analyte, and σ based on the standard deviation of the blank. Recovery tests
were completed by adding a known amount of the standard to the raw materials at two
concentration levels. Then, the materials mixed with standards were prepared and analyzed
under optimized conditions. Linearity was carried out on sets of standard solutions with
different concentrations. The regression equations and regression coefficient (R2) values
were calculated. Finally, precision was expressed as the relative standard deviation (%RSD).

The extraction and derivatization of samples for DNJ determination were carried out
using the method described in [31]. About 500 mg of dried leaves or dietary supplement
products (crushed in a mortar) wer added to 15 mL aqueous 0.05 M HCl, vortexed for
30 min, and centrifuged (22,000 g) for 10 min and subsequently filtered with a PTFE filter
(0.45 μm pore size). The obtained extract was used for subsequent derivatization. Ten
microliters of the extract was mixed with the same amount of 0.4 M sodium borate buffer
(pH 8.5) in a microtube. Twenty microliters of 5 mM FMOC-Cl in acetonitrile was added
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with rapid mixing for 20 min at 20◦C. To terminate the reaction by quenching the remaining
FMOC-Cl, 10 μL of 0.1 M glycine was added. The mixture was diluted with 950 mL of 0.1%
aqueous acetic acid (17.5 mM) to stabilize the DNJ-FMOC and filtered through a syringe
filter (0.45 μm pore size).

DNJ was analyzed using a Kinetex® column (150 mm × 4.6 mm, 5 μm) after deriva-
tization with FMOC-Cl. Each peak was identified from a separate reaction with DNJ,
glycine, or water. The detection wavelength was 265 nm. The samples were eluted with
a mobile phase of 0.2% formic acid in water (phase A) and acetonitrile (phase B) with a
ratio of 70:30 at a flow rate of 0.8 mL/min for 25 min. The injection of each sample was
performed in triplicate. Method validation was performed analogously to the methods for
(poly)phenolic compounds. The DNJ concentration in samples was calculated from the
calibration curve equation based on the peak area and recounted as the content in 1 g of
dried white mulberry leaves. The chromatograms of the derivatized standard DNJ and
exemplary derivatized samples extracted from a dietary supplement and from mulberry
leaves are shown in Figure S1 (Supplementary Material).

2.3. Antioxidant Activity

This study used the DPPH• radical (2,2-diphenyl-1-picrylhydrazyl) to assess antioxi-
dant activity. The methanolic DPPH solution (0.05 M) was prepared and stored in darkness
before the experiments. A volume of 150 μL methanolic-aqueous extracts (prepared as de-
scribed in 2.2) was mixed with 1 mL DPPH• methanolic solution. The mixture was shaken
and incubated at 25 ◦C in the dark. Absorbance was measured after 30 min, at λ = 517 nm,
against a blank. A Shimadzu model UV-VIS spectrophotometer (UV-1800) equipped with
a quartz cell (10 mm optical path) was employed for the spectral measurements. Assays
were performed in triplicate.

The EC50 (concentration of sample required to scavenge 50% of the DPPH• free
radicals) values were derived from the dose-response curve and recalculated to dry mul-
berry leaves.

2.4. ATR-FTIR Spectroscopy

The ATR-FTIR experiments were carried out with a Ge-based ATR accessory (Pike
Technologies, Madison, WI, USA) and a Shimadzu 8400 s spectrometer (Shimadzu Corp.,
Kyoto, Japan). Before the analysis, the solid samples (dry leaves, tablets, and capsules) were
ground to a fine powder in a mortar. Next, a small portion of each sample was applied onto
the surface of the ATR crystal and pressed by the clamp with constant pressure. The spectra
(40 scans each) were measured in absorbance mode, within a 750–4000 cm−1 wavenumber
range at a resolution of 4 cm−1. Each sample was measured in triplicate.

2.5. Chemometric Analysis

The PLS (Partial Least Square) regression model with interval variable selection was
constructed for a quantitative alternative to RP-HPLC and fast analysis of DNJ in samples.

The data set was split using the Kennard–Stone algorithm into a calibration (15 prod-
ucts) and a test set (four products). Preprocessing was used, including baseline correction
(weighted least squares baseline function) integrated with the standard normal variate
method (SNV) and autoscaling. Variables were selected based on the interval PLS algorithm
(iPLS), which is very useful for spectral data analysis [32]. The following three intervals
were chosen: 1101–1196 cm−1, 1333–1427 cm−1, and 1603–1697 cm−1. Variable selection
was processed in stepwise forward mode (size of interval = 30, variable step = 10, number
of intervals = auto).

The accuracy of the constructed model was assessed based on validation parameters:
determination coefficient of calibration (R2

CAL) and root mean square error of calibration
(RMSECAL). Cross-validation was employed as an internal validation using the leave-one-
out method to assess how well the model described the relationships within the calibration
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data. Statistical outputs were calculated as follows: coefficient of determination of cross-
validation (R2

CV) and root mean square error of cross-validation (RMSECV).
To evaluate the predictive ability of the model, an external test set was used, consisting

of samples from four products (two dietary supplements and two teas). Using the test set,
validation parameters were calculated, such as the determination coefficient of prediction
(R2

PRED) and root mean square error of prediction (RMSEPRED). Additionally, based on the
William’s plot (distribution of studentized residuals against the leverage), the models ap-
plicability domain (AD) was determined. Furthermore, the Y-randomization test examined
the verification of model robustness with a 100-response permutation.

All the calculations were performed using PLS-Toolbox 7.5 (Eigenvector Research, Inc.,
Manson, WA, USA) and MATLAB software version R2020b (The MathWorks, Inc., Natick,
MA, USA).

3. Results and Discussion

The use of functional food, including dietary supplements, can bring the expected
beneficial effects only if their good quality is ensured. The lack of uniform unambiguous
requirements for this type of nutrition is associated with a high risk of low-quality products
in the market. For the above reasons, to assess the quality of products containing white mul-
berry leaves (in the form of herbal teas and dietary supplements), the content of DNJ (the
essential biomolecule for the antidiabetic activity), (poly)phenolic compounds (chlorogenic
acid, neochlorogenic acid, and rutin), and general antioxidant activity were determined.

3.1. Determination of DNJ, CGA, nCGA, and Rutin

In our study, we have used the HPLC-DAD technique to obtain a quantitative eval-
uation of DNJ, CGA, nCGA, and rutin content in white mulberry leaves and dietary
supplements. The methods developed for this purpose are of high quality, as evidenced by
the values of validation parameters presented in Table 1.

Table 1. Validation metrics of RP-HPLC methods.

Parameter DNJ CGA nCGA Rutin

Range (μg/mL) 3.14–157.14 10.00–140.00 5.00–80.00 5.00–50.00
Regression equation y = 88.68x − 0.06 y = 44.56x − 0.17 y = 52.56x − 0.10 y = 24.48x − 0.02

Regression coefficient (R2) 0.999 ± 0.001 0.995 ± 0.002 0.999 ± 0.001 0.999 ± 0.001
Recovery (%) 90.4 ± 1.7 96.2 ± 1.2 94.1 ± 0.6 93.8 ± 1.1

Precision (%RSD) 7.5 5.6 6.7 6.2
LOD (ng/mL) 9.1 3.52 2.82 4.07
LOQ (ng/mL) 27.7 10.67 8.55 12.33

Abbreviations: CGA, chlorogenic acid; DNJ, 1-deoxynojirimycin; LOD, limit of detection; LOQ, limit of quantifica-
tion; nCGA, neochlorogenic acid; RSD, relative standard deviation.

The optimization of an analytical method with adequate validation parameters is
particularly important in quantifying DNJ due to the need to derivatize the sample. The cal-
culated metrics demonstrate the high efficiency of derivatization and extraction processes.

Figure 2 shows the results of DNJ determination, recalculated to the content (μg) per
1 g of dry leaves in white mulberry dietary supplements (S1–S10) and herbal teas (T1–T9).
Since the DNJ values differ significantly, a gap on the scale was used for better visualization
and comparison of the results (the gap was marked with the red dotted line).
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Figure 2. DNJ content in samples expressed in μg/g (recalculated to the content in dry leaves). The
red dotted line indicates the gap on the scale (for DNJ concentration between 1.2–100 μg/g) .

DNJ concentrations in dietary supplements (S1–S10) and leaves (T1–T9) (expressed as
the content of DNJ in 1 g of dried leaves) were found to vary from 0.006 to 992.314 μg/g.
The DNJ content in teas was similar and fluctuated in the range of 503.405 to 992.314 μg/g.
These results are comparable with the literature [31,33–35]. An extremely low amount
of DNJ was observed in the samples of dietary supplements (from 0.006 to 1.064 μg/g).
Two products (S2 and S5) with the highest content of DNJ (but still very low) in the group
of dietary supplements comprised of powdered white mulberry leaves. Other dietary
supplements are produced using extracts of varying concentrations (drug extract ratio,
DER from 4:1 to 20:1). There are many possible explanations for the low content of DNJ
in dietary supplements. One of them is the low efficiency of the extraction process. The
extraction yield is influenced by many factors, such as preparation of the raw material,
type of solvent used, and duration and temperature of the process [36]. Inadequately
selected conditions for extraction may lead to limited isolation of active substances or, on
the other hand, their degradation. Lack of optimization of the extraction method may
result in poor quality of the produced dietary supplements. Likewise, the formulation of
dietary supplement tablets or capsules can negatively affect the active ingredient content.
A disturbing possible explanation for the obtained results is the use of a lower amount of
raw material than what was declared.

The literature has provided information on the recommended amounts of DNJ to
lower postprandial glucose levels [37–39]. Suggested doses are in the range of 6–18 mg
three times a day. Using 30 mg as a recommended dietary intake (RDI) and considering the
number of tablets/capsules proposed by manufacturers, we calculated the percentage of
the daily amount satisfied by taking dietary supplements (Figure 3).
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Figure 3. The percentage of recommended dietary intake of DNJ, which is covered by the dose of
dietary supplements (S1–S10) suggested by manufacturers.

As seen in Figure 3, the use of any analyzed supplement, as suggested by the manu-
facturer, does not provide even 3% of the recommended dietary intake of DNJ.

The contents of (poly)phenolic compounds in the studied products are shown in
Figure 4. The results are consistent with those obtained for DNJ determinations. In
products with the status of dietary supplements, the content of (poly)phenolic compounds,
responsible mainly for the antioxidant properties of white mulberry leaves, is negligible.
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on the scale, for (poly)phenols concentration between 0.2–0.5 μg/g and between 2–400 μg/g).

The available literature [40–44] indicate high variability in dried white mulberry leaf
CGA, nCGA, and rutin content. As the authors emphasize, this is due to the differences
between raw materials from various crops and the considerable influence of the type of
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extractant used. Nevertheless, the analysis performed in this study for tea products is
consistent with previously published data, even for T5 and T7 products with the lowest
(poly)phenol content.

Besides the very low content of CGA, nCGA, and rutin in studied dietary supplements,
attention is also drawn to their changed proportion compared to tea samples. Half of the
tested dietary supplements practically do not contain CGA, while in the case of teas, this
compound was present in the largest amount among those determined. A relatively low
content of rutin is also noticeable and is very similar in all tested dietary supplements
containing the extract (S1, S3, S4, S6–S10). The above observations suggest a particular
sensitivity of rutin and CGA to inappropriate extraction conditions (e.g., using too much
ethanol, because it is easier to evaporate than water).

The chromatographic analyses indicate the low quality of the tested dietary supple-
ments. Significant differences between the content of the active substances (DNJ, CGA,
nCGA, and rutin) between teas and dietary supplements suggest using a smaller amount
of the raw material than declared. On the other hand, higher contents of the active com-
pounds were in only two dietary supplements (S2 and S5), which composed of dried white
mulberry leaves. These results indicate an inaccurate optimization method for obtaining
plant extracts (which are components of other dietary supplements).

3.2. DPPH• Assay

Oxidative stress plays a critical role in diabetes and many other serious conditions,
including aging, cancer, chronic inflammation, neurodegenerative diseases, atheroscle-
rosis, etc. Therefore, plant materials showing antioxidant activity arouse the interest
of researchers. Naturally occurring nutrients with potent antioxidant properties are
(poly)phenols [45] found in dried white mulberry leaves. A commonly used method
in assessing antioxidant properties (as free radical scavenging) is the DPPH• assay. The
results of the evaluation of free radical scavenging capacity for white mulberry dietary
supplements and teas are presented in Figure 5. The lower the EC50 value, the greater
the antioxidant capacity of the product. Since the EC50 values differ significantly, gaps on
the scale were used for better visualization and comparison of the results (the gaps were
marked with the red dotted lines).

Figure 5. Results of DPPH• assays (as EC50) of white mulberry teas and dietary supplements
(recalculated to the dry leaves). The red dotted lines indicate the gaps on the scale, for EC50 values
between 0.03–0.1 g/mL and between 4–10 g/mL).
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As can be seen in Figure 4, the free radical scavenging activity of teas (T1–T9) signifi-
cantly exceeds other tested products (S1–S10). Among the dietary supplements, samples
S2 and S5 exhibited greater antioxidant capacity than the others (middle part of Figure 5).
These results are consistent with the content of nCGA, CGA, and rutin (Figure 4). The
highest amounts of rutin and phenolic acids among dietary supplements were found in S2
and S5 products. As noted, these two dietary supplements contain powdered dried leaves
of white mulberry, not an extract as in the others.

3.3. ATR-FTIR Spectra

The ATR-FTIR spectra of the investigated food products (Figure 6) displayed typical
vibrational patterns of plant constituents, such as sugars, proteins, and lipids. White
mulberry leaves contain about 15–30% proteins, 2–8% lipids, 10–40% carbohydrates, and
10–37% neutral dietary fiber [46]. The ATR-FTIR spectra of the mulberry leaves (blue) and
dietary supplements containing extract from leaves (red) showed the broad and intense
band at 2790–3570 cm−1 assigned to the stretch vibration of O-H and C-H, and it was not
helpful in this work because all spectra were very similar in this range. In this region,
900–1700 cm−1 signals of the flavonoid molecules and DNJ can be found [47], which is
confirmed by the spectra of rutin, chlorogenic acid, and DNJ analytical standards. The
vibrations observed in 1650–1580 cm−1 can be attributed to N-H of amines. The peaks
at 1572 and 1541 cm−1 are assigned to the aromatic ring (C-C) skeletal vibrations. The
band at 1410 cm−1 was assigned to C-H bending vibration. Absorptions between 1300
and 1000 cm−1 showed stretching vibrations of the pyranose ring [31]. The absorption at
935 and 1205 cm−1 were assigned to C-C, C-O stretching, and C-O-H, C-O-C deformation
modes of oligo- and polysaccharides modes [48]. The distinctive band at 1047 cm−1 can be
assigned to the vibrational frequency of -CH2OH groups of carbohydrates [49]. Bands in the
range of 1300–1492 cm−1 are associated with O-C-H, C-C-H, and C-O-H bending modes.
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Figure 6. Normalized ATR-FTIR spectra of exemplary samples: white mulberry leaves (blue) and
dietary supplement (red).

3.4. iPLS Model

The low content of DNJ, the essential component of white mulberry leaves, in the
tested dietary supplements proves how important their quality control is. The relatively
complicated and time-consuming procedure of quantitative analysis of DNJ (extraction and
derivatization) prompted us to search for an alternative method based on spectroscopic
techniques combined with chemometrics.
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We decided to calculate the interval partial least squares (iPLS) regression model to
predict DNJ content in samples containing white mulberry leaves based on the ATR-FTIR
spectra. Figure S2 shows the average spectrum of tested samples (dietary supplements
and teas) and the DNJ spectrum after preprocessing using the SNV with highlighted
intervals used to build the iPLS model. The model was built by employing three intervals
(1101–1196 cm−1, 1333–1427 cm−1, and 1603–1697 cm−1) from the fingerprint region of
FTIR spectra 850–1800 cm−1. Figure 7 presents the relationships between measured and
predicted values of DNJ concentration using the model. The model, constructed with six
latent variables (LV), had good validation metrics: RMSECAL = 0.025; RMSECV = 0.095;
RMSEPRED = 0.016; R2cal = 0.995, R2cv = 0.925 without overfitting. The permutation test
(Y randomization) confirms the models good quality (all three tests: Wilcoxon, sign test,
and Rand t-test, were passed, p < 0.05). Therefore, ATR-FTIR spectra combined with PLS
regression can be an efficient tool for the prediction of DNJ in white mulberry leaf products
(teas and dietary supplements).

Figure 7. Results of iPLS model. Relationships between measured and predicted values of DNJ
concentration using the model (•—calibration set, �—test set). LV number = 6; cross-validation
method: leave-one-out; RMSECAL = 0.025; RMSECV = 0.095; RMSEPRED = 0.016; R2

CAL = 0.995.

4. Conclusions

The results of the quantitative chromatographic analysis indicated that dietary supple-
ments with white mulberry leaf extract contained a negligible quantity of active substances,
such as (poly)phenols and DNJ (α-glucosidase inhibitor), compared to the declared amount
of raw material (dried leaves). These observations confirm the need to increase plant-based
functional food quality control.

Herein, we propose an alternative to the chromatographic method for quantifying
DNJ in food samples based on ATR-FTIR spectroscopy combined with PLS regression. This
methodology does not require sample extraction and derivatization. Furthermore, it is
relatively simple, non-destructive, inexpensive, and in line with green chemistry. Following
the global need for appropriate regulation of dietary supplements, the method developed
in the present study can be considered promising for routine quality control of dietary
supplements containing white mulberry leaves.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nu14245276/s1. Figure S1: Chromatograms of derivatized standard—
DNJ (blue line) and exemplary derivatized samples: extract from a dietary supplement (pink line) and
from dry Mulberry leaves (green line); Figure S2: The average spectrum of tested samples: dietary
supplements and teas (green line) and the DNJ spectrum (grey line). Spectra were preprocessed by
SNV. The red boxes indicate spectral intervals used to build the iPLS model for DNJ prediction.
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Abstract: The use of medication is effective in managing metabolic syndrome (MetS), but side
effects have led to increased attention on using nutraceuticals and supplements. Astaxanthin shows
positive effects in reducing the risk of MetS, but results from individual studies are inconclusive.
This systematic review summarizes the latest evidence of astaxanthin in adults with risk factors
of MetS. A systematic search of English and Chinese randomized controlled trials in 14 electronic
databases from inception to 30 June 2021 was performed. Two reviewers independently screened the
titles and abstracts, and conducted full-text review, quality appraisal, and extraction of data. Risk
of bias was assessed by PEDro. A total of 7 studies met the inclusion criteria with 321 participants.
Six studies were rated to have excellent methodological quality, while the remaining one was rated
at good. Results show marginal effects of astaxanthin on reduction in total cholesterol and systolic
blood pressure, and a significant attenuating effect on low-density lipoprotein cholesterol. Further
robust evidence is needed to examine the effects of astaxanthin in adults at risk of MetS.

Keywords: astaxanthin; cardiometabolic disease; metabolic syndrome; systematic review; meta-
analysis

1. Introduction

Metabolic syndrome (MetS) is also known as syndrome X or the deadly quartet. A
Swedish physician establshed the concept in the 1920s. The meaning of MetS was modified
and revised by various scholars and professional organizations [1,2] for over 70 years.
Until 1998, there existed a unified operational definition of MetS coined by World Health
Organisation (WHO) [1,2]. In subsequent years, at least seven professional bodies further
revised the definition with risk factors of cardiovascular and metabolic diseases, such as
hypertension, dyslipidemia, obesity, and hyperglycemia (Table 1) [3]. Individuals with
at least 3 or more criteria of the above risk factors are diagnosed as MetS. The global
prevalence of MetS ranges from 10% to 84%, mostly affecting developed countries [4]. For
example, a recent significant health concern in Japan is that half of the males and one-fifth
of females aged 40 to 74 years suffer from MetS or pre-MetS [5]. MetS increases the risk of
sudden cardiac death by 70% [6], the risk of cardiovascular events by twofold, and the risk
of Type 2 diabetes mellitus (T2DM) by fivefold [3], thus raising healthcare costs [7].

Single or combination use of medications, regular physical activities, and/or di-
etary management are imperative in managing risk factors of MetS [5,7,8]. However,
numerous adverse effects and the high cost of medication treatment [9], failing to meet
the minimal recommended level of physical exercise [8], hard-to-follow diet regime [5],
and requiring strong mind control to change the mindset and control thoughts [9] were
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reported. Therefore, cost-effective approaches on using bioactive compounds [10], nu-
traceuticals and supplements on prevention and treatment of various chronic diseases such
as T2DM emerged. In addition, there are increased concerns about the use of bioactive
compounds [10], nutraceuticals, and supplements for managing MetS [11].

Astaxanthin (AST), a natural carotenoid, shows a very strong antioxidant effect that
is 14, 65, and 54 times higher than that of vitamin E, C, and ß-carotene, respectively [12].
The compound is commonly found in various aquatic animals, including salmon, shrimp,
and crustaceans. Moreover, the most abundance source of AST is microalgal species
Haematococcus pluvialis [13]. Donoso et al. [14] revealed that AST has numerous beneficial
effects such as protecting the cardiovascular system, maintaining healthy vision, enhancing
the immune system, improving skin condition, managing diabetic problems, and protecting
the nervous system. Hence, the compound is commonly used globally as a supplement,
including in Japan, South Korea, Sweden, and the US with global market size of more than
USD 110 million in 2018 [15]. In addition, there is an exponential increase in the number of
studies related to AST on health, beauty, and safety issues. Brendler and Williamson [15]
reviewed the safety issues of 87 AST clinical trials on humans, and no serious adverse
effects were reported, even at very high dosage (i.e., 45 mg daily which is about 2 times of
the highest daily recommended dosage). However, there is a lack of systematic review (SR)
and meta-analysis on investigating the effectiveness of AST in managing the risk factors of
MetS on various dosages and durations.

This SR focuses on the use of AST in adults with risk factors of MetS. The objectives
were to (i) discuss the effects of physiological (primary) outcomes on the use of AST;
(ii) evaluate the effects of various dosages, durations, and frequencies of AST administration;
and (iii) report on the adherence rate (secondary outcome).
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2. Materials and Methods

This SR and meta-analysis was registered with the International Prospective Register
of Systematic Review (PROSPERO) (CRD42020215881), established with reference to the
Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols (PRISMA-P)
guideline.

2.1. Search Strategy

Medical subject heading (MeSH) and keywords were used to identify relevant studies:
“astaxanthin (蝦紅素/青素)” or “metabolic syndrome (代謝綜合症/代合征)” or “car-
diometabolic disease (心臟代謝疾病)” or “blood pressure (血壓/血)” or “blood sugar
(血糖)” or “body mass index (身體質量指數/身体量指)” or “waist circumference (腰
圍)”. Fourteen electronic databases were searched for eligible studies, including eight En-
glish databases: the Cochrane Library (Cochrane Database of Systematic Reviews (CDSR),
Cochrane Central Register of Controlled Trials (CENTRAL), Cochrane Methodology Reg-
ister (CMR)), Cumulative Index to Nursing and Allied Health Literature (CINAHL), EM-
BASE, Google Scholar, MEDLINE, OvidSP, ProQuest, ScienceDirect; as well as six Chinese
databases: Capital Medical University Library (Beijing, China), China National Knowledge
Infrastructure (CNKI), Chinese Biomedical Literature database (CBM), Chinese Medical
Current Content (CMCC), Union Search, and WangFang were searched from inception to 30
June 2021. ClinicalTrials.gov (accessed on 30 June 2021), and University Hospital Medical
Information Network Clinical Trials Registry (UMIN-CTR) were searched for relevant and
ongoing studies. In addition, hand searching was also performed to identify the reference
list of related literatures or reviews. A sample search for PubMed is available as supporting
information (Supplementary File S1).

2.2. Selection Criteria

Studies that fulfilled the following criteria were included in the current review:
(1) Study design: randomized controlled trials (RCTs). (2) Participants: Mean age ≥ 18 years,
irrespective of race and gender, and fulfilling any one of the risk factors of MetS defined
by the WHO European Group for the Study of Insulin Resistance (EGIR), American Asso-
ciation of Clinical Endocrinology (AACE), Chinese Diabetes Society (CDS), International
Diabetes Federation (IDF), National Cholesterol Education Program (NCEP), Adult Treat-
ment Panel III (ATPIII), Chinese Joint Committee for Developing Chinese Guidelines
(JCDGC) were regarded as the baseline of the study. Studies conducted on animals, chil-
dren, and adolescents, and those that were still recruiting participants were excluded in this
review. (3) Intervention: studies examined the use of AST in any dosage and regime, and
the control group included the use of placebo that did not contain AST or did not receive
any intervention. (4) Outcome measures: Studies involving at least one measure of the
risk factors of MetS: (i) waist circumference (WC), body mass index (BMI), blood pressure
(systolic and diastolic blood pressure) (BP), glycosylated hemoglobin level (HbA1c), fasting
blood glucose (FBG), lipid profile (total cholesterol (TC), triglyceride, high-density lipopro-
tein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C)), insulin resistance
level, and (ii) adherence rate were included. We also contacted the authors for clarification
of some unpublished data.

2.3. Selection Process

All selected studies were extracted and imported to Rayyan QCRI web tool [19],
and checked for duplicates. Two independent reviewers (L.L.Y.L. and H.L.T.) assessed
the titles and abstracts of all potential studies identified by search strategy. Full texts
were obtained if the abstract had provided adequate information regarding inclusion and
exclusion criteria. Next, the full text of all retrieved studies was evaluated on the basis of
participants, interventions, outcomes measures, and type of study. Decisions to include
studies in the review were by the same independent reviewers. Two independent reviewers
employed the self-designed eligibility verification checklist (Supplementary File S2) to
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conduct the selection process. Disagreements between the two reviewers were resolved by
discussion. Disputes were resolved by a third reviewer (E.S.-W.W.) through discussion.

2.4. Data Collection Process and Data Extraction

Data extraction was performed on a pilot-tested standardized form (Supplementary
File S3) modified from the JBI data extraction form for experimental or observational
studies [20] on Microsoft Excel by the first and third authors, and the accuracy of the
information was checked by the second and fourth authors. Two reviewers independently
performed the data extraction process by employing a three-step approach to select studies
that potentially met the inclusion criteria. The following information was extracted: first
author’s name, study location, year of publication, sample size, participant information,
intervention details, outcome measures (all time points), and authors’ conclusions.

2.5. Data Synthesis and Statistical Analysis

Meta-analysis was performed when at least two studies had evaluated the same out-
come. All quantitative data from selected studies were pooled in statistical meta-analysis
by using RevMan 5.4. All results were subjected to double data entry. Mean difference (MD)
and its corresponding 95% confidence interval (CI) for each study were used to estimate
the pooled effects of the included studies on each continuous variable measured on the
same instrument. Unit conversions performed on those outcome measures are presented
in different units (e.g., mmol/L to mg/dL). Heterogeneity was statistically assessed by
using I2, taking >75%, 50%, and <25% for high, moderate, and low heterogeneity, respec-
tively [21,22]. The random effect was applied to count effect sizes to provide more balance
on individual study weight; hence, the summary effect was more conservative [23,24].

2.6. Risk of Bias in Individual Studies

Two reviewers (L.L.-Y.L. and H.-L.T.) independently assessed the risk of bias (RoB)
of the included studies. All studies were appraised by using the Physiotherapy Evidence
Database (PEDro) [25]. It included a total of 11 items, and each satisfied item contributed
1 point to the total score except the first item. Only items 2 to 10 were rated, and the total
score ranged between 0 and 10 points. The included studies were rated as “poor”, “fair”,
“good” or “excellent” with scores < 4, 4 to 5, 6 to 8, or 9 to 10, respectively. The items used
for the assessment of the included studies were as follows: eligibility criteria and source;
random allocation; concealed allocation; baseline comparability; blinding of participants,
therapists and assessors; adequate follow-up; intention-to-treat analysis; between-group
statistical comparisons; and reporting of point measures of variability (Supplementary
File S4). Disagreements between the two reviewers were resolved by discussion and
recommendations from the third reviewer (E.S.-W.W.).

3. Results

3.1. Study Selection

The flow of the literature search and the selection process are summarized in Figure 1.
A total of 190 records in English and Chinese were identified from electronic databases and
other sources. The full-text screening identified 7 studies (317 subjects completed the trials)
eligible for inclusion, and a total of 183 papers were excluded due to non-RCT studies,
combined intervention, and duplicate records. The list of excluded studies is presented
in Supplementary File S5. For interventional studies involving animals or humans and
studies that required ethical approval, the corresponding ethical approval authorities and
ethical approval code are listed.
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Figure 1. PRISMA flow diagram of searching and selection of the articles. Note. CBM: Chinese
Biomedical Literature Database; CINAHL = Cumulative Index of Nursing and Allied Health Litera-
ture; CMCC = Chinese Medical Current Content; CMUL = Capital Medical University Library; CNKI:
China National Knowledge; EMBASE: Excerpta Medica database; UMIN-CTR: University Hospital
Medical Information Network Clinical Trials Registry.

3.2. Study Characteristics

The overall characteristics of the included RCTs are presented in Table 2. All studies
were double-blind and published in English. The included studies were published between
2009 and 2018. Two were conducted in Japan [26,27], and the rest were conducted in
Iran [28], Finland [29], Korea [30], Australia [31], and Canada [32]. The included studies
comprised 17 treatment arms with a total of 321 participants (185 participants in the
AST arm and 136 participants in the control arm). The sample sizes varied from 27 [30]
to 63 [32]. The daily dosage of AST varied from 0.16 [29] to 20 mg [30]. Two studies
reported outcomes in terms of different dosages of AST [26,27]. The range of intervention
periods was from 8 weeks [28,29] to 12 months [31]. Participant characteristics included
carpal tunnel syndrome (CTS), T2DM, obesity, mild and moderate hypertension, and
having undergone renal transplantation. Reported outcomes included the risk factors
of MetS: systolic blood pressure (SBP), diastolic blood pressure (DBP), body mass index
(BMI), fasting blood glucose (FBG), lipid profile (e.g., total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), triglyceride
(TG)) and waist circumference (WC).

3.3. Quality of the Included Studies

The methodological quality of included studies was assessed with the PEDro scale as
shown in Table 3. Scores of all included studies ranged from 8 to 10 with an average score of
9.29. The overall quality of the included studies was good to excellent. All included studies
performed randomization, concealed allocation, blinding of participants, between-group
comparison, point measure and measures of variability with similar baseline characteristics
and more than 85% retention. Six out of the seven included studies [26,28–32] involved the
blinding of the therapists, and only four [28,29,31,32] included the blinding of assessors
throughout.
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3.4. Meta-Analsysis Results—Primary Outcomes
3.4.1. Body Mass Index (BMI)

Four studies [26–28,30] evaluated the effects of AST on body mass index (BMI). These
studies involved 162 subjects (AST group = 102, control group = 60). Figure 2 indicates
that AST did not reduce BMI (MD = −0.55; 95% CI = −1.59, 0.50; I2 = 47%; p = 0.31),
Supplementary File S6 Figure S2a,b indicate the subgroup analysis on different dosage and
duration of AST, respectively.

Figure 2. Forest plot of effect of astaxanthin on body mass index [26–28,30]. Bold means total data.

3.4.2. Fasting Blood Glucose (FBG)

Three studies [26–28] evaluated the effects of AST on FBG. The pooled result showed
no significant effects of AST on FBG reduction (MD = −1.30; 95% CI = −4.50, 1.90; I2 = 0%;
p = 0.43; Figure 3), Supplementary File S6 Figure S3a,b indicate the subgroup analysis on
different dosage and duration of AST, respectively.

 
Figure 3. Forest plot of the effect of astaxanthin on fasting blood glucose [26–28]. Bold means total data.

3.4.3. Systolic Blood Pressure (SBP)

Four studies [26–28,31] included 297 subjects (AST group = 154 subjects, control
group = 143) were pooled for analysis. The result showed AST had marginally significant
effect on SBP reduction (MD = −4.15; 95% CI = −8.34, 0.04; I2 = 0%; p = 0.05; Figure 4).
Subgroup analysis exhibited that the SBP was reduced significantly when AST was ad-
ministered for more than 8 weeks (MD = −4.69; 95% CI = −9.23, −0.16; I2 = 0%; p = 0.04)
(Supplementary File S6 Figure S4a). Supplementary File S6 Figure S4a,b indicate the
subgroup analysis on different dosage and duration of AST.

Figure 4. Forest plot of the effect of astaxanthin on systolic blood pressure [26–28,31]. Bold means
total data.

3.4.4. Diastolic Blood Pressure (DBP)

The outcome of DBP was reported in four studies [26–28,31], which involved 297 sub-
jects (AST group = 154 subjects, control group = 143). However, the pooled result did not
reveal any significant DBP reduction after the administration of AST (MD = −2.09; 95% CI
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= −4.87, 0.69; I2 = 10%; p = 0.14; Figure 5), Supplementary File S6 Figure S5a,b indicate the
subgroup analysis on different dosage and duration of AST, respectively.

Figure 5. Forest plot of the effect of astaxanthin on diastolic blood pressure [26–28,31]. Bold means
total data.

3.4.5. Total Cholesterol (TC)

The pooled result of seven studies [26–32] involving 450 subjects showed marginal
significant difference between AST and the control group (MD = 0.66; 95% CI = 0.01, 1.32;
I2 = 31%; p = 0.05; Figure 6) on TC reduction. Moreover, significant differences were found
in TC for subjects consumed AST more than 8 weeks and dosages ranging from ≤6 mg/day
on reducing of TC (Supplementary File S6 Figure S6a,b).

Figure 6. Forest plot of the effect of astaxanthin on total cholesterol [26–28,30–32]. Bold means total
data.

3.4.6. High-density Lipoprotein Cholesterol (HDL-C)

No significant pooled effects on HDL-C reduction were found in seven studies [26–32],
regardless the various subgroup analysis on different dosages and durations (MD = 0.55;
95% CI = −0.26, 0.36; I2 = 29%; p = 0.77; Figure 7) (Supplementary File S6 Figure S7a,b).

Figure 7. Forest plot of the effect of astaxanthin on high-density lipoprotein cholesterol [26–32]. Bold
means total data.

3.4.7. Low-density Lipoprotein Cholesterol (LDL-C)

The outcome of LDL-C was reported in seven studies [26–32], involving 485 subjects.
However, AST significantly increased the level of LDL-C (MD = 0.64; 95% CI = 0.64, 0.89;
I2 = 0%; p < 0.00001; Figure 8), regardless the duration of consumption and dosage of
administration (Supplementary File S6 Figure S8a,b).
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Figure 8. Forest plot of the effect of astaxanthin on low-density lipoprotein cholesterol [26–32]. Bold
means total data.

3.4.8. Triglyceride (TG)

Six studies [26,28–32] evaluated the effects of AST on TG with a total of 445 subjects.
The results showed no significant difference (MD = −0.34; 95% CI = −1.76, 1.08; I2 = 48%;
p = 0.64; Figure 9) between the AST group (n = 230) and the control group (n = 215).
However, subgroup analysis indicated significant attenuating effects of AST on TG for
consumption more than 8 weeks (MD = −15.25; 95% CI = −29.75, −0.75; I2 = 46%; p = 0.04)
and the dosage between 7 and 12 mg/day (MD = −30.08; 95% CI = −51.80, 8.36; I2 = 0%;
p = 0.007) (Supplementary File S6 Figure S9a,b).

Figure 9. Forest plot of the effect of astaxanthin on triglyceride [26,28–32]. Bold means total data.

3.4.9. Waist Circumference (WC)

Only one study [30] involving 27 participants (AST group = 14, control group = 13)
reported that the use of AST could significantly reduce WC at week 12. However, the
sample size of the study was very small.

3.5. Secondary Outcome

Adherence was the secondary outcome of this review. Only one study [30] reported
this outcome. The result showed that the adherence rate at week 12 was 93.4% and 92.9%
for the AST and control groups, respectively.

4. Discussion

In this systematic review, an extensive database search was conducted, and a validated
appraisal tool was used to evaluate the effectiveness of AST in alleviating the risk factors
of MetS. Results indicate that AST was effective in reducing SBP, TC, and LDL-C, where
the former two had marginal statistical significant results (p = 0.05), and the latter showed
statistical significance (p < 0.05). Subjects’ SBP decreased when dosed with AST for more
than 8 weeks. AST induced attenuating effects on TC for using AST at the dosages of
≤6 mg/day for less than 8 weeks. Consuming AST at the dosages of ≤6 mg/day showed
statistically significant effects on LDL-C for more than 8 weeks but not less than 8 weeks.
In addition, AST was effective in the reduction of TG when subjects consumed dosage
between 7 and 12 mg/day for more than 8 weeks.

Yanai, et al. [33] supported our findings of AST reducing SBP, as AST was associated
with the enhancement of superoxide scavenging and vasorelaxation. For the lipid profile, a
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study conducted by Choi et al. [30] revealed that AST aided in improving the lipid profile
by speeding the process of dissolution and controlling the production of LDL. On the other
hand, contradictory studies to the results in this SR were also found. Xia et al. [34] reported
that AST indicated improvement in HDL but not other lipid profiles, blood pressure, and
serum glucose. Another related SR conducted by Ursoniu et al. [12] concluded that there
was no significant effect of AST on lipid profile and serum glucose. However, these two
reviews [12,34] were focused on the effects on physical biomarkers, while the present
study was disease-based with a focus on MetS. In addition, there was a 12-week study [30]
reported an adherence rate of over 92% in both groups; however, there was no information
on the strategies on sustained adherence rate.

4.1. Reporting Biases

Publication bias may occur since results of some clinical trials conducted by pharma-
ceutical or health products companies that are registered in WHO International Clinical
Trial Registry Platform, and UMIN-CTR Clinical Trial, were not published. This type of pub-
lication bias may lead to spurious beneficial treatment effects or missing some important
adverse effects. To deal with this bias, we searched the gray literature and those potential
studies. However, the clinical trials studying this topic are still very limited. Among the
seven included studies, only one [29] mentioned the allocation concealment of subjects
in the trial, while the six other studies [26–28,30–32] only briefly mentioned that the trials
belong to RCTs, which may have led to randomization bias. Three studies [26,27,30] did
not delineate the blinding of the outcome assessors, since the outcome assessors might alter
the assessment intentionally, and measurement bias might occur [35].

4.2. Strengths

This is the first SR to investigate the effects of AST on risk factors of MetS with a
registered SR protocol. Subgroup analyses, and changes between before and after inter-
vention treatments had been performed to explore the effectiveness of AST with different
dosages and duration. An extensive and comprehensive search strategy was adopted to
identify studies in multiple databases. In addition, in this SR, study selection and data
extraction were separately conducted by two independent reviewers, and a third reviewer
was consulted if necessary to minimize errors and potential bias [24]. All included studies
had good-to-excellent quality in terms of methodology (PEDro = 8 to 10).

4.3. Limitations

There were several limitations of this SR. First, variations across the included studies
with different dosages and different health conditions led to moderate heterogeneity in
some results. Second, the dietary patterns and activities of subjects in some individual
studies were not mentioned. Moreover, there is no definitive dosage and duration of AST
for adults at risk of MetS. The total number of participants was small, which could have
led to wide confidence intervals and worse result precision [24]. The covered identified
studies were only those in English and Chinese, which may have led to publication bias,
language bias, and missing studies published in other languages. However, the search of
14 databases may have reduced this bias.

4.4. Implication for Future Studies

There are several implications for future studies. First, different intervals of interven-
tion outcomes can be measured for the better identification of the effects and progress of
AST, such as increasing the duration of all included studies to more than 8 weeks. Inter-
vention outcome measurements can be extended to 1 month or longer after the completion
of the intervention to assess the sustainable effect of AST. Furthermore, a more rigorous
RCT with a large sample is needed to further confirm findings. In addition, dietary and
medication records should be properly kept for the identification of any confounding
factors affecting outcomes.

105



Nutrients 2022, 14, 2050

5. Conclusions

This SR indicated the potential effects of AST on improving SBP, TC, and LDL, although
the effectiveness of AST on managing risk factors of MetS was still inconclusive because
of the limited number of included studies. Rigorous large-scale RCT on human subjects
should be conducted to further confirm the effectiveness of AST on adults at risk of MetS.
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Abstract: Taurine, a naturally occurring sulfur-containing amino acid, has attracted significant
attention in recent years due to its potential health benefits. Found in various foods and often used in
energy drinks and supplements, taurine has been studied extensively to understand its impact on
human physiology. Determining its exact functional roles represents a complex and multifaceted topic.
We provide an overview of the scientific literature and present an analysis of the effects of taurine on
various aspects of human health, focusing on aging and cardiovascular pathophysiology, but also
including athletic performance, metabolic regulation, and neurological function. Additionally, our
report summarizes the current recommendations for taurine intake and addresses potential safety
concerns. Evidence from both human and animal studies indicates that taurine may have beneficial
cardiovascular effects, including blood pressure regulation, improved cardiac fitness, and enhanced
vascular health. Its mechanisms of action and antioxidant properties make it also an intriguing
candidate for potential anti-aging strategies.

Keywords: aging; 2-aminoethanesulfonic acid; cardiovascular risk; energy drinks; inflammation;
metabolism; oxidative stress; supplements; tauric acid; taurine

1. Introduction

Taurine (2-aminoethanesulfonic acid, also known as tauric acid) is a non-protein amino
acid found in various animal tissues, especially in the brain, heart, and skeletal muscles. It
is also present in several foods, such as meat, fish, dairy products, and energy drinks.

The main aim of this review is to summarize the key functional roles played by
taurine in aging and in cardiovascular pathophysiology, especially based on the most
recent findings in these fields. Specifically, taurine has been linked to, antioxidant activity,
anti-inflammatory effects, and blood pressure regulation, with major implications for
human health.

2. Nomenclature, Chemistry, and Biochemistry

The name taurine derives from the Latin taurus (cognate to Ancient Greek ταῦρος,
“taûros”) meaning bull or ox: indeed, taurine was first isolated from the bile of the ox, Bos
taurus, in 1827 by the German scientists Leopold Gmelin and Friedrich Tiedemann [1]. Early
studies focused on its presence in animal tissues, where it was found in high concentrations
in the brain, heart, and skeletal muscles. Later on, in 1846, the English chemist Edmund
Ronalds confirmed the presence of taurine in human bile [2]. Taurine is detected in high
concentrations in oxidative tissues, characterized by a high number of mitochondria,
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and in lower concentrations in glycolytic tissues [3–6]. The taurine content in various
human tissues is reported in Table 1; over the years, researchers have explored its role in
various physiological processes, leading to an increased understanding of its significance
in human health.

Table 1. Taurine content in human tissues (data from Refs. [7–11]).

Tissue
Content in μmol/L (Liquid)

or μmol/g (Solid)

Bile ~200

Plasma 50–100

Leukocytes and platelets 10–50

Retina 30–40

Heart 6–25

Brain 0.8–20

Skeletal muscle 2.2–5.4

Kidney 1.4–1.8

Liver 0.3–2

Erythrocytes 0.05–0.08

Chemically, taurine is classified as a beta-amino acid, and its molecular formula is
C2H7NO3S (Molecular Weight, MW: 125.15). Structurally, it is characterized by an amino
group (NH2), a carboxyl group (COOH), and a sulfonic acid group (SO3H) attached to the
beta carbon (Figure 1); unlike other amino acids, taurine lacks a chiral center, meaning it
is optically inactive; its relatively simple structure allows it to perform diverse functions
within the body.

Figure 1. Chemical structure (A) and call-and-stick model (B) of taurine.

While the human body can synthesize taurine to some extent, dietary intake is essential
to maintain optimal levels. Foods rich in taurine include meat, fish, poultry, and dairy
products. Vegetarians and vegans may have a lower taurine intake due to their dietary
restrictions [12], but the significance of this in terms of deficiency remains unclear.

109



Nutrients 2023, 15, 4236

Taurine is synthesized in humans in the liver mainly via the “cysteine sulfinic pathway”
(Figure 2). Cysteine dioxygenase oxidizes cysteine to form cysteine sulfinic acid, which is
then decarboxylated by cysteine sulfinic acid decarboxylase to obtain hypotaurine, which is
then oxidized by hypotaurine dioxygenase to form taurine [13–18]. An alternative pathway
is trans-sulfuration, in which homocysteine is converted into cystathionine, which is then
transformed into hypotaurine by cystathionine gamma-lyase, cysteine dioxygenase, and
cysteine sulfinic acid decarboxylase, and finally oxidized to form taurine [19–21].

Figure 2. Representation of the chemical reactions of the cysteine sulfinic pathway leading to
taurine synthesis.

Taurine has been extensively studied to determine its effects on human health. In terms
of cellular function, taurine is primarily found in the intracellular fluid of many tissues,
where it plays a vital role in a number of physiological processes [22–28]. It acts as an
osmolyte, regulating cell volume and maintaining cell integrity [29,30]. In the liver, taurine
is conjugated with bile acids, forming bile salts that aid in fat digestion and absorption in
the intestines [31–34]. These processes are crucial for lipid metabolism and absorption of
fat-soluble vitamins [35].

Taurine has also been shown to be involved in calcium (Ca2+) signaling, modulation
of ion channels, and neurotransmission, affecting neural excitability and synaptic transmis-
sion. Intriguingly, this amino acid exhibits important antioxidant properties, protecting
cells from oxidative and nitrosative stress by scavenging free radicals and reactive oxygen
species (ROS) [36–44]. These antioxidant actions certainly contribute to its potential benefits
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in terms of neuroprotection and cardiovascular health [45]. In fact, taurine is highly concen-
trated in the brain and several studies indicate that taurine might act as a neurotransmitter
or neuromodulator, influencing neurotransmitter release and receptor function, affecting
cognitive processes, mood, behavior, memory, learning, and anxiety regulation [46–51].

Taurine has been thought to be essential for the development and survival of neural
cells and to protect them under cell-damaging conditions, indeed in the brain stem taurine
regulates vital functions, including cardiovascular control and arterial blood pressure. Its
neuroprotective effects involve also reducing neuronal apoptosis and inflammation [46],
making it a subject of interest in research on neurodegenerative diseases and brain injuries
and offering benefits during stroke recovery [52–56]. Premature infants are vulnerable to
taurine deficiency because they lack some of the enzymes needed to synthesize cysteine
and taurine. However, human breast milk contains high levels of taurine which is sufficient
for newborns; formula milk is often supplemented with taurine, although evidence is
mixed as to whether this strategy is actually beneficial or not [57–62]. Nevertheless, further
studies are needed to fully understand taurine’s neurological effects.

As we will discuss below in a dedicated paragraph, taurine has been associated with
several benefits especially on the cardiovascular system, including blood pressure regula-
tion, anti-inflammatory effects, and improvements in endothelial function; overall, these
properties contribute to its potential in reducing the risk of cardiovascular diseases [63–65].

3. Taurine and Cardiovascular Health

Taurine plays a crucial role in cardiovascular physiology. Numerous studies have
investigated the potential cardioprotective effects of taurine, focusing on its impact on blood
pressure, cardiac contractility, and vascular function. It may help reduce blood pressure
in individuals with hypertension and improve endothelial function, leading to enhanced
vascular health. Its antioxidant properties may also reduce the risk of cardiovascular
diseases such as atherosclerosis and heart failure [66,67].

As we will see in detail in the paragraphs below, the main cardiovascular effects of
taurine are attributed to a number of underlying mechanisms. For instance, its modu-
lation of ion channels, including Ca2+ and potassium (K+) channels, influences cardiac
electrical activity and vascular tone. Its role in Ca2+ homeostasis also impacts myocardial
contractility and relaxation. Additionally, the antioxidant properties of taurine, for which
the exact underlying mechanisms remain unclear, might help protect against oxidative
stress, a factor involved in the pathophysiology of cardiovascular disease. Interestingly, two
taurine-containing modified uridines, 5-taurinomethyluridine (τm5u) and 5-taurinomethyl-
2-thiouridine (τm5s2u) have been identified in mitochondrial tRNA: these conjugates could
be associated with the actions of taurine as an antioxidant [68–71]. Another proposed mech-
anism is the stabilization of intracellular levels of antioxidant enzymes like superoxide
dismutase (SOD) and glutathione [72,73].

Taurine has been also implicated in metabolic regulation, particularly in relation to glu-
cose and lipid metabolism [74,75]. Various studies indicate that taurine might help improve
insulin sensitivity, making it beneficial for individuals with type 2 diabetes (T2D) or those at
risk of developing the condition [76–79]. A recent preclinical study has shown that taurine
can rescue pancreatic β-cell stress by stimulating α-cell trans-differentiation [80]. Addition-
ally, taurine may aid in reducing triglyceride levels and improving lipid profiles [81–85],
potentially lowering the risk of cardiovascular diseases and metabolic syndrome.

Preclinical investigations have provided valuable insights into the cardiovascular
effects of taurine. In models of hypertension, heart failure, and atherosclerosis, taurine
supplementation has consistently been shown to improve cardiac function, reduce blood
pressure, and enhance vascular health. At the same time, human studies investigating
taurine’s cardiovascular effects have also yielded promising results. Clinical trials have
demonstrated its potential to reduce blood pressure, improve left ventricular function, and
enhance exercise capacity in individuals with heart failure.
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3.1. Taurine and Cardiac Function

Taurine accounts for ~50% of the total free amino acids in the heart; it has been shown
to enhance cardiac contractility and improve heart function in both human and animal
models. Animal studies have revealed that taurine deficiency induces atrophic cardiac
remodeling [86], whilst taurine supplementation can increase myocardial contractility,
stroke volume, and cardiac output [87–93]. In humans, taurine has been associated with
improvements in the left ventricular function and exercise tolerance [94–98]. Notably, in
1985 taurine was approved as treatment for patients with heart failure in Japan [96].

The beneficial effects of taurine on Ca2+ and sodium (Na+) handling [89,90,99–103],
myocardial energetics [104,105], and cellular signaling pathways (including glucose trans-
port, 3-phosphoinositide-dependent protein kinase-1, AKT, sirtuin 1 (SIRT1), FOXO3, p38,
NFkappaB, and others) [106–121] are thought to underlie its major cardioprotective effects.
Other mechanisms include the promotion of natriuresis and diuresis, most likely via an
osmoregulatory activity in the kidney, a regulation of vasopressin release, and a modulation
of the atrial natriuretic factor secretion [122–125]. In addition, taurine has been shown
to attenuate the actions of angiotensin II on its downstream signaling pathways, on Ca2+

transport, and on protein synthesis [113].

3.2. Taurine and Vascular Function

The endothelium, a single layer of cells lining the blood vessels, plays a crucial role in
vascular health. Taurine has been shown to improve the endothelial function by promot-
ing nitric oxide (NO) production and reducing endothelial dysfunction [126]. Enhanced
endothelial function contributes to better vascular relaxation, reduced inflammation, and
improved blood flow, which may benefit cardiovascular health and reduce the risk of
atherosclerosis and cardiovascular events [127–130].

The ability of taurine to regulate ion channels [131,132], modulate Ca2+ homeosta-
sis [133–135], and enhance endothelial function [136–140] may contribute to its antihyper-
tensive properties. Additionally, its antioxidant activity [54,126,141–143] may help protect
blood vessels from oxidative stress, further contributing to its beneficial effects on blood
pressure regulation.

Both human and animal studies have demonstrated that taurine supplementation can
lead to a modest reduction in blood pressure [144–147]. Despite the fact that the effects of
taurine on a healthy endothelium remain controversial, with some investigators showing
an enhancement of the endothelium-dependent relaxation in response to acetylcholine [148]
and other reports not confirming these findings [145,149], its beneficial action on a dys-
functional endothelium is more consistent [130,140,144]. A synergistic action in terms of
cell survival has been experimentally shown [150] when combining taurine with another
well-established enhancer of vascular function, i.e., L-arginine [129,151–153].

Strikingly, in a recent clinical trial, 120 patients with T2D were randomly allocated
to take either 1 g of taurine or placebo three times per day for an 8-week period; taurine-
supplemented patients displayed a significant decrease in serum insulin and HOMA-IR
(Homeostatic Model Assessment for Insulin Resistance) compared to the placebo group
accompanied by a significant decline in several markers of inflammation, oxidative stress,
and endothelial dysfunction [154]. A meta-analysis published in 2018 concluded that the
ingestion of taurine can reduce blood pressure to a clinically relevant magnitude, without
any major adverse side effects [155]. However, future studies are warranted to establish
the exact effects of oral taurine supplementation on targeted pathologies and the optimal
supplementation doses and periods.

3.3. Taurine and Athletic Performance

The presence of taurine in many energy drinks and sports supplements (~750–1000 mg
in a can of 240 mL) is most likely due to its purported role in enhancing athletic performance.
However, these energy drinks also contain caffeine, which has been previously linked to
perceived energy boosts [156,157].
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Some studies suggest that taurine may improve exercise capacity, reduce muscle
damage, and alleviate exercise-induced oxidative stress. Its potential to increase muscle
contractility and decrease fatigue has garnered interest among athletes. Nevertheless,
conflicting findings warrant caution in interpreting these claims and several concerns on
the use and abuse of energy drinks have been raised [158–163].

4. Taurine and Aging

4.1. Taurine and Longevity

Levels of taurine have been shown to decline as we age, and offsetting this loss with a
taurine supplement might delay the development of age-related health problems [164–167].
Indeed, as shown in a Science paper recently published, when mice received taurine supple-
ments, their lifespans increased by approximately 10% compared to the control group [168].
Mice in the taurine group also seemed healthier, with improvements in muscle endurance
and strength. Researchers fed mice between 15 and 30 mg of taurine per day depend-
ing on their age. These doses would be equivalent to 3 to 6 g of taurine for an 80-kg
body weight, which is within the safe limits according to European Food Safety Authority
recommendations [169,170].

Taurine was also shown to shape the gut microbiota of mice and positively affect
the restoration of intestinal homeostasis [171], suggesting that it could be harnessed to
re-establish a normal microenvironment and to treat or prevent gut dysbiosis.

Beneficial effects on some hallmarks of aging were observed in Caenorhabditis elegans
worms and middle-aged rhesus monkeys (Macaca mulatta) [172]. The taurine-fed worms
lived longer and were healthier than the controls. The monkeys had lower body weights,
reduced signs of liver damage, and denser bones [168].

Consistent with these data, a previous study conducted using data from the Korea
National Health and Nutrition Examination Survey (KNHANES) had shown that taurine
supplementation can decrease the cardiometabolic risk in male elderly subjects aged 75 and
older [173]. Similarly, a double-blind study conducted in 24 women randomly assigned
to receive taurine (1.5 g) or placebo (1.5 g of starch) for 16 weeks revealed that taurine
supplementation prevented the decrease in SOD plasma levels [141], suggesting taurine as
a potential strategy to control oxidative stress during the aging process.

4.2. Taurine and Cell Senescence

Cell senescence represents one of the fundamental mechanisms of aging [174,175].
Senescent cells are characterized by the cell cycle arrest, decreased susceptibility to apopto-
sis, and release of a particular set of cytokines, known as senescence-associated secretory
phenotype (SASP) [176–178]. Despite preventing malignant transformation, accumulation
of senescent cells negatively affects tissue functionality [179,180].

Multiple evidence demonstrates that the age-dependent decrease in the taurine content
is associated with cell senescence. For instance, metabolomic analyses of human umbilical
vein endothelial cells (HUVECs) at different passages have revealed a correlation between
lower levels of taurine and HUVECs senescence [181].

In vitro, taurine mitigated replicative aging of bone marrow-derived multipotent
stromal cells and restored their osteogenic differentiation potential at late passages [182].
Deletion of Slc6a6 (sodium- and chloride-dependent taurine transporter) resulted in a
drastic shortening of the lifespan of mice [168,183]; specifically, Slc6a6 knockout mice
exhibited a high expression of senescence markers p16 and p21, mirrored by a high expres-
sion of senescence-associated beta-galactosidase (SA-β-Gal) activity in the bones and liver.
Treatment of Slc6a6 knockout mice with senolytics increased their lifespan, suggesting
a causative link between cell senescence and taurine deficiency [168]. In line with these
results, taurine supplementation for 10 months in aged wild type mice led to a reduction
of senescent cells by a factor of two in the brain, gut and muscle, and almost by a factor
of three in the liver and fat [168]. Some investigators indicate that taurine deficiency may
induce cell senescence via activation of SMAD3 and β-catenin [184].
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4.3. Taurine and Unfolded Protein Response

Loss of proteostasis is one of the hallmarks of aging. The burden of misfolded proteins
increases with age due to the accumulation of somatic mutations, dysregulation of splicing,
loss of chaperone activity, and malfunctioning autophagy [174,185]. Accumulation of
misfolded proteins in the endoplasmic reticulum (ER) triggers an unfolded protein response
(UPR) and ER stress, eventually resulting in cell death [186].

Knockout of Slc6a6 triggers UPR in the murine skeletal muscle, as demonstrated by
unbiased RNA sequencing and by the direct measurement of ER stress-associated proteins
content [183]. In drosophila, taurine’s beneficial effects on lifespan were totally abrogated
by the silencing of Erol1 or Xbp1 genes; the products of these genes play crucial role in
resolving ER stress [187]. Taurine cotreatment also prevented detrimental consequences of
UPR during glucose deprivation or cisplatin toxicity [188,189].

4.4. Taurine and Telomere Attrition

Telomere attrition limits cell ability to proliferate endlessly [190–192]. The enzyme
telomerase reverse transcriptase (TERT) prevents critical shortening of telomere length [174].
In vitro studies have shown that taurine can increase the TERT expression in dental-pulp-
derived stem cells, thus maintaining their chondrogenic differentiation potential [193]. In
line with this observation, a correlation was reported between the liver telomere length
and the plasma levels of taurine in mice [194]. Taurine was also shown to mitigate detri-
mental consequences of telomere attrition; for instance, taurine supplementation prevented
premature death of D. rerio with Tert deficiency [168].

4.5. Taurine and Sirtuins

Sirtuins are a family of proteins that possess either mono-ADP-ribosyltransferase
or deacetylase activity [195,196]. Sirtuins regulate many signaling pathways, mostly
connecting them with a metabolic state of the organism [197,198]. Their expression is
decreased with age and their activation or overexpression is associated with increased
longevity [199,200].

Taurine was shown to activate cytoplasmic SIRT1 in the liver, heart, and brain [121,201–204].
In these tissues, taurine-mediated upregulation of SIRT1 activity was associated with
the prevention of organ dysfunction. For instance, in the heart, taurine promoted p53
inhibition via its deacetylation by SIRT1, resulting in a diminished apoptosis rate; of
note, the protective effects of taurine were lost after cotreatment with a specific SIRT1
inhibitor [202].

Molecular docking modeling suggests that taurine activates SIRT1 via direct in-
teraction with the protein; interestingly, taurine was predicted to bind another region
of SIRT1 compared to the SIRT1 potent agonist resveratrol. Although the latter binds
to the 289–304 amino acid sequence, taurine requires a pocket formed by amino acid
441–445 [121].

4.6. Taurine and Stem Cells

Depletion of stem cell pools is notably associated with aging and age-related disorders,
leading to a gradual decline in organ functions and their healing capacities after dam-
age [174,205–207]. Mounting data show that taurine increases the survival of stem cells,
increases their regenerative capacity, and maintains stemness [208]. Notably, knocking out
Slc6a6 abrogates the development of embryonic stem cells, again pointing to the crucial role
of taurine [209]. Several studies demonstrate the beneficial effects of taurine treatment on
neural stem cells and stem cells involved in bone and cartilage development [193,210–214];
moreover, it has also been suggested that taurine may promote development of skeletal
muscles [215].
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5. Recommended Intake and Safety Concerns

Currently, there are no established dietary reference intakes (DRIs) for taurine [216].
However, it is generally believed that the typical Western diet provides sufficient taurine
for most people [217,218]. Specific populations, such as vegetarians or vegans, may have a
lower taurine intake, but evidence of deficiency remains limited [219,220].

The normal dietary levels of taurine can vary depending on an individual’s diet
and specific food choices. Taurine is a naturally occurring amino acid found in various
foods [219,221–224], including seaweed, fish, meat, and some dairy products (Table 2);
the average daily intake of taurine from the typical diet is estimated to be around 40 to
400 milligrams (mg) per day in adults.

Table 2. Taurine content in foods.

Food Average Content in mg/100 g

Pyropia tenera (red algae, seaweed, dried) 979

Scallops (raw) 827

Mussels (raw) 655

Porphyra haitanensis (seaweed, dried) 646

Clams (raw) 520

Oysters (raw) 507

Octopus (raw) 388

Squid (raw) 356

Turkey (raw), dark meat 306

Chicken (raw), dark meat 169

White fish (raw) 151

Pork (raw) 61

Salami (cured) 59

Ham (baked) 50

Lamb (raw), dark meat 47

Beef (raw) 43

Tuna (canned) 42

Shrimps (raw) 39

Goat’s milk (pasteurized) 6.8

Egg yolk 3.7

Yogurt 3.3

Cow’s milk (pasteurized) 2.4

Ice cream 1.9

Foods that contain the highest levels of taurine come from the sea and include seaweed
and shellfish; for instance, taurine represents ~80% of the total amino acid content of pacific
oyster (Crassostrea gigas) [225].

Regarding standard supplemental doses, taurine supplements are available in various
forms, including capsules, tablets, and energy drinks. The recommended dosage of taurine
as a dietary supplement might vary based on the specific product and its intended use. In
general, most taurine supplements are available in doses ranging from 500 mg to 2000 mg
per serving. It is important to note that individual responses to dietary supplements can
differ, and the appropriate dose for a person may depend on various factors, including
age, weight, overall health status, and underlying medical conditions. For this reason, it is
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advisable to follow the recommended dosage provided on the supplement’s packaging or
as advised by a healthcare professional.

Overall, taurine is considered generally safe for most individuals when consumed in
moderate amounts, as found in the average diet. However, as with any dietary supplement,
moderation is key, and excessive consumption of taurine supplements beyond recom-
mended doses may lead to potential side effects, including gastrointestinal disturbances
(such as nausea, vomiting, and diarrhea) and neurological symptoms (dizziness, tremors,
and headache) [226–228]. Moreover, caution should be used because of the potential inter-
actions between taurine supplements and certain medications, particularly those having
analogous effects (e.g., lowering blood pressure), targeting similar signaling pathways
(e.g., Ca2+, angiotensin), and used to modulate heart or central nervous system functions.
medications or [49,50,229]. Pregnant and lactating women, as well as individuals with
specific health conditions, such as bipolar disorder, epilepsy, or kidney problems, should
exercise caution and consult healthcare professionals before taking taurine supplements.

A risk assessment study conducted by Shao and colleagues, based on toxicological
evidence from several clinical trials testing taurine supplementation, established the upper
level of taurine supplementation at 3 g per day [230]. The only adverse effects noted in
this study after consuming a 3 g dose of taurine were gastrointestinal disorders. Notably,
the minimum dose used in these trials was 3 g/day, much greater than the usual intake of
taurine from a normal diet (<0.4 g/day).

6. Conclusions

Taurine has a diverse array of functions in human health. From its origins in animal
tissues to its roles in aging, cardiovascular health, neuroprotection, and cellular function,
taurine continues to capture the attention of researchers and health professionals alike.
Recent findings specifically suggest that taurine is a promising cardioprotective agent,
offering potential benefits for cardiovascular health in both human and animal studies.
However, its role in reducing cardiovascular risk warrants further investigation, including
large-scale clinical trials, making it an intriguing subject for ongoing research and potential
therapeutic applications. Further research is also needed to fully elucidate its mechanisms
of action and confirm its efficacy in different settings including longevity. An adequate
dietary intake of taurine through a balanced diet is recommended, and caution should be
exercised when considering taurine supplementation, especially at high doses.
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Abstract: Glucosamine is widely used around the world and as a popular dietary supplement
and treatment in patients with osteoarthritis in China; however, the real-world cardiovascular risk
of glucosamine in long-term use is still unclear. A retrospective, population-based cohort study
was performed, based on the Beijing Medical Claim Data for Employees from 1 January 2010 to
31 December 2017. Patients newly diagnosed with osteoarthritis were selected and divided into
glucosamine users and non- glucosamine users. The glucosamine users group was further divided
into adherent, partially adherent, and non-adherent groups according to the medication adherence.
New-onset cardiovascular diseases (CVD) events, coronary heart diseases (CHD), and stroke, were
identified during the observational period. COX proportional regression models were used to estimate
the risks. Of the 685,778 patients newly diagnosed with osteoarthritis including 240,419 glucosamine
users and 445,359 non-users, the mean age was 56.49 (SD: 14.45) years and 59.35% were females.
During a median follow-up of 6.13 years, 64,600 new-onset CVD, 26,530 CHD, and 17,832 stroke
events occurred. Glucosamine usage was significantly associated with CVD (HR: 1.10; 95% CI:
1.08–1.11) and CHD (HR: 1.12; 95% CI: 1.09–1.15), but not with stroke (HR: 1.03; 95% CI: 0.99–1.06).
The highest CVD risk was shown in the adherent group (HR: 1.68; 95% CI: 1.59–1.78), followed by the
partially adherent group (HR: 1.26, 95% CI: 1.22–1.30), and the non-adherent group (HR: 1.03; 95% CI:
1.02–1.05), with a significant dose–response relationship (p-trend < 0.001). In this longitudinal study,
adherent usage of glucosamine was significantly associated with a higher risk for cardiovascular
diseases in patients with osteoarthritis.

Keywords: glucosamine; cardiovascular disease; osteoarthritis; epidemiology

1. Introduction

Glucosamine is a nutritional supplement for joint cartilage, which is widely used for
managing the symptoms of osteoarthritis [1,2] and is regularly consumed in approximately
one-fifth of adults in the United States, Australia, and the United Kingdom [3–5]. Despite
low potential toxicity reported in previous studies, the patients exposed to glucosamine
experienced increased fasting blood glucose and reduced insulin sensitivity [6–9]. Biochem-
ical studies have shown that glucosamine is an inhibitor of nitric oxide (NO) synthesis [10],
which might affect microvascular remodeling and endothelial function regulation [11,12],
and cause glucosamine a potential risk factor of cardiovascular disease. Since patients
with osteoarthritis are at a high risk of cardiovascular disease [13–15], it is necessary to
know whether glucosamine use in patients with osteoarthritis brings an additional risk for
cardiovascular disease (CVD).
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Previous randomized control trials focusing on evaluating the efficacy did not find
excess cardiovascular risks of glucosamine compared with placebo or celecoxib in patients
with osteoarthritis [16–20]. Nevertheless, these studies had a limited sample size and
contained a follow-up period of no more than 2 years [16–20]. Recently, large cohort studies
in the general population were designed to explore the association of habitual glucosamine
use with the risk of CVD [5,21]. However, in these studies, the use of glucosamine was
reported by participants without detailed records of the dosage and duration, and the
association of glucosamine with cardiovascular events in patients with osteoarthritis is
still unclear. Therefore, based on a comprehensive database with medication information
from all hospitals, pharmacies, and medical facilities, we aimed to assess the association of
glucosamine use with CVD in 685,778 patients with osteoarthritis in a real-world setting in
Beijing, China.

2. Materials and Methods

2.1. Data Source

A retrospective cohort study was performed from 1 January 2010 to 31 December,
based on the Beijing Medical Claim Data for Employees (BMCDE). The database was
described elsewhere [22]. Briefly, it contained all of the medical and pharmacy records for
about 20 million residents who enrolled in the urban employee basic medical insurance
(UEBMI) program in Beijing. The UEBMI is basic medical insurance covering more than
92% of urban employees, workers, and retirees in China [23–25]. The BMCDE database
includes sale information of drugs from all sources in Beijing, including all of the hospitals
and retail pharmacies, and part of the data records from the database were manually
validated by comparing with the original medical and pharmacy files. Demographic,
diseases, and detailed medical information were derived from the database. All of the data
were collected for administrative purposes without any personal identifiers. Therefore, this
study was exempted from ethics committee review by the Ethics Committee of the Peking
University Health Science Center.

2.2. Population

Of the 20.8 million residents enrolled in UEBMI, those who were newly diagnosed
with osteoarthritis from 1 January 2010 to 31 December 2012, were selected. Then, the
participants who newly started taking glucosamine within one year after diagnosis of
osteoarthritis were considered as the exposure group (the distribution of period time from
diagnosis of osteoarthritis to starting taking glucosamine is shown in Table S1), and those
who never use glucosamine were used as the control group. A two-year wash-out period
was used to identify the new patients with osteoarthritis and the new glucosamine users,
which meant that the participants diagnosed with osteoarthritis or taking glucosamine
within two years before baseline were excluded as old cases or former users. Newly
diagnosed osteoarthritis was determined by the International Classification of Diseases
(ICD)-10 code (M0–M2). To control potential bias caused by the disease course and to
estimate the long-term effect of glucosamine on CVD, those under 18 years or with <1-year
follow-up time were excluded in both the glucosamine group and non-glucosamine group.
Missing data were defined as missing any of the covariates, and the participants with
missing data were excluded.

2.3. Exposure, Outcome, and Covariates

Of 685,778 participants from 774,912 patients newly diagnosed with osteoarthritis,
there were 240,419 who newly started taking glucosamine within one year after diagnosis
of osteoarthritis, and 445,359 patients never took glucosamine, while 89,134 patients who
started taking glucosamine more than one year after the diagnosis of osteoarthritis were
excluded from the main analyses (Figure A1). To further compare the differences among
the groups with different adherence, the glucosamine group was further classified into
adherent, partially adherent, and non-adherent groups. The proportion of the days cov-
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ered (PDC) was used to quantify the adherence of glucosamine, based on the dosage of
prescription recorded in the database and the daily defined dose (DDD) [26,27]. The PDC
was calculated as the proportion of days on which a person had an available supply of glu-
cosamine, which represents the adherence to which a person continued to fill glucosamine
prescriptions over time. According to PDC, those who used glucosamine were divided into
three subgroups, including adherent (PDC ≥ 80%), partially adherent (20% ≤ PDC < 80%),
and non-adherent (PDC < 20%) [26].

The incident CVD, coronary heart disease (CHD), and stroke events of the subjects
were observed from the index date to 31 December 2017, which were identified by the
primary diagnosis at each inpatient or outpatient encounter during the follow-up. Each
participant had only one outcome in this study. The primary outcomes were overall
cardiovascular diseases, with an ICD code of I00-I99. The secondary outcomes were CHD
and stroke, with an ICD code of I20-I25 or I60-I64, respectively.

Several covariates were adjusted, including age, sex, hypertension, medication, Charl-
son Comorbidity Index (CCI), and health care utilization index (HCUI) at the baseline [28].
Hypertension was defined as diagnosis with an ICD-10 code of I10-I15 or having anti-
hypertensive prescriptions before the index date. Medications included lipid treatment,
antiplatelet treatment (including aspirin, clopidogrel, indobufen, ticagrelor, ticlopidine,
prasugrel, and cangrelor), and NSAIDs’ therapy (except aspirin and indobufen), which
was determined using the pharmacy records before the index date. CCI is a weighted score
categorizing and integrating comorbidities of patients based on the ICD diagnosis codes,
including 19 comorbidities [29]. The higher scores indicated more comorbidities and poorer
health status, and more details about CCI are shown in Table S2. HCUI was calculated
as the frequency of hospital visits in the past 12 months before the index date. Moreover,
considering the indication bias of adherence, we selected the PDC of antidiabetic drugs as
a negative control adjusted in the sensitivity analysis. The PDC of antidiabetic drugs was
calculated in the same way as that mentioned before.

2.4. Statistical Analysis

The normal continuous variables were performed by the mean (standard deviation,
SD), non-normal continuous variables by the median (interquartile range, IQR), while
the categorical variables were represented by the number (percentage). The baseline
characteristics were compared between groups using ANOVA, Wilcoxon test, or χ2 test.
The index date was defined as the date of the first diagnosis of osteoarthritis in the non-
glucosamine group, or the date when the patients first used glucosamine in the glucosamine
group. The follow-up period was determined from the index date to the outcome occurrence
or to 31 December 2017, which came first. The incidence rate of cardiovascular events was
calculated and presented with 95% confidence intervals per 1000 person-years. The 95% CI
of the incidence rate was calculated using the following formula:

95% CI = the number of events/cumulative person-years
± 1.96 × sqrt (the number of events)/cumulative person-years

(1)

Hazard ratios (HRs) and 95% CIs were reported to estimate the risk of cardiovascular
events using the Cox proportional regression model after adjusting for age, sex, hyper-
tension, medication, CCI, and HCUI. Sex (female or male), hypertension, lipid treatment,
antiplatelet treatment, and NSAIDs’ therapy (yes or no) were analyzed as binary variables,
while age, CCI, and HCUI were the continuous variables. Subgroup analysis stratified by
age and sex in different adherence groups was then performed after adjusting for the other
covariates.

Five sensitivity analyses were performed to prove our results. First, the 1:2 propen-
sity score matching (PSM) within a caliper of 0.03 was conducted between the adherent
glucosamine users and non-glucosamine users to reduce potential indication bias. The
propensity scores for each participant between the groups were calculated using a logistic
regression model including the index year and all of the covariates mentioned before.
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The patients were matched according to the propensity score, and the association was
then reported in the matched patients. Second, to avoid the indication bias caused by
adherence, the PDC of antidiabetic drugs was additionally adjusted as a negative control
on the original model, to reduce the potential confounding. Third, patients with lower
than 2 years follow-up time were excluded to further explore the long-term effect of glu-
cosamine. Fourth, we included all of the patients newly diagnosed with osteoarthritis
whether or not they took glucosamine within one year. Fifth, to validate our results and
test potential residual confounding due to the course of the disease, follow-up time was
defined separately as the period from the diagnosis of osteoarthritis to the outcomes.

A two-tailed p value less than 0.05 was considered statistically significant. PSM was
analyzed by the “MatchIt” package in R 3.6.3 with a caliper of 0.03. Otherwise, the statistical
analyses were completed using SAS version 9.4.

3. Results

3.1. Characteristics of Study Population

A total of 685,778 participants with a new diagnosis of osteoarthritis were included
in the main analysis. The average age was 56.49 (SD: 14.45) years, 59.35% were female,
21.20% presented with hypertension, 37.29% were undergoing lipid treatment, 27.74%
were undergoing antiplatelet treatment, 29.67% were undergoing NSAIDs therapy, the
mean of the CCI was 0.67 (SD: 0.91), and the median of HCUI was 21 (IQR: 6, 45). Among
them, 240,419 subjects were glucosamine users and 445,359 were non-users, respectively.
Table 1 shows the characteristics of study subjects according to their glucosamine-using
status. When compared with non-users, the glucosamine users were older, more likely
to be females, more likely to have hypertension, more likely to have lipid treatment or
antiplatelet treatment, less likely to have NSAIDs therapy, had higher CCI, and had lower
HCUI.

Table 1. Characteristics of the study population.

Characteristics
Glucosamine Non-Users

(n = 445,359)
Glucosamine Users

(n= 240,419)
p Value

Age, years, mean (SD) 55.44 (15.40) 58.43 (12.24) <0.001
Female, n(%) 247,181 (55.50) 159,826 (66.48) <0.001

Hypertension, n(%) 89,394 (20.07) 55,974 (23.28) <0.001
Lipid treatment, n(%) 153,169 (34.39) 102,571 (42.66) <0.001

Antiplatelet treatment 1, n(%) 113,118 (25.40) 77,084 (32.06) <0.001
NSAIDs therapy 2, n(%) 140,099 (31.46) 63,387 (26.37) <0.001

CCI, mean (SD) 0.65 (0.93) 0.71 (0.86) <0.001
HCUI, median (IQR) 22 (7, 45) 20 (6, 45) <0.001

NSAIDs, non-steroidal anti-inflammatory drug; CCI, Charlson Comorbidity Index; HCUI, health care utilization
index; IQR, interquartile range. 1 Antiplatelet treatment included usage of aspirin, clopidogrel, indobufen,
ticagrelor, ticlopidine, prasugrel, and cangrelor. 2 NSAIDs therapy here did not include aspirin and indobufen.

3.2. Incidence of CVD Events

The median follow-up time was 6.13 (IQR: 5.57–6.75) years overall, 6.15 (IQR: 5.61–6.81)
for non-users, and 6.01 (IQR: 5.48–6.68) for glucosamine users. There were 64,600 new-onset
CVD events, with an overall incidence rate of 15.61 (95% CI: 15.49–15.73) per 1000 person-
years. There were 26,530 and 17,832 CHD and stroke events, with incidence rates of
6.25 (95% CI: 6.18–6.33) and 4.18 (95% CI: 4.12–4.24) per 1000 person-years, respectively.
Compared with the non-users, the glucosamine users had significantly higher incidence
rates of overall CVD events, CHD, but not stroke (Table 2). Among the glucosamine users
with different adherence levels, a higher incidence was observed in the group with a higher
adherence (Table S3).
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Table 2. Incidence of cardiovascular disease events.

Glucosamine Non-Users Glucosamine Users
p Value 2

Number of Events Incidence 1 (95% CI) Number of Events Incidence 1 (95% CI)

Overall CVD 40,858 15.08 (14.93, 15.23) 23,742 16.63 (16.42, 16.84) <0.001
CHD 16,686 6.01 (5.91, 6.10) 9844 6.72 (6.59, 6.85) <0.001
Stroke 11,742 4.21 (4.13, 4.28) 6090 4.13 (4.03, 4.23) 0.57

CVD, cardiovascular disease; CHD, coronary heart disease; CI, confidence interval. 1 “Incidence” indicates crude
incidence without adjusting for any covariates. 2 “p values” were calculated for the difference between incidences
of two groups.

3.3. Association of Glucosamine with Cardiovascular Events

The association of glucosamine with cardiovascular events is shown in Figure 1 and
model adjustment is shown in Table A1. Glucosamine usage was significantly associated
with overall CVD (HR: 1.10, 95% CI: 1.08–1.11), CHD (HR: 1.12, 95% CI: 1.09–1.15) but not
stroke (HR: 1.03, 95% CI: 0.99–1.06). The cardiovascular risks for glucosamine use with
different adherence levels were further explored. The highest HR was observed in the
adherent group for CVD (HR: 1.68, 95% CI: 1.59–1.78), CHD (HR: 1.69, 95% CI: 1.56–1.84),
and stroke (HR: 1.53, 95% CI: 1.37–1.70) followed by the partially adherent group, then
the non-adherent group, compared to non-users. A significant dose–response relationship
was shown for glucosamine with CVD, CHD, and stroke events in all of the subjects
(p-trend < 0.001 for each).

Figure 1. Association of glucosamine users with cardiovascular disease (CVD) at different adherence
levels. CVD, cardiovascular disease; CHD, coronary heart disease; HR, hazard ratios; CI, confidence
interval. HRs were calculated compared with glucosamine non-users, and were adjusted for age,
sex, hypertension, medication, Charlson Comorbidity Index (CCI), and health care utilization index
(HCUI). The dots indicate the HRs and the lines between bars represents the 95% confidence intervals.

The subgroup analysis for CVD is shown in Table S4. The similar trends among the
glucosamine users with different adherence were found when stratified by sex or age (p for
trend < 0.001 for each).

3.4. Sensitivity Analysis

After the 1:2 PSM, 8022 adherent glucosamine users and 16,043 matched glucosamine
non-users were included, while one glucosamine user was matched to only one control
due to the strict caliper. The baseline characteristics showed no significant difference
(Table S5), and the adherent glucosamine use was still significantly associated with CVD,
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CHD, and stroke (Table S6). The results were consistent with those in the main analysis
when the PDC of antidiabetic drugs was additionally adjusted considering the indication
bias (Table S7), or when patients with lower than 2 years follow-up time were excluded
(Table S8). Among 774,912 patients newly diagnosed with osteoarthritis whether or not
they took glucosamine within one year, the glucosamine use was significantly associated
with CVD, CHD, and stroke with a significant trend for each (p for trend < 0.001) (Table S9).
Lastly, to avoid potential confounding due to the course of disease, follow-up time was
defined separately as the period from the diagnosis of osteoarthritis to the outcomes, and a
significant association was also estimated for CVD, CHD, and stroke (Table S10)

4. Discussion

Despite several studies [5,21] that were conducted to evaluate the association of
glucosamine with CVD risks in the general population, the association was still unclear
in patients with osteoarthritis who were at a higher risk of cardiovascular events. In
this retrospective cohort study, based on a comprehensive database with prescription
information for nearly 0.7 million patients newly diagnosed with osteoarthritis, we assessed
CVD, CHD, and stroke risks between glucosamine users and non-users in patients with
osteoarthritis. According to the results, we found that glucosamine was significantly
associated with a higher risk for CVD and CHD, especially in patients who had a higher
adherence. Although no statistically significant association of glucosamine use with stroke
was found, a 53% increase in the risk of stroke was estimated in adherent glucosamine users
significantly. Taking glucosamine was already strongly recommended against in patients
with osteoarthritis in America [1], and was given a weak recommendation in Europe [2]
by Guidelines, due to its limited efficacy. The present study provides additional safety
considerations for long-term glucosamine use for the guidelines.

Most importantly, this study provides new references for screening people at high risk
of cardiovascular diseases in patients with osteoarthritis. The association of glucosamine us-
age and CVD risks among patients with osteoarthritis in previous studies was inconsistent.
Several randomized clinical trials reported no significant association between glucosamine
and CVD risks in patients with osteoarthritis [16–20], but the evidence was insufficient due
to the lack of sample size and the short follow-up of no more than 2 years. The randomized
clinical trials with a three-year follow-up found that there was no significant difference in
the levels of blood pressure, lipids, and glucose between patients with osteoarthritis taking
crystalline glucosamine sulfate and those with placebo [30], but these biochemical markers
are not synonymous with cardiovascular events. Recently, two cohort studies reported
habitual glucosamine users had a lower risk for CVD in general population [5,21]. However,
patients with osteoarthritis were at higher risk for cardiovascular events [13–15], which had
potentially mechanistic differences from general population. Meanwhile, another cohort
study using the same database as the above two studies found that glucosamine use was
associated with a lower incidence of type 2 diabetes in patients who initially were free of
diabetes, cancer, or cardiovascular disease at baseline. However, again, these participants
were rather healthy at baseline [31]. The results of those studies could not be directly
extrapolated to those in patients with osteoarthritis, which might cause the main difference
from our research. In the present research, the association was estimated by the patient-
based design and the adjustment for comorbidities, medications, and health-care utilization.
Moreover, a dose–response relationship between glucosamine and cardiovascular events
was first found in this study, indicating that glucosamine use and its adherence are impor-
tant when considering the risk for CVD in patients with osteoarthritis. Previous studies
have not analyzed the association of glucosamine with cardiovascular events in terms of
medication adherence. In this research, analyzing the different adherence groups separately
rather than together helped to ensure the authenticity of the results. Although the rela-
tionship should be interpreted with caution due to the difference of characteristics among
the groups, we performed multiple adjustments of covariates and subgroup/sensitivity
analyses to minimize the differences, and our results were stable in all of the analyses.
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Further research is still needed to determine the association. For specific cardiovascular
disease, different effects of glucosamine were observed between CHD and stroke, which
might indicate different biological and other aspects of different events.

A higher CVD risk in glucosamine users among the patients with osteoarthritis is also
biologically plausible. First, previous studies showed that glucosamine may increase fasting
blood glucose, accelerate atherosclerosis, and reduce insulin sensitivity [6–9,32–37], which
have been widely identified as risk factors for cardiovascular diseases [38–41]. Second,
glucosamine could inhibit the synthesis of nitric oxide (NO) [10]. As a protective signaling
molecule, NO plays an important role in preventing atherosclerosis [42]. Suppression of
NO might accelerate atherosclerosis.

This large population-based cohort study was based on comprehensive medical and
pharmacy information for nearly 20 million residents in Beijing, China. During a median
observational period of 6.13 years, the long-term CVD risks were assessed in patients
using glucosamine with different adherence levels. Due to the comprehensive prescription-
recording system, covering all of the pharmacy records from all of the hospitals and
pharmacies, the glucosamine-taking frequency can be obtained in detail. Additionally,
multiple sensitivity analyses were performed to validate the results. Although the huge
number of participants showed a relatively low difference in outcome between groups
with low p-values, we still found adherent glucosamine users had a 68% increase in risk
for CVD compared with that in non-users. The results provide real-world evidence on the
association of glucosamine use with CVD events and insights into screening individuals
with a high CVD risk in patients with osteoarthritis based on a medical insurance database.

This study has several limitations. First, the participants in this research were all from
Beijing, the capital city of China, who had a relatively high income and convenient medical
services. The interpretation of the results should be cautious. Second, the adherence levels
of glucosamine users were determined by the prescription dispensation. The dispensation
did not necessarily indicate the actual drug consumption. However, any underestimation
was likely to have been the same across groups, meaning that our results were conservative.
Meanwhile, the dispensations outside the system could not be obtained, but the possibility
was low. Third, the severity of osteoarthritis, BMI, physical activity, alcohol, and smoke
status, etc. could not be obtained in our database, which was an inherent drawback
of insurance database research and caused potential confounding. We could not rule
out whether glucosamine users, especially those who used adherently, had more severe
osteoarthritis, less physical activity, or a higher BMI, i.e., they were at a higher risk of CVD.
However, in the sensitivity analysis of this study, our results were stable after matching
covariates including hypertension, CCI, and HCUI, which were closely correlated with
osteoarthritis severity, physical activity, and BMI at baseline. The relativity was helpful
to reduce the potential confounding. Although some previous studies considered that
the PSM was not the best matching method [43], our results still showed a high degree of
consistency after matching. Meanwhile, in another sensitivity analysis, we adjusted PDC
for antidiabetic drugs to reduce the potential bias due to the patients’ health status and
severity of osteoarthritis. Moreover, the genetic aspects affecting risk of CVD could not
obtained in our database, but we considered them to be a nondifferential misclassification
between the groups, which made the results more conservative. Further research is still
needed to prove our results with more covariates. Furthermore, the CVD risk of the
combination of glucosamine with other medication, such as chondroitin, is still needed to
be explored in the future.

5. Conclusions

In this longitudinal study, adherent usage of glucosamine was significantly associated
with a higher risk for CVD in patients with osteoarthritis. The results suggested that the
risks and benefits of glucosamine need to be revisited. Considering the potential residual
confounding, the findings should be interpreted cautiously.
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Appendix A

Table A1. Model adjustment of association between glucosamine use with cardiovascular disease
(CVD).

Adjusted Covariates HR (95% CI) for Glucosamine Use

None 1.11 (1.09, 1.13)
+Age 1.06 (1.04, 1.07)
+Sex 1.09 (1.08, 1.11)

+Hypertension 1.10 (1.08, 1.11)
+Lipid treatment 1.07 (1.05, 1.09)

+Antiplatelet treatment 1.06 (1.05, 1.08)
+NSAIDs therapy 1.06 (1.05, 1.08)

+CCI 1.09 (1.07, 1.10)
+HCUI (full model) 1.10 (1.08, 1.11)

NSAIDs, non-steroidal anti-inflammatory drug; CCI, Charlson Comorbidity Index; HCUI, health care utilization
index; HR, hazard ratio; CI, confidence interval.
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Figure A1. Flow chart of the study. UEBMI, urban employee basic medical insurance.
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Abstract: Long COVID, a condition characterized by symptom and/or sign persistence following
an acute COVID-19 episode, is associated with reduced physical performance and endothelial
dysfunction. Supplementation of L-arginine may improve endothelial and muscle function by
stimulating nitric oxide synthesis. A single-blind randomized, placebo-controlled trial was conducted
in adults aged between 20 and 60 years with persistent fatigue attending a post-acute COVID-19
outpatient clinic. Participants were randomized 1:1 to receive twice-daily orally either a combination
of 1.66 g L-arginine plus 500 mg liposomal vitamin C or a placebo for 28 days. The primary outcome
was the distance walked on the 6 min walk test. Secondary outcomes were handgrip strength,
flow-mediated dilation, and fatigue persistence. Fifty participants were randomized to receive either
L-arginine plus vitamin C or a placebo. Forty-six participants (median (interquartile range) age 51
(14), 30 [65%] women), 23 per group, received the intervention to which they were allocated and
completed the study. At 28 days, L-arginine plus vitamin C increased the 6 min walk distance (+30
(40.5) m; placebo: +0 (75) m, p = 0.001) and induced a greater improvement in handgrip strength
(+3.4 (7.5) kg) compared with the placebo (+1 (6.6) kg, p = 0.03). The flow-mediated dilation was
greater in the active group than in the placebo (14.3% (7.3) vs. 9.4% (5.8), p = 0.03). At 28 days,
fatigue was reported by two participants in the active group (8.7%) and 21 in the placebo group
(80.1%; p < 0.0001). L-arginine plus vitamin C supplementation improved walking performance,
muscle strength, endothelial function, and fatigue in adults with long COVID. This supplement may,
therefore, be considered to restore physical performance and relieve persistent symptoms in this
patient population.

Keywords: post-acute COVID-19 syndrome; SARS-CoV-2; 6 min walk test; handgrip strength;
flow-mediated dilation; nitric oxide; nutraceuticals; oral supplement; persistent symptoms
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1. Introduction

A large share of COVID-19 survivors reports long-lasting clinical sequelae weeks or
months after symptom onset: a condition known as post-acute COVID-19 syndrome or
long COVID [1,2]. Long COVID encompasses a constellation of respiratory, cardiovas-
cular, gastrointestinal, and neurological signs and symptoms, such as dyspnea, fatigue,
dysrhythmias, heartburn, and memory and attention difficulties (“brain fog”), with a
substantial impact on quality of life [3,4]. Long COVID is also associated with reduced
physical function, which may hamper the complete resumption of pre-infection daily ac-
tivities [5,6]. Several processes are currently being investigated for their involvement in
the pathophysiology of long COVID, including viral persistence, chronic inflammation,
autoimmunity, perturbation in metabolic and redox homeostasis, and endothelial dysfunc-
tion [7,8]. The heterogeneity of clinical manifestations of long COVID has hampered the
devising of specific treatments for the condition, such that its management is mostly based
on symptomatic treatments and healthy lifestyle recommendations.

Several nutritional supplements and bioactive foods are being investigated to counter-
act long COVID [9]. L-arginine is a key regulator of immune, respiratory, and endothelial
function [10,11]. Its pleiotropic properties are regulated by two main metabolizing enzymes,
nitric oxide (NO) synthase and arginase [12]. The flux of L-arginine towards NO synthesis is
associated with beneficial effects on immune and vascular health, while its catabolism to or-
nithine by arginase has been associated with an abnormal immune response and endothelial
dysfunction [13,14]. Accumulating evidence indicates that L-arginine metabolism is altered
in patients with COVID-19 [10,11]. During acute COVID-19, the upregulation of arginase
activity reduces the circulating levels of L-arginine and shifts its metabolism away from NO
production to induce immune and endothelial dysfunction, inflammation, and thrombosis,
which ultimately lead to vascular occlusion and multiorgan failure [11]. Indeed, lower
plasma levels of L-arginine and higher arginase activity have been found both in patients
with COVID-19 and in children with the multisystem inflammatory syndrome (MIS-C)
compared with healthy controls [15]. A decrease in plasma L-arginine levels has also been
described in acute COVID-19 and is associated with the expansion of myeloid-derived
suppressor cells and impaired T-cell proliferation, two cardinal inflammatory features of
severe disease [16,17].

Based on these observations, strategies to restore circulating levels of L-arginine and
increase NO bioavailability have been proposed to counteract immune, respiratory, and
vascular complications of COVID-19 [11,18]. Vitamin C may support the beneficial effects
of L-arginine on endothelial function by increasing intracellular tetrahydrobiopterin, a
co-factor needed for the oxidation of L-arginine to NO, in endothelial cells [12,19]. In vitro,
L-arginine supplementation restores the proliferative capacity of T-cells obtained from
patients with acute respiratory distress syndrome during COVID-19 [17]. Furthermore,
oral L-arginine supplementation has been shown to reduce the need for respiratory support
and the length of hospital stay in patients with severe COVID-19 [20]. Finally, oral supple-
mentation with L-arginine plus vitamin C reduced the burden of persisting symptoms and
ameliorated perceived exertion in a large cohort of patients with long COVID [21].

Previous studies have shown that L-arginine supplementation improves respiratory
function and exercise tolerance in patients with pulmonary diseases [22] and in those
with congestive heart failure [23] as well as in heart transplant recipients [24]. In addition,
supplementation with L-arginine may increase aerobic and anaerobic performance in
healthy adults, especially in untrained individuals [25,26]. However, other studies found
no effects of L-arginine supplementation on human performance [27,28].

To further explore the potential benefits of L-arginine supplementation on COVID-19
outcomes, we conducted a single-blind randomized controlled trial to assess the effects of
a 28-day oral supplementation with L-arginine plus vitamin C on physical performance,
muscle strength, endothelial function, fatigue persistence, and systemic L-arginine bioavail-
ability in adults with long COVID.
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2. Materials and Methods

2.1. Study Design and Participants

This was a single-center, single-blind, placebo-controlled randomized clinical trial that
was conducted at the post-acute COVID-19 outpatient clinic of the Fondazione Policlinico A.
Gemelli IRCCS (Rome, Italy) [29] from 1 July 2021 to 30 April 30, 2022. The study protocol
was approved by the institutional ethics committee (prot. no. 0013008/20). Written
informed consent was collected from all participants prior to enrolment. The trial was
conducted in accordance with the guidelines of the International Council for Harmonization
of Technical Requirements for Pharmaceuticals for Human Use Good Clinical Practice and
the principles of the Declaration of Helsinki. The trial was registered on ClinicalTrials.gov
(NCT04947488).

Eligible participants were men and women aged between 20 and 60 years who met
the following criteria: (a) previous confirmed SARS-CoV-2 infection, certified by a positive
RT–PCR molecular swab test; (b) a negative COVID-19 swab test at least four weeks
prior to the start of trial operations; (c) long COVID diagnosis according to the World
Health Organization criteria [30]; and (d) persistent fatigue, operationalized as the response
“most or all the time” to item seven of the Center for Epidemiological Studies Depression
Scale (“I felt that everything I did was an effort”) [31]. The main exclusion criteria were
intolerance to either supplement ingredient (i.e., L-arginine and vitamin C), conditions
and/or therapies that may interfere with trial outcomes and procedures (e.g., pregnancy or
breastfeeding, chronic pulmonary disease, diabetes, use of antihypertensive drugs, steroids,
or non-steroidal anti-inflammatory drugs, immunosuppressants, nitrates), and engagement
in other intervention trials for long COVID.

Eligible participants were randomized using a random number generator in a 1:1 ratio
to receive a twice-daily oral supplementation with either a combination of 1.66 g L-arginine
plus 500 mg liposomal vitamin C (Bioarginina® C, Farmaceutici Damor, Naples, Italy) or a
placebo for 28 days. Vials containing the active supplement or the placebo were supplied
by Farmaceutici Damor and were made to be indistinguishable in appearance.

The primary endpoint was the change from baseline to day 28 in the distance walked
on the 6 min walk test. The secondary endpoints were changes from baseline to day 28
in handgrip strength and flow-mediated dilation, and fatigue persistence through day 28.
Serum L-arginine levels were measured before the intervention and at 28 days. Participants
were asked to refrain from exercising and consuming any vasoactive products (e.g., tobacco,
caffeinated drinks) for at least 12 h prior to the assessment of physical performance, muscle
strength, endothelial function, and blood draw. The last consumption of the supplements
occurred the evening before the tests. Outcome assessors were unaware of the group
assignment. Adverse events were recorded and compared between the intervention groups.

2.2. Anthropometric and Clinical Data

Body height and weight were measured through a standard stadiometer and an analog
medical scale, respectively. Body mass index (BMI, kg/m2) was calculated as the ratio
between the weight and the square of height. The severity of the acute COVID-19 episode
was categorized as follows: (a) no hospitalization, (b) hospitalization, and (c) intensive
care unit (ICU) admission. The time from COVID-19 diagnosis to the study inclusion was
calculated based on self-report.

2.3. Measurement of Serum L-Arginine Concentration

Blood samples were collected at the baseline and after 28 days of intervention. Blood
was drawn after overnight fasting using standard collection tubes (BD Vacutainer®; Becton,
Dickinson and Co., Franklin Lakes, NJ, USA). Samples were left at room temperature for
30 min and were then centrifuged at 1000× g for 10 min at 4 ◦C. Serum aliquots were
stored at −80 ◦C until analysis. Serum samples from 20 age- and sex-matched blood
donors without evidence of previous SARS-CoV-2 infection were collected and used as a
“healthy” reference. Serum L-arginine levels were determined using an in-house validated
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liquid chromatography with tandem mass spectrometry method [32]. The chromatographic
separation was performed with an ACQUITY UPLC I-Class System (Waters, Milford, MA,
USA) using a HILIC column. Analyte detection was accomplished with a triple quadrupole
Xevo-TQs Micro (Waters) equipped with an electrospray ion source operating in positive
ion mode. A multiple reaction monitoring experiment was optimized for the detection and
quantification of L-arginine.

2.4. Primary Outcome

The primary outcome measure was the distance walked on the 6 min walk test [33].
The test is a valid and easy-to-perform measure of exercise capacity in people with chronic
lung disease and is increasingly being used to assess the sequelae of COVID-19 [34]. All
participants completed the test at baseline and after 28 days of intervention. The test was
performed on a 20 m-long indoor hallway, with markers placed at each end of the track, as
previously described [35]. The total distance walked in 6 min was recorded in meters.

2.5. Secondary Outcomes

All secondary outcome measures were collected at baseline and after 28 days of
intervention.

Muscle strength was assessed by handgrip strength testing [36] using a hydraulic
hand-held dynamometer (North Coast Medical, Inc., Morgan Hill, CA, USA) according to
international standard protocols, as detailed elsewhere [37]. Briefly, the participant was
requested to sit on a standard chair, with the elbow near the trunk and bent at 90◦, the
hand in a neutral position, with the thumb pointing upwards. The measure was obtained
after participants performed one familiarization trial with both hands. The highest reading
(reported in kg) out of three trials was used for the analysis. Handgrip strength values
at the baseline and post-intervention were compared with age- and sex-specific reference
values [37].

The endothelial function was assessed non-invasively by measuring the brachial
artery dilation following a transient period of forearm ischemia (flow-mediated dilation
test) [38]. Flow-mediated dilation was measured by Doppler ultrasonography, using an
iU22 2D ultrasound system (Philips Electronics, Amsterdam, The Netherlands) according
to standard protocols [38,39], as described elsewhere [40]. In brief, the diameter of the
brachial artery was measured at baseline and after the abrupt release of a blood pressure
cuff that arrested the forearm circulation (by applying a pressure of 250 mmHg for 5 min).
Flow-mediated dilation, which is mainly mediated by NO, was expressed as the percent
increase in the arterial diameter following cuff release compared with the baseline diameter.

The persistence of fatigue was operationalized as the response “most or all the time”
to item seven of the Center for Epidemiological Studies Depression Scale (CES-D, “I felt
that everything I did was an effort”) [31]. This operationalization of fatigue is commonly
used in studies on physical frailty [41]. Furthermore, item seven of the CES-D was shown
to be more related to fatigue than to depression [42].

2.6. Statistical Analysis

For the estimation of the sample size, we used reference values for the 6 min walk
test in healthy adults published by Chetta et al. [43]. A sample size of 42 participants,
21 per intervention arm, was estimated to provide 80% power to detect a between-group
difference of at least 35 m on the 6 min walk test, considering a standard deviation of 50 m
and an alpha level of 5%. The recruitment target was increased to 50 participants (25 per
group) to account for a 20% dropout rate. The 35 m cut-point was chosen as it corresponds
to the minimal clinically important difference for the test [44].

The normal distribution of data were assessed via the Shapiro−Wilk test. Anthro-
pometric, clinical, and functional characteristics of the study participants were reported
as the median (interquartile range, IQR) for continuous variables and as absolute values
(percentages) for categorical variables. Changes from baseline for continuous variables

140



Nutrients 2022, 14, 4984

were expressed as deltas (values at 28 days minus the values at baseline), and differences
between the intervention groups were evaluated using the Student’s t-test for normally
distributed variables or the Mann–Whitney U test for skewed variables. Mean differ-
ences and effect size values (Cohen’s d for Student’s t-test and rank biserial correlation
for Mann−Whitney U test) were reported. Chi-squared or Fisher tests were used to as-
sess differences between groups in categorical variables. Analyses of intervention effects
were based on the intention-to-treat principle. All tests were two-sided with a statistical
significance set at p < 0.05. All analyses were performed using Jamovi freeware version
2.0.0.0 (The Jamovi project, 2021; retrieved from https://www.jamovi.org; accessed on
19 July 2021).

Multivariate classification models, based on partial least squares discriminant analysis
(PLS–DA) [45], were built and validated by double cross-validation [46] to gain a more
comprehensive appraisal of the effects of interventions on the variables of interest. The
potential influence of confounding factors (i.e., age and sex) was also evaluated. Multivari-
ate analyses were performed using in-house routines running under the MATLAB R2015b
environment (The MathWorks, Natick, MA, USA) and are detailed in Supplementary
Material.

3. Results

Out of 94 candidate participants screened, 50 (53.2%) met the inclusion criteria and
agreed to be randomized to receive either the L-arginine plus vitamin C (n = 25) or placebo
(n = 25) intervention. Two participants in each group withdrew their consent before
receiving the allocated intervention and were not included in the analysis (Figure 1).

Figure 1. CONSORT diagram of participant flow through the study.

The anthropometric, clinical, and functional characteristics of the study participants at
baseline were comparable between the intervention groups (Table 1).

Participants had a median (IQR) age of 50.5 (14.0) years and were predominantly
women (65.2%). Approximately half of the participants needed hospitalization during
the acute COVID-19 episode, and four (8.7%) were admitted to ICU. The median (IQR)
time that elapsed from COVID-19 diagnosis to inclusion in the study was 254.0 (136.5)
days. The median (IQR) distance walked on the 6 min walk test was 520 (90) m, while the
handgrip strength was 22.6 (14.4) kg. Flow-mediated dilation at baseline was 9.8%. The
median (IQR) serum L-arginine concentration was 170.6 (88.0) μM, with no differences
between the intervention groups. However, serum L-arginine values were lower than
those observed in the sample without evidence of previous SARS-CoV-2 infection (median
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(IQR) 222.1 (23.1) μM; p = 0.04). At 28 days, serum L-arginine concentrations increased
more in the participants who received L-arginine plus vitamin C supplementation (+60.2
(85.8) μM) than in the placebo group (+11.0 (90.8) μM; p = 0.02; mean difference 62.4 μM,
95% confidence interval (CI): 11.1–113.7 μM; effect size = 0.72) (Figure 2). After 28 days of
L-arginine plus vitamin C supplementation, serum L-arginine levels in the active group
(222.8 (88.6) μM) were comparable to those of the controls with no previous SARS-CoV-2
infection (p = 0.8).

Table 1. Baseline characteristics of study participants.

Characteristic
L-Arginine +
Vitamin C

(n = 23)

Placebo
(n = 23)

Total
(n = 46)

Age, years 50.0 (16.5) 51.0 (11.0) 50.5 (14.0)
Women, n (%) 15 (65.2) 15 (65.2) 30 (65.2)
BMI, kg/m2 24.8 (5.9) 25.5 (6.5) 25.0 (6.5)

Severity of acute COVID-19, n (%)
No hospitalization 8 (34.8) 12 (52.2) 20 (43.5)

Hospitalization 13 (56.5) 9 (39.1) 22 (47.8)
ICU admission 2 (8.7) 2 (8.7) 4 (8.7)

Time from COVID-19 diagnosis, days 240.0 (118.5) 269.0 (127.0) 254.0 (136.5)
6 min walk test distance, m 520.0 (49.5) 540.0 (120.0) 520.0 (90.0)

Handgrip, kg 22.5 (16.0) 22.6 (12.3) 22.6 (14.4)
Flow-mediated dilation, % 10.5 (5.2) 8.9 (5.8) 9.8 (6.0)

Serum L-arginine, μM 167.2 (76.8) 175.0 (93.1) 170.6 (88.0)
Abbreviations: BMI, body mass index; ICU, intensive care unit. Data are expressed as median (interquartile range)
for continuous variables and number (percent) for categorical variables.

Figure 2. Changes from baseline to day 28 in serum L-arginine levels in the two intervention groups.

L-arginine plus vitamin C supplementation was safe and well tolerated, and no adverse
events were recorded.

Efficacy Endpoints

L-arginine plus vitamin C significantly increased the distance walked on the 6 min
walk test (median (IQR) change from baseline: +30.0 (40.5) m) compared with the placebo
(+0.0 (75.0) m; p = 0.001; mean difference = 50 m, 95% CI: 20.0–80.0 m; effect size = 0.56)
(Figure 3).
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Figure 3. Changes from baseline to day 28 in the 6 min walk test distance in the two intervention
groups.

At 28 days, L-arginine plus vitamin C supplementation induced greater improvements
in handgrip strength (+3.4 (7.5) kg) compared with the placebo (+1.0 (6.6) kg, p = 0.03; mean
difference = 3.4 kg, 95% CI: 0.5–9.4 kg; effect size = 0.37) (Figure 4A). At baseline, around
60% of the study participants had a handgrip strength below the 25th percentile of age-
and sex-specific reference values [37]. After 28 days of intervention, more participants who
received L-arginine plus vitamin C than those in the placebo group (57% vs. 30%) were
above the first quartile of handgrip strength reference values [37], although the difference
between the groups did not reach the statistical significance (p = 0.07).

Figure 4. Changes from baseline to day 28 in (A) handgrip strength and (B) flow-mediated dilation
in the two intervention groups.

Flow-mediated dilation was greater in participants who received L-arginine plus
vitamin C compared with the placebo (14.3% (7.3) vs. 9.4% (5.8), p = 0.03; mean difference
= 3.4%; 95% CI: 0.4–6.5; effect size = 0.66) (Figure 4B).

Finally, on day 28, fatigue was reported by two participants (8.7%) in the L-arginine
plus vitamin C supplementation group and 21 (80.1%) in the placebo group (p < 0.0001).

As described in Supplementary Material S1, the multivariate classification showed a
high degree of correlation among the four variables of interest (i.e., 6 min walk distance,
handgrip strength, flow-mediated dilation, and serum L-arginine concentration). The aver-
age classification accuracy of the participants in the two intervention arms was 77.7 ± 1.9%
(p < 0.001). Participant classification was unaffected by age. Treatment effects were more
evident in women than men. This may be due to the low number of male participants,
most of whom were, however, correctly classified in the full model.

143



Nutrients 2022, 14, 4984

4. Discussion

In the present clinical trial, we showed that the L-arginine plus vitamin C supplemen-
tation improved walking performance, muscle strength, and endothelial function, reduced
fatigue and restored serum L-arginine concentrations in adults with long COVID. These
findings support the view that increasing NO bioavailability through the synergistic effects
of L-arginine and vitamin C ameliorates post-acute COVID-19 sequelae [19].

The 6 min walking distance is a useful metrics of exercise capacity after COVID-19,
as it correlates with the severity of acute disease and with pulmonary function/structure
impairment in the post-acute phase [34,47]. In our study, participants allocated in the
L-arginine plus vitamin C group showed clinically meaningful improvements [44] from
baseline in the distance walked on the 6 min test compared with those who received a
placebo. This finding aligns with previous evidence on the beneficial effects of L-arginine
supplementation on pulmonary function and exercise capacity of patients with chronic
lung diseases [22]. A short-term oral administration of L-arginine significantly decreased
the mean pulmonary arterial pressure and vascular resistance and improved peak oxy-
gen consumption and dead-space ventilation in patients with precapillary pulmonary
hypertension [48]. A 12-week L-arginine supplementation combined with a home-based
walking program increased the 6 min walking distance, peak aerobic capacity, and quality
of life in clinically stable patients with pulmonary arterial hypertension [49]. Moreover,
oral L-arginine supplementation boosted NO synthesis, improved endothelial function,
and increased exercise tolerance in patients with congestive heart failure [50] and in heart
transplant recipients [24].

A recent systematic review and meta-analysis on the effects of L-arginine supplemen-
tation on athletic performance indicated that either acute or chronic L-arginine supplemen-
tation could enhance both aerobic and anaerobic performance [25]. Based on these findings,
the authors concluded that L-arginine supplementation with 1.5–2 g daily from four to
seven weeks and 10–12 g daily for eight weeks could be recommended to improve aero-
bic and anaerobic performance, respectively [25]. Interestingly, untrained or moderately
trained individuals seem to obtain greater gains in exercise performance after L-arginine
supplementation than those who are highly trained [26]. While no conclusive evidence
exists on the beneficial effects of L-arginine supplementation on human performance, our
findings indicate that a short course of L-arginine plus vitamin C supplementation may
positively impact the exercise capacity of adults with long COVID.

Handgrip strength is a valid indicator of general health and a powerful predictor of
disability, morbidity, and mortality across all life stages [51–54]. During an acute COVID-19
episode, low handgrip strength has been associated with an increased risk of hospitalization
and poor outcomes [55–57]. In adults who survived severe COVID-19, handgrip strength
values after six months of hospital discharge were significantly lower than the healthy
controls [58]. Moreover, in a cohort of 541 individuals who recovered from COVID-19, low
handgrip strength values were associated with a higher number of persistent symptoms,
including fatigue and dyspnea [59]. In our study, approximately 60% of participants
had low handgrip strength at baseline. Those who received L-arginine plus vitamin C
experienced a greater increase in handgrip strength than the participants in the placebo
group after 28 days of intervention. Remarkably, at day 28, more than half of the participants
randomized to L-arginine plus vitamin C had handgrip strength values above the 25th
percentile of age- and sex-specific reference values [37], compared with 30% in the placebo
group. Indeed, L-arginine supplementation (either alone or in combination with other
amino acids and derivatives) is among the nutritional strategies proposed to preserve
muscle mass and function/strength and manage sarcopenia in older adults [60,61].

Flow-mediated dilation is a non-invasive measure of endothelial function and vascular
health [62]. Recent studies showed that patients with acute COVID-19 and convalescent
survivors had reduced flow-mediated dilation values, which supports the central role of
endothelial dysfunction throughout the disease course [40,63–65]. In the present investiga-
tion, L-arginine plus vitamin C supplementation induced a greater flow-mediated dilation

144



Nutrients 2022, 14, 4984

than the placebo. Since flow-mediated dilation is, at least partly, mediated by NO bioavail-
ability [66], our findings provide the first evidence that the combination of L-arginine plus
vitamin C may be effective at improving endothelial function in post-acute COVID-19
through increasing NO synthesis. This view is in line with the results of a meta-analysis
of randomized clinical trials showing that short-term oral L-arginine supplementation
improves endothelial function in both healthy individuals and those with cardiovascular
disease [67].

Fatigue is one of the most prevalent and burdensome symptoms in people with long
COVID [2,68]. Of note, after 28 days of L-arginine plus vitamin C supplementation, only
two participants reported fatigue compared with 21 who had received a placebo. This
finding is in keeping with recent evidence from a large Italian multicenter clinical study
of patients with long COVID, which reported an amelioration of fatigue and perceived
exertion following 30 days of supplementation with L-arginine plus vitamin C [21]. Hence,
the synergistic effects of L-arginine and vitamin C on NO synthesis may play a favorable
role not only on the endothelial function, but also on immune response regulation, two
major determinants of fatigue in long COVID and chronic fatigue syndromes [69–71].

Some limitations should be taken into account in the interpretation of the study results.
The sample size was adequately powered for the primary outcome. However, owing to the
small number of participants and the single-center nature of the study, our results should be
considered preliminary. Further trials with larger populations, conducted in multiple cen-
ters, and using different study methodologies (e.g., longer intervention, crossover design)
are warranted to confirm these promising findings. The levels of physical activity as well as
dietary habits of study participants may have influenced the intervention effects. However,
participants were requested to refrain from exercising and limit the ingestion of foods rich
in arginine or with vasoactive properties for at least 12 h before study visits. Multivariate
analyses suggested that the effects of L-arginine plus vitamin C supplementation were
more evident in women. However, the study was not powered to evaluate sex-specific
differences in the response to treatments. Because a data safety monitoring board was
not appointed, we opted for a single-blind approach to maximize participant safety. As
mentioned earlier, to preserve the trial integrity, all outcome measures were assessed by in-
vestigators who were blind to the participant group assignment. Although well-established
physical performance and muscle strength measures were used, it is possible that more so-
phisticated aerobic and anaerobic tests might provide additional information on the effects
of L-arginine plus vitamin C supplementation in adults with long COVID. Finally, while the
evaluation of serum L-arginine levels provided relevant information on the effectiveness
of the proposed intervention, we cannot exclude the possibility that a more comprehen-
sive evaluation of L-arginine metabolism (e.g., measurement of citrulline, ornithine, and
methyl-arginine compounds) may provide further insights into the mechanisms by which
the beneficial effects of L-arginine and vitamin C supplementation on the outcomes of
interest are conveyed.

5. Conclusions

L-arginine plus vitamin C supplementation improved exercise capacity, muscle strength,
endothelial function, and fatigue in adults with long COVID. The combination of L-arginine
plus vitamin C may therefore be proposed as a remedy to restore physical performance
and relieve persistent symptoms in people with long COVID.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu14234984/s1, Multivariate Classification by Partial Least Squares
Discriminant Analysis.
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Abstract: Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a complex, multisystem,
and profoundly debilitating neuroimmune disease, probably of post-viral multifactorial etiology.
Unfortunately, no accurate diagnostic or laboratory tests have been established, nor are any univer-
sally effective approved drugs currently available for its treatment. This study aimed to examine
whether oral coenzyme Q10 and NADH (reduced form of nicotinamide adenine dinucleotide) co-
supplementation could improve perceived fatigue, unrefreshing sleep, and health-related quality of
life in ME/CFS patients. A 12-week prospective, randomized, double-blind, placebo-controlled trial
was conducted in 207 patients with ME/CFS, who were randomly allocated to one of two groups
to receive either 200 mg of CoQ10 and 20 mg of NADH (n = 104) or matching placebo (n = 103)
once daily. Endpoints were simultaneously evaluated at baseline, and then reassessed at 4- and
8-week treatment visits and four weeks after treatment cessation, using validated patient-reported
outcome measures. A significant reduction in cognitive fatigue perception and overall FIS-40 score
(p < 0.001 and p = 0.022, respectively) and an improvement in HRQoL (health-related quality of life
(SF-36)) (p < 0.05) from baseline were observed within the experimental group over time. Statistically
significant differences were also shown for sleep duration at 4 weeks and habitual sleep efficiency
at 8 weeks in follow-up visits from baseline within the experimental group (p = 0.018 and p = 0.038,
respectively). Overall, these findings support the use of CoQ10 plus NADH supplementation as
a potentially safe therapeutic option for reducing perceived cognitive fatigue and improving the
health-related quality of life in ME/CFS patients. Future interventions are needed to corroborate
these clinical benefits and also explore the underlying pathomechanisms of CoQ10 and NADH
administration in ME/CFS.

Keywords: chronic fatigue syndrome; coenzyme Q10; myalgic encephalomyelitis; mitochondria;
nonrestorative sleep; NADH; quality of life
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1. Introduction

Myalgic encephalomyelitis, commonly referred to as chronic fatigue syndrome (ME/CFS),
is a serious, complex, and chronic multisystem illness of unknown etiology, often triggered
by a persistent viral infection (for this reason, it is also known as post-viral fatigue syn-
drome). It is characterized by unexplained and persistent post-exertional fatigue, which
is unrelieved by rest and made worse by physical and mental effort, along with other
core symptoms such as the disruption of cognitive, immunometabolic, autonomic, and
neuroendocrine pathways [1]. It affects as many as 17 to 24 million people worldwide,
and its prevalence is expected to more than double by 2030 [2]. The clinical presentation
and symptom frequency and severity may vary between patients, but in general, the ill-
ness reduces overall quality of life and social, occupational, and personal activity; indeed,
some patients are even bedridden or housebound [3]. Diagnosis of ME/CFS is based on
patients’ core symptoms according to a consensus of four case criteria developed over
the past 25 years, which have been applied both in research and in clinical practice: the
1994 CDC/Fukuda definition [4], the 2003 Canadian Consensus Criteria (also known as
CCC) [5], the 2011 International Consensus Criteria (ICC) [6], and, most recently, the 2015
IOM Expert Criteria for Systemic Exertion Intolerance Disease (SEID) [7]. In the clinical
diagnosis of ME/CFS, it is important to evaluate the disabling fatigue perception, sleep
problems, and health-related quality of life using validated questionnaires such as the
fatigue impact scale (FIS-40) [8], Pittsburg sleep quality index (PSQI) [9], and Short Form
Health Survey (SF-36) [10]. Unfortunately, at present, there are no commercially available
diagnostic tests, no specific lab biomarkers, and no targeted FDA-approved drugs for
ME/CFS [11].

Coenzyme Q10 (CoQ10) and the reduced form of nicotinamide adenine dinucleotide
(NADH) are key components of the electron transport chain responsible for mitochondrial
ATP production, which decreases free radical generation, and, in their reduced forms, they
act as powerful antioxidants. CoQ10 and NADH levels and redox status have been shown
to be disturbed in ME/CFS. Strong evidence has emerged that mitochondrial dysfunction,
disturbed immunometabolism, and increased oxidative stress play a pivotal role in the
pathogenesis of numerous illnesses, providing a robust scientific rationale for testing
potential “nutraceuticals” that target these processes [12].

As chronic fatigue is a key diagnostic symptom for ME/CFS, it has been suggested that
energy metabolism may be disrupted in a subset of patients with ME/CFS. Mitochondrial
dysfunction has been considered as a possible underlying pathomechanism of the illness,
based on the structural and functional changes reported vis-a-vis healthy controls [12].
Long-chain polyunsaturated fatty acid, prostaglandin and amino acid metabolism, and
inefficient ATP biosynthesis have been suggested as consequences of ME/CFS due to
perturbed mitochondrial bioenergetic metabolism [13]. Due to the potential role of the
mitochondria in ME/CFS, mitochondrial-targeting nutraceutical interventions have been
used to assist in improving patient outcomes such as fatigue and their health-related quality
of life [14], including CoQ10, NADH, and n-Acetyl-L-carnitine as part of their treatment
regime [15–18]. These treatments are administered either alone or in combination with a
cocktail of other nutraceutical and/or pharmaceutical-based products.

Over the last decade, a growing body of data has supported the potential clinical use
of dietary CoQ10 supplementation in health and chronic illnesses [13,19–25].

Previously, in a proof-of-concept study, our group found a trend towards improvement
over time in fatigue perception, response to physical exercise, and biochemical parameters
of oxidative stress and mitochondrial metabolism (ATP content, lipid peroxidation, citrate
synthase activity, levels of CoQ10 and NADH) in peripheral blood mononuclear cells after
CoQ10 plus NADH administration [26–28]. There is evidence of improved mitochondrial
respiration following prolonged CoQ10 supplementation [29,30], via mechanisms involving
the upregulation of enzymes that regulate fatty acid transport into organelles and also
the stimulation of mitochondrial biogenesis [31,32]. Among individuals suffering from a
wide range of illnesses, researchers have also reported reductions in reactive oxygen and

151



Nutrients 2021, 13, 2658

nitrogen species levels (ROS/RNS), protein carboxylation, DNA damage, protein nitration,
and lipid peroxidation following CoQ10 supplementation [33,34]. Other in vivo evidence
of reduced levels of oxidative and nitrosative stress following CoQ10 supplementation
includes downregulation of iNOS enzyme and NF-kB [35,36]. Coenzyme Q10 has been
shown to reduce markers of systemic inflammation in several metabolic, autoimmune, and
neurological disorders [37,38]. As for NADH, it is known to facilitate the generation of
intracellular ATP [39], and in several studies, it has shown a higher response rate during the
first trimester of treatment compared to control subjects [40]. In another proof-of-concept
cohort study, our group showed that NADH managed to improve anxiety/depression
symptoms and maximum heart rate in ME/CFS following a two-day consecutive challenge
test (2-day CPET), findings that may imply an improvement in the oxygen supply to the
skeletal muscle and to the brain in individuals with ME/CFS [41].

Data on the potential therapeutic effects of CoQ10 and NADH co-supplementation on
fatigue, pain, and sleep impairments in individuals with ME/CFS are scarce. The current
study was conducted to evaluate the clinical effects of CoQ10 plus NADH supplementation
on fatigue perception, nonrestorative sleep problems, and HRQoL in people with ME/CFS,
due to a previous pilot study in which no significant differences were found for chronic
pain and sleep quality in ME/CFS.

2. Materials and Methods

2.1. Participants

A 12-week, single-center, randomized, double-blind, placebo-controlled trial was
conducted in 242 Caucasian ME/CFS patients consecutively recruited from a single out-
patient tertiary referral center (ME/CFS Clinical Unit, Vall d’Hebron University Hospital,
Barcelona, Spain) from January 2018 to December 2019. Figure 1 shows a flowchart of
the participants prior to analysis. Patients were eligible for the study if they were fe-
male, aged 18 years or older, had a confirmed diagnosis of ME/CFS according to the 1994
CDC/Fukuda case definition [4], and provided signed written informed consent. Exclusion
criteria included any active medical condition that explained the chronic fatigue (untreated
hypothyroidism, sleep apnea, narcolepsy, medication side effects, and iron deficiency ane-
mia), previous diagnosis not unequivocally resolved (chronic hepatitis, malignancy), past
or current neuropsychiatric disorders (major depressive disorder with psychotic or melan-
cholic features, bipolar disorder, schizophrenia, delusional disorder, dementias, anorexia
nervosa, bulimia nervosa), and participation in another clinical trial of the same or different
nature within 30 days prior to study inclusion; inability (in the opinion of the investigator)
to follow the instructions or to complete the treatment satisfactorily; failure to provide
signed informed consent; consumption of certain drugs/supplements that might influence
outcome measures in the last 90 days or whose withdrawal might be a relevant problem,
anticoagulant treatment, pregnancy or breast-feeding, smoking, alcohol intake or substance
abuse, obesity (BMI > 30 kg/m2), and hypersensitivity to CoQ10 or NADH. Patients with
missing data from the follow-up visits to baseline were considered to have dropped out.
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Figure 1. Consolidated Standards of Reporting Trials (CONSORT) flow diagram illustrating the steps
of screening, enrollment, assignment, and follow-up of the study participants.

2.2. Intervention

Of the 242 eligible ME/CFS participants screened, 35 were excluded (eight who
did not meet the inclusion criteria, and 27 who refused to participate). The remaining
207 participants were allocated to treatment by an independent investigator not otherwise
involved in the intervention, using the result of a list of random numbers generated by a
computer program. The participants were randomly assigned in a double-blind fashion in
a 1:1 ratio to receive either 200 mg of CoQ10 plus 20 mg of NADH (n = 72) or a matching
placebo (n = 72), in four capsules daily for eight weeks; all participants also received their
standard therapy for the disease. The CoQ10 was used in combination with NADH, in
light of reports that they may have synergistic antioxidant effects and that NADH may
enhance CoQ10 absorption [26,27].

Safety information obtained at all study visits included data on adverse events, data
from clinical laboratory tests, vital signs, along with the results of the general physical
examination. Adverse events, including serious ones, were reviewed throughout the trial
by the independent medical monitor, the steering committee, and the independent data
and safety monitoring board. Provision was made for investigator-initiated temporary or
permanent dose reductions or suspensions due to adverse effects.

During the study, 19 subjects dropped out due to adverse effects: eight in the active
group (five epigastralgias, and three dizziness), and 11 in the placebo group (four epi-
gastralgias, five dizziness, one diarrhea, and one muscle spasm). Twenty-four patients
were lost to follow-up (13 in the experimental group and 11 in the placebo group). Four
discontinued the study due to the presence of a concurrent process (one case of hypotensive
treatment in each group, one case of anemia in the experimental group, and one case of foot
trauma in the placebo group). Finally, 16 patients withdrew at their own request (nine cases
in the experimental group and seven within in the placebo group). The remaining 144 cases
of ME/CFS (70%, 72 patients in each treatment group) completed all the study protocol
procedures and were included in the overall analysis of outcome measures (see Figure 1).

2.3. Product Tested

Patients randomized to the CoQ10 plus NADH experimental group received four
enteric-coated tablets daily consisting of active ingredients (50 mg of CoQ10 and 5 mg of
NADH) and excipients (20 mg of phosphatidylserine and 40 mg of vitamin C). Patients
randomized to placebo received supplementation comprising four enteric-coated tablets

153



Nutrients 2021, 13, 2658

daily containing only excipients. Both experimental and placebo tablets were identical in
size, color, opacity, shape, presentation, and packaging. All tablets were manufactured
and donated by Vitae Health Innovation, S.L. (Montmeló, Barcelona, Spain). The study
pharmacist recorded all treatments supplied on the medication-dispensing forms along
with the original script.

2.4. Study Design and Procedures

This unicenter, randomized, double-blind, placebo-controlled cohort study design
was conducted to evaluate the clinical benefits of oral CoQ10 plus NADH administration
on fatigue perception, unrefreshing sleep problems, and HRQoL in ME/CFS. Clinical visits
throughout the study are detailed in Figure 2, which also describes the trial design in
both groups. After a verbal description of the study, all participants gave written consent
prior to commencement and received no compensation for their participation. Patients
were evaluated at baseline, and then at four and eight weeks of treatment, and finally
four weeks after the end of treatment by the site investigator. Changes in symptoms
were assessed through validated self-reported questionnaires completed by participants
under the supervision of two trained investigators (J.C.-M. and J.A.-M.). Compliance
was checked through medication logs. Use of concomitant medications was tracked
at all follow-up visits. The study protocol was reviewed and approved by the local
institutional review board at the participating site (Clinical Research Ethics Committee,
Vall d’Hebron University Hospital, Barcelona, Spain; protocol code: VITAE-2015, approved
on 24 April 2015). The study protocol was conducted in accordance with the guidelines of
the Declaration of Helsinki, and with the current Spanish regulations on clinical research
and the standards of good clinical practice of the European Union. It also followed the
Consolidated Standards of Reporting Trials (CONSORT) guidelines. The current clinical
trial was registered on https://clinicaltrials.gov as NCT03186027 (accessed on 29 June 2017).

Figure 2. Summary of the study schedule at each visit during the clinical trial.

2.5. Primary Endpoint

The prospectively defined main outcome measure was the change in self-reported
fatigue scores assessed using the validated Fatigue Impact Scale (FIS-40) from baseline to
the final study visit held three months later. The study was powered to detect a 3-point
difference between active treatment group and placebo. The FIS-40 comprises 40 items
divided into three domains that describe how perceived fatigue impacts upon cognitive
(10 items), physical (10 items), and psychosocial functioning (20 items) over the previous
four weeks. Each item is scored from 0 (no fatigue) to 4 (severe fatigue). The total FIS-40
score is calculated by adding together responses from the 40 questions (score range 0–160).
Higher scores indicate more functional limitations due to severe fatigue [8].
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2.6. Secondary Endpoints

The secondary outcome measures included changes in sleep disturbances and health-
related quality of life through validated self-reported PSQI and HRQoL questionnaires,
respectively.

2.6.1. Pittsburgh Sleep Quality Index

Sleep disturbances were assessed through the self-administered 19-item Pittsburgh
Sleep Quality Index (PSQI) questionnaire. Scores are obtained on each of seven domains of
sleep quality: subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency,
sleep perturbations, use of sleeping medication, and daytime dysfunction. Each component
is scored from 0 to 3 (0 = no sleep problems and 3 = severe sleep problems). The global
PSQI score ranges from 0 to 21 points, with scores of ≥5 indicating poorer sleep quality [9].

2.6.2. The 36-Item Short Form Health Survey

The 36-item Short Form Health Survey (SF-36) was used to assess health-related quality
of life. The SF-36 is a broadly-based self-reported survey of health-related physical and
mental functioning status in ME/CFS and other chronic conditions. It assesses functioning
on eight subscales including domains of physical functioning, physical role, bodily pain,
general health, social functioning, vitality, emotional role, and mental health, and two
additional general subscales covering the physical and mental health domains, rated on a
scale from 0 to 100. Lower scores indicate a more negative impact of an individual’s health
on functioning [10].

2.7. Power and Sample Size Estimation

The sample size was estimated based on data from a previous clinical trial of CoQ10
and NADH supplementation in people with ME/CFS [28]. Allowing for an estimated early
drop-out rate of 20%, and accepting an alpha risk of 5% and a beta risk of 20% (two-sided
test), a total of 121 subjects in each group was considered necessary to find statistically
significant differences between groups, expected to be 10% in the placebo group and
25% in the experimental group (https://www.imim.es/ofertadeserveis/software-public/
granmo/, accessed on 12 June 2018).

2.8. Monitoring of Compliance and Adverse Events

All participants were asked to return any remaining study product after the interven-
tion. Adherence was measured by calculating all remaining tablets. Participants who did
not take the supplement on more than two non-consecutive days or consecutive days were
considered non-compliant (n = 0). All adverse events following administration of study
product intake were monitored until the end of the study. No serious adverse events or
suspected adverse reactions (e.g., events resulting in death, immediately life-threatening
events, medically significant events for any reason, events requiring or prolonging hos-
pitalization or resulting in persistent or significant disability/incapacity) were reported
during or after the end of the study.

2.9. Statistical Analysis

A descriptive statistical analysis was carried out for all study variables. Results are
shown as means ± standard deviation (SD). A Kolmogorov–Smirnov test was used to
determine the distribution and normality of data for both groups. Continuous variables
were defined by the number of valid cases and expressed as mean ± SD. Categorical
variables were described using absolute and relative frequencies of each category over
the total of valid values. Differences in comparison analysis between the two groups
were assessed using Student’s t-test (paired data t-test using the value of the patient as
a control) for continuous variables and the Chi-square test for categorical variables. For
all comparisons, a two-sided level of statistical significance of 0.05 was considered. All
analyses were performed on the data set using all available information with intention-to-
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treat (ITT) criteria. An analysis of covariance (one-way ANCOVA) was performed using
the changes in overall FIS-40 score from baseline to the last follow-up visit of the study as
the primary outcome measure, and entering the overall FIS-40, PSQI, and HRQoL scores at
baseline as continuous predictors and the enrolling investigator and treatment assigned as
categorical predictors. The statistical analysis observed the ICH-E9 guidelines as well as all
the rules of good clinical practice. All data were analyzed using the SAS program, version
9.4 (Statistical Analysis System Institute Inc., Cary, NC, USA).

3. Results

3.1. Participants’ Characteristics at Baseline

Table 1 shows the demographic and clinical characteristics of the study participants.
No statistically significant differences were found in terms of demographic and clinical
parameters between the study groups at baseline. No statistically significant differences
were observed in the standard drug therapy used within the participants’ treatment groups.
The following are the most frequent concomitant drugs (more than 90%) that subjects
were taking during the study: anticonvulsants (gabapentin), tricyclic antidepressants
(duloxetine), anxiolytics/hypnotics (benzodiazepines on demand), NSAIDs (ibuprofen on
demand), and opioids (tramadol).

Table 1. Baseline demographic and clinical characteristics of study participants who completed the
final assessment.

Variables
CoQ10 + NADH

(n = 72)
Placebo
(n = 72)

p-Values

Age (years) 45.38 ± 7.81 46.79 ± 6.48 0.238
BMI (kg/m2) 24.07 ± 4.36 24.88 ± 4.85 0.296

Systolic BP (mmHg) 124.44 ± 10.50 125.32 ± 11.85 0.639
Diastolic BP (mmHg) 75.63 ± 9.33 75.54 ± 8.21 0.954

HR (bpm) 78.96 ± 9.42 77.51 ± 10.78 0.393
Symptom onset (years) 36.94 ± 8.98 36.65 ± 7.95 0.836

Illness duration (months) 97.21 ± 69.40 106.56 ± 74.55 0.437
Concomitant drugs

Anticonvulsants 27 (37.5) 27 (37.5) 1.000
Tricyclic antidepressants 34 (47.2) 38 (52.8) 0.505
Anxiolytics/hypnotics 14 (19.4) 18 (25.0) 0.422

NSAIDs 48 (66.7) 49 (68.1) 0.858
Opioids 15 (20.8) 24 (33.3) 0.091

Data are expressed as means ± standard deviation (SD) for continuous variables and compared by Student’s
t-test, and as numbers of participants with percentages (%) for categorical variables and compared by Chi-
squared test. Abbreviations: BMI, body mass index; BP, blood pressure; HR, heart rate; NSAIDs, non-steroidal
anti-inflammatory drugs.

3.2. Changes in Fatigue Perception among Participants

Table 2 shows participants’ scores for fatigue perception over the course of the clinical
study. Perception of cognitive fatigue (as indicated by the change in the cognitive domain
from FIS-40) improved significantly at the 4- and 8-week visits from baseline within the
active group (p = 0.005 and p = 0.010, respectively). The psychosocial domain showed a
nominal improvement in the active group at the 4-week visit, though without reaching
statistical significance (p = 0.053).
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Table 2. Fatigue severity (FIS-40 questionnaire) scores of the participants completing the final
assessment.

FIS-40 Domains
CoQ10 + NADH

(n = 72)
Placebo
(n = 72)

p-Values 1

Physical functioning
Baseline 35.31 ± 4.61 34.82 ± 5.85 0.580
4 weeks 34.51 ± 5.39 34.14 ± 6.57 0.708
8 weeks 34.74 ± 5.21 34.42 ± 5.52 0.721

4 weeks post-treatment 35.71 ± 5.26 36.64 ± 5.43 0.554
Cognitive
Baseline 34.26 ± 5.26 32.97 ± 7.12 0.217
4 weeks 33.14 ± 5.94 ** 31.83 ± 7.07 0.232
8 weeks 33.13 ± 6.28 ** 32.40 ± 7.00 0.515

4 weeks post-treatment 33.44 ± 6.90 32.97 ± 6.83 0.680
Psychosocial

Baseline 64.78 ± 11.69 62.31 ± 13.71 0.246
4 weeks 63.44 ± 12.42 61.19 ± 14.29 0.315
8 weeks 63.94 ± 12.69 61.83 ± 14.42 0.352

4 weeks post-treatment 64.79 ± 13.53 62.97 ± 14.91 0.444
Total FIS-40 scores (0–160)

Baseline 134.35 ± 19.80 130.10 ± 25.35 0.264
4 weeks 131.10 ± 22.15 * 127.17 ± 25.89 0.329
8 weeks 131.81 ± 22.73 128.65 ± 25.60 0.435

4 weeks post-treatment 133.40 ± 24.33 130.58 ± 25.59 0.499

Data are given as means ± SD and compared by paired Student’s t-test for within-group comparison analysis and
by Student’s t-test for independent data for between-group comparison analysis. Significance level was set at
* p < 0.05 and ** p < 0.01. Statistically significant differences were found in the overall FIS-40 score at 4 weeks
from baseline (p = 0.022) in the experimental group. Abbreviations: FIS-40, 40-item fatigue impact scale. Lower
FIS-40 scores indicate an improvement in fatigue perception among participants. 1 p-values for between-group
comparison analysis.

In the CoQ10 + NADH group, the total FIS-40 score significantly decreased at the
4-week visit from baseline (p = 0.022). However, this improvement was not significant
at the follow-up visits from baseline (8 weeks and 4 weeks post-treatment; p = 0.089 and
p = 0.071, respectively). FIS-40 domain scores evolved in parallel between groups over the
course of the study.

3.3. Changes in Sleep Quality and Health-Related Quality of Life after CoQ10 Plus NADH
Supplementation in the Study Population
3.3.1. Pittsburgh Sleep Quality Index

Table 3 displays participants’ sleep quality scores assessed using the PSQI question-
naire. In the between-group comparison analysis, statistically significant differences were
displayed for sleep duration at 4-week follow-up visit from baseline in the experimental
group (p = 0.018). Moreover, in the within-experimental group comparison analysis, we
found statistically significant differences for the PSQI domains from baseline over time (all
p-values < 0.05).
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Table 3. Sleep quality (assessed with the PSQI questionnaire) in participants completing the final
assessment.

PSQI Domains
CoQ10 + NADH

(n = 72)
Placebo
(n = 72)

p-Values 1

Subjective sleep quality
Baseline 1.71 ± 1.14 2.01 ± 1.08 0.101
4 weeks 1.67 ± 1.15 2.01 ± 1.08 0.064
8 weeks 1.69 ± 1.23 2.03 ± 1.13 0.091

4 weeks post-treatment 1.94 ± 1.06 * 2.10 ± 1.04 0.383
Sleep latency

Baseline 2.29 ± 0.88 2.10 ± 1.04 0.226
4 weeks 2.25 ± 0.92 2.10 ± 1.04 0.350
8 weeks 2.40 ± 0.88 2.17 ± 1.05 0.145

4 weeks post-treatment 2.33 ± 0.87 2.07 ± 1.15 0.124
Sleep duration

Baseline 1.31 ± 1.02 1.71 ± 0.98 0.017
4 weeks 1.28 ± 1.00 1.67 ± 0.96 0.018
8 weeks 1.51 ± 1.03 * 1.75 ± 0.98 0.160

4 weeks post-treatment 1.43 ± 0.96 1.67 ± 1.02 0.155
Habitual sleep efficiency

Baseline 1.81 ± 1.25 2.03 ± 1.15 0.269
4 weeks 1.68 ± 1.25 1.94 ± 1.19 0.196
8 weeks 1.90 ± 1.13 * 1.97 ± 1.20 0.720

4 weeks post-treatment 1.94 ± 1.11 1.93 ± 1.23 0.943
Sleep disturbances

Baseline 2.35 ± 0.70 2.35 ± 0.63 1.000
4 weeks 2.31 ± 0.76 2.35 ± 0.63 0.721
8 weeks 2.31 ± 0.64 2.33 ± 0.75 0.811

4 weeks post-treatment 2.36 ± 0.61 2.32 ± 0.65 0.691
Sleeping medication use

Baseline 1.93 ± 1.23 1.75 ± 1.36 0.404
4 weeks 1.90 ± 1.25 1.75 ± 1.36 0.483
8 weeks 1.96 ± 1.22 1.88 ± 1.36 0.699

4 weeks post-treatment 1.99 ± 1.14 1.81 ± 1.34 0.385
Daytime dysfunction

Baseline 2.15 ± 0.85 2.15 ± 0.88 1.000
4 weeks 2.13 ± 0.87 2.15 ± 0.88 0.849
8 weeks 2.18 ± 0.79 2.19 ± 0.91 0.922

4 weeks post-treatment 2.22 ± 0.74 2.22 ± 084 1.000
Global PSQI score

Baseline 14.71 ± 3.47 15.07 ± 3.48 0.533
4 weeks 14.44 ± 3.86 15.03 ± 3.47 0.341
8 weeks 15.03 ± 3.44 15.35 ± 3.70 0.592

4 weeks post-treatment 15.26 ± 3.09 15.18 ± 3.71 0.883

Data are given as means ± SD and compared by paired Student’s t-test for within-group comparison analysis
and by Student’s t-test for independent data in between-group comparison analysis. Significance level was set at
* p < 0.05. No statistically significant differences were displayed in any PSQI items between groups. Abbreviations:
PSQI, Pittsburgh sleep quality index. Lower PSQI scores indicate an improvement in the perception of sleep
quality among participants. 1 p-values for between-group comparison analysis.

3.3.2. The Short Form 36-Item Health Survey

Table 4 shows participants’ scores on the SF-36 questionnaire. Physical role function-
ing, general health perception, vitality, social role functioning, emotional role functioning,
and mental health status domains did not show any differences in the between-group
comparison analysis.
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Table 4. Health-related quality of life (SF-36 questionnaire) in participants completing the final
assessment.

SF-36 Domains
CoQ10 + NADH

(n = 72)
Placebo
(n = 72)

p-Values 1

Physical functioning
Baseline 25.28 ± 15.72 28.47 ± 18.49 0.266
4 weeks 27.50 ± 17.78 * 30.26 ± 19.70 0.378
8 weeks 29.58 ± 18.98 ** 30.35 ± 20.02 0.814

4 weeks post-treatment 28.89 ± 20.70 32.64 ± 21.18 0.284
Physical role functioning

Baseline 3.47 ± 15.31 3.82 ± 15.51 0.892
4 weeks 4.86 ± 17.12 6.31 ± 21.28 0.654
8 weeks 5.56 ± 17.91 6.60 ± 19.68 0.740

4 weeks post-treatment 6.94 ± 22.29 2.43 ± 10.41 0.121
Bodily pain

Baseline 15.42 ± 13.68 17.44 ± 14.04 0.381
4 weeks 18.49 ± 15.80 * 18.17 ± 15.50 0.902
8 weeks 18.24 ± 14.61 17.44 ± 17.58 0.769

4 weeks post-treatment 17.58 ± 16.07 18.60 ± 14.07 0.687
General health perception

Baseline 24.08 ± 15.70 18.36 ± 12.55 0.017
4 weeks 21.79 ± 15.10 18.65 ± 13.53 0.191
8 weeks 21.72 ± 16.44 19.08 ± 13.39 0.292

4 weeks post-treatment 21.93 ± 17.27 17.08 ± 12.35 0.054
Vitality
Baseline 17.64 ± 17.98 16.32 ± 16.27 0.645
4 weeks 17.08 ± 16.80 16.33 ± 15.95 0.783
8 weeks 16.39 ± 16.43 18.33 ± 19.70 0.521

4 weeks post-treatment 15.28 ± 18.04 13.82 ± 13.93 * 0.588
Social role functioning

Baseline 30.21 ± 24.35 30.38 ± 23.44 0.965
4 weeks 28.82 ± 24.34 32.32 ± 23.95 0.386
8 weeks 28.13 ± 24.08 32.12 ± 23.72 0.317

4 weeks post-treatment 28.47 ± 23.00 29.69 ± 22.64 0.749
Emotional role functioning

Baseline 36.11 ± 47.39 36.57 ± 43.75 0.951
4 weeks 36.57 ± 46.19 37.06 ± 43.87 0.948
8 weeks 32.87 ± 43.87 34.26 ± 42.23 0.846

4 weeks post-treatment 29.63 ± 43.89 28.24 ± 39.42 0.842
Mental health status

Baseline 46.50 ± 21.87 45.67 ± 19.91 0.811
4 weeks 43.89 ± 21.26 47.13 ± 21.80 0.368
8 weeks 45.06 ± 22.43 47.44 ± 19.03 0.491

4 weeks post-treatment 44.72 ± 22.92 44.17 ± 21.37 0.880

Data are given as means ± SD and compared by paired Student’s t-test for within-group comparison analysis and
by Student’s t-test for independent data for between-group comparison analysis. Significance level was set at
* p < 0.05, and ** p < 0.01. No statistically significant differences were found in any SF-36 items in between-group
comparison over time. Abbreviations: SF-36, 36-item short form health survey. Higher SF-36 scores indicate better
health-related quality of life among participants. 1 p-values for between-group comparison analysis.

The physical functioning showed better scores in the CoQ10 plus NADH group;
statistically significant improvements were observed at both visits from baseline during
treatment (4-week and 8-week visits; p = 0.036 and p = 0.001, respectively). The bodily pain
domain improved at the 4-week visit from baseline (p = 0.043). In the placebo group, a
reduction in vitality was observed 4 weeks after treatment discontinuation (p = 0.042).

3.4. Clinical Safety and Tolerability Evaluation

With regard to safety data, few adverse effects have been associated with CoQ10 and
NADH supplementation [18,39] in other populations. In our study of ME/CFS patients,
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no relevant treatment-related adverse events were recorded. Our findings demonstrate
that oral CoQ10 plus NADH supplementation for eight weeks was safe and potentially
well-tolerated by the participants.

4. Discussion

The use of nutritional interventions as antioxidant supplements in order to reduce
increased oxidative stress in ME/CFS patients remains a controversial issue [14]. CoQ10
and NADH are two possible candidates for use in the treatment of ME/CFS, and perhaps
in other illnesses involving chronic fatigue in which oxidative stress plays a significant role,
for at least three main reasons. First, CoQ10 and NADH are bioenergetic cofactors with the
potential to boost mitochondrial function. Second, CoQ10 and NADH are powerful free
radical scavengers that can mitigate the lipid peroxidation and DNA damage caused by
oxidative stress; third, they have powerful antioxidant properties [17].

To the best of our knowledge, this is the first RCT to investigate the beneficial effects
of oral CoQ10 plus NADH supplementation on perceived fatigue, nonrestorative prob-
lems, and HRQoL in a substantial number of people with ME/CFS. Our results showed
that the combination of CoQ10 plus NADH had a positive effect on the perception of
fatigue, sleep quality, and HRQoL in ME/CFS. This was highlighted in the improvement
in scores observed in the intragroup analysis, although no differences were found in the
intergroup analysis.

Coenzyme Q10 and NADH deficiencies have also been described in individuals
with ME/CFS and fibromyalgia [26,42], and it has suggested that serum NADH levels
are directly correlated with serum CoQ10 concentrations in these patients. CoQ10, also
known as ubiquinone, is a fat-soluble, vitamin-like benzoquinone compound that is en-
dogenously synthesized from tyrosine in the human body. It is an essential component
in the metabolism of all cells, and a CoQ10 deficiency is linked to the pathogenesis of a
range of chronic disorders. It is a strong antioxidant agent that confers resistance to the
mitochondrial damage induced by oxidative and nitrosative stress, and it also serves as
an anti-inflammatory agent, affecting ATP synthesis and nitric oxide preservation [14].
Chronically activated immune responses and nitrosative and oxidative stress in ME/CFS
patients induce disorders such as brain hypoperfusion/hypometabolism, neuroinflam-
mation, DNA damage, mitochondrial dysfunction, secondary autoimmune responses
directed against disrupted proteins and lipid membrane components, and dysfunctional
intracellular signaling pathways [15].

The administration of NADH alone [43] and in combination with CoQ10 [27,28] has
been shown to reduce fatigue in people with ME/CFS. However, although those studies
reported beneficial effects, none of them reported the baseline dietary intake characteristics,
and this may have influenced the results.

Alongside chronic fatigue, the most hallmark symptoms of ME/CFS are intolerance to
physical/mental exercise (post-exertional malaise), alterations in concentration/memory,
nonrestorative sleep, orthostatic intolerance, and generalized chronic pain [1]. Given the
natural course towards chronicity in ME/CFS, we consider the results obtained in our study
to be important. We confirm that CoQ10 plus NADH supplementation has a positive effect
on the perception of cognitive fatigue, with significant improvements at 4- and 8-week visits
(p < 0.001) compared to baseline. Likewise, our dietary nutraceutical combination may have
influenced the overall FIS-40 domain score—reducing it at the 4-week visit from baseline
(p = 0.022), although the difference was not significant at the end of treatment visit (8-
weeks vs. baseline, p = 0.08)—and also the psychological domain, which showed a marked
improvement at the 4-week visit (though also without reaching significance vs. baseline,
p = 0.05) within the experimental group. In previous research carried out by our group and
others, with nutraceutical interventions to assess mitochondrial dysfunction in ME/CFS,
fatigue was the primary endpoint in eight out of nine studies [28,43–49]. Of these studies,
five found significant differences in fatigue levels following an intervention [28,46–49];
however, other authors reported no significant changes in fatigue levels in ME/CFS [44,45].
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The discrepancies between these studies may be due to the heterogeneity of the ME/CFS
population (i.e., sociodemographic and clinical characteristics of the patients, diagnostic
criteria used, presence of different comorbid health conditions, and pharmacological and
non-pharmacological treatments administered), the small sample size, and the short study
duration, among other factors.

In experiments on rodents, CoQ10 treatment improved cognitive deficits by modulat-
ing mitochondrial functions and was effective in protecting against cognitive impairments
and neurodegeneration in experimental animal models [50,51]. Fukuda et al. [44] suggested
that ubiquinol-10 supplementation may improve cognitive impairments by modulating
energy reserves in ME/CFS, and Dumont et al. [52] reported that CoQ10 administration
improved cognitive performance in a transgenic mouse model of Alzheimer’s disease.

Clinical trials have shown that oral replacement supplements of CoQ10 plus/or
NADH significantly reduce fatigue perception and other symptoms associated with chronic
diseases. Several studies in people with fibromyalgia [42] have reported improvements
in chronic pain, fatigue, and HRQoL, and studies in other neuroimmune conditions such
as remitting–relapsing multiple sclerosis have demonstrated the effectiveness of CoQ10
administration in reducing in vivo inflammation and oxidative stress, and in improving
fatigue and anxiety/depression symptoms [52,53]. Based on these findings, new potential
therapeutic strategies are now urgently needed [54].

Our intragroup comparison analysis found that ME/CFS patients supplemented
with CoQ10 plus NADH showed significant increases in the physical function domain
of the SF-36 at both follow-up visits. This result is of interest, because our review of the
scientific literature revealed improvements in health-related quality of life after CoQ10
administration in other related chronic conditions such as fibromyalgia and Gulf War
Syndrome [55,56], but not in ME/CFS.

In the broad group of neurological manifestations of ME/CFS, the component of
generalized pain stands out, both in the context of ME/CFS and in the case of comorbid
fibromyalgia [57]. In our study, the CoQ10 plus NADH supplementation induced an
improvement on the bodily pain component of the SF-36 questionnaire at the 4-week
treatment visit from baseline in the study participants. A previous study by our group to
evaluate chronic pain using the McGill Pain questionnaire found no changes in pain from
ME/CFS participants [28].

In patients with ME/CFS, nonrestorative sleep leads to a significant alteration in sleep
quality [58]. Our results show that the CoQ10 plus NADH administration improved the
perception of sleep quality, demonstrating new findings that differ from the aforementioned
earlier study by our group [28], which also used the same validated PSQI questionnaire.
On the contrary, a study in veterans with Gulf War Syndrome, which bears similarities
to ME/CFS, found that only CoQ10 supplementation improved symptoms of physical
function but had no beneficial effect on sleep quality [55].

Previous studies investigating the beneficial clinical effects of CoQ10 supplementation
in heart failure (HF) have been conducted over the last few years. The findings have
reported an improvement in bioenergetic and functional levels and endothelial function in
these HF patients [59,60].

Previous reports have suggested that dietary supplements such as CoQ10 or NADH
are safe and well-tolerated [18]. Our results confirm these observations and suggest that
moderate doses of these molecules can be safely added to conventional therapy in ME/CFS.

Strengths and Limitations

This study has some limitations that must be considered. Firstly, the primary end-
point, the perception of fatigue recorded through the FIS-40 questionnaire, is a subjective
parameter. In future work, objective physiological and biological parameters might be
used, such as the maximum oxygen consumption and lactate/glucose levels during and
after performing a cardiopulmonary challenge test (2-day consecutive CPET). Secondly,
there were limitations associated with the study design, research setting, and participants’
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selection. The fact that all patients were Caucasian ME/CFS women and were recruited
from a single tertiary referral center may have increased the proportion of seriously ill
patients, and we must be cautious when generalizing these results to other populations
in other healthcare settings such as primary care or the general population. Thirdly, the
lack of statistical differences found between groups may have been due to the placebo
effect (phosphatidylserine and vitamin C as excipients). Finally, the doses and follow-up
timing of the intervention were pre-established, and so the dose–response effect could not
be monitored and recorded among the study participants.

However, our study also has some important strengths: (1) the analysis of the combi-
nation of CoQ10 plus NADH as a nutritional supplement in ME/CFS, with the inclusion
of a substantial number of participants, (2) the improvement in the perception of cogni-
tive fatigue and health-related quality of life achieved by the combination of CoQ10 plus
NADH, (3) the homogeneous inclusion criteria through the 1994 CDC/Fukuda definition,
and (4) the consideration of gender with the inclusion only of women—the recruitment
of age-and sex-matched participants is essential in mitochondrial function studies, due to
age-related mitochondrial function decline (such as uncoupled mitochondrial respiration,
citrate synthase activity and ATP levels)—and (5) the demonstration of the safety and good
tolerance of the CoQ10 plus NADH administration among participants.

Multicenter trials are now required with homogeneous patient samples after car-
rying out the correct clinical phenotyping (through the establishment of well-defined
subgroups, based on the diagnostic criteria, neurological symptoms, comorbid health con-
ditions, and pharmacological and non-pharmacological treatments administered), and with
recommendations to eat a balanced diet. We also support long-term follow-up studies in-
cluding objective physiological and biological indicators, such as peak oxygen consumption
(VO2 as “gold standard” measure) and lactate/glucose ratio following an ergospirometry
provocation test, and the assessment of information processing speed using computerized
neuropsychological tests in order to verify the potential benefits of antioxidant therapy in
people with ME/CFS.

5. Conclusions

To the best of our knowledge, this is the first study to assess the effects of oral
CoQ10 plus NADH supplementation administered to a substantial number of ME/CFS
patients (n = 207). Our findings suggest that, over a two-month period, this combination is
potentially effective in reducing cognitive fatigue (also known as “brain fog”) and overall
fatigue perception, thus improving HRQoL in ME/CFS. The study shows that CoQ10
and NADH can be safely co-administered to ME/CFS patients and are generally well-
tolerated at the dosages indicated. A therapeutic effect was also demonstrated on sleep
quality within the experimental group. Long-term RCTs in larger ME/CFS cohorts should
now be performed to confirm the effectiveness of CoQ10 and NADH co-supplementation
in treating the hallmark symptom of post-exertional malaise using two-day consecutive
cardiopulmonary exercise testing (2-day CPET).
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Abstract: Increased oxidative stress and platelet apoptotic in middle-aged and elderly adults are
important risk factors for atherosclerotic cardiovascular disease (ASCVD). Therefore, it is of great
significance to control the oxidative stress and platelet apoptosis in middle-aged and elderly adults.
Previous acute clinical trials have shown that water-soluble tomato concentrate (WSTC) from fresh
tomatoes could exert antiplatelet benefits after 3 h or 7 h, but its effects on platelet apoptosis and
oxidative stress are still unknown, especially in healthy middle-aged and elderly adults. This
current study aimed to examine the efficacies of WSTC on platelet apoptosis and oxidative stress
in healthy middle-aged and elderly adults via a randomized double-blinded placebo-controlled
crossover clinical trial (10 weeks in total). A total of 52 healthy middle-aged and elderly adults
completed this trial. The results showed that WSTC could increase the serum total antioxidant
capacity levels (p < 0.05) and decrease the serum malondialdehyde levels (p < 0.05) after a 4-week
WSTC supplementation in healthy middle-aged and elderly adults. Platelet endogenous reactive
oxygen species generation (p < 0.05), mitochondrial membrane potential dissipation (p < 0.05) and
phosphatidylserine exposure (p < 0.05) were attenuated. In addition, our present study also found that
WSTC could inhibit platelet aggregation and activation induced by collagen or ADP after intervention
(p < 0.05), while having no effects on adverse events (p > 0.05). The results suggest that WSTC can
inhibit oxidative stress and its related platelet apoptosis, which may provide a basis for the primary
prevention of WSTC in ASCVD.

Keywords: water-soluble tomato concentrate; oxidative stress; platelet apoptosis; crossover clinical trial

1. Introduction

Platelets, the most common anucleate blood cells, are essential for hemostasis, throm-
bosis, inflammation and atherosclerosis [1]. Animal experiments indicated that platelets are
major contributors of vessel occlusion critical for cardiovascular events [2]. Accumulating
evidence has shown that platelet apoptosis facilitated the progression of atherosclerotic
cardiovascular disease (ASCVD) [3,4]. In different pathophysiological conditions (such as
aging or dyslipidemia), the level of oxidative stress increases, thus further inducing the
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excessive apoptosis of platelets [5,6]. Oxidative stress and excessive apoptosis of platelets
can exacerbate the risk of ASCVD [7–9].

A previous cross-sectional study [6] has shown that there was increased oxidative
stress and platelet apoptotic markers in middle-aged and elderly adults, and further mice
studies implicated a change in oxidative stress as the mechanism [6]. Mechanistic stud-
ies revealed that excessive reactive oxygen species (ROS) stimulated the expression and
activation of pro-apoptosis proteins in the Bcl-2 family and promoted the translocation
of pro-apoptosis proteins to the mitochondria [10–12]. Then, depolarization of the mito-
chondrial membrane potential (ΔΨm) is initiated to form the mitochondrial permeability
transition pore (mPTP), which leads to phosphatidylserine (PS) exposure and, ultimately,
platelet apoptosis [10,11]. Excessive abnormal platelet apoptosis may increase the formation
of PS-positive platelets and microparticles (MPs), which leads to increased procoagulant
activity and thrombosis enhancement [13–15]. In addition, a cross-sectional study found
that ROS production of platelets was strictly correlated with high platelet reactivity [16].
Therefore, controlling platelet apoptosis and oxidative stress can be applied for the early
prevention of ASCVD in middle-aged and elderly adults.

A previous study has shown that a suitable diet, such as the Mediterranean diet,
could attenuate platelet-related mortality in older adults at high cardiovascular risk [17].
Epidemiological studies suggested that tomato and tomato product consumption were
associated with a reduced risk for ASCVD, which might be partly due to tomatoes con-
taining substances with antiplatelet properties [18–20]. A large prospective study showed
that there was little evidence for an overall association between dietary lycopene and the
risk of ASCVD [21]. Another epidemiological study found there was no beneficial effect of
higher plasma lycopene levels on myocardial infarction [22]. These indicated that other
water-soluble ingredients in tomatoes might play an important role in decreasing the risk
of ASCVDs. Water-soluble tomato concentrate (WSTC) is a concentrated tomato product
via removing fat-soluble ingredients in tomatoes (Lycopersicon esculentum), which is
primarily comprised of nucleoside derivatives, phenolic conjugates, flavonoid derivatives,
and quercetin derivatives [23]. Previous studies in vitro have shown that WSTC exerted
potent regulatory effects on the platelet function, such as platelet activation and aggregation
inhibition [24,25]. In addition, our recent study also found that WSTC could inhibit platelet
activation and aggregation in vitro [26]. Further acute randomized controlled trials (RCTs)
in Britain have suggested that WSTC attenuated platelet aggregation and activation after a
single dose of supplementation [25,27]. However, there has been no randomized controlled
trial (RCT) exploring the effects of WSTC on platelet apoptosis. Whether it can inhibit
oxidative stress is also unknown, especially in middle-aged and elderly adults.

Therefore, this present randomized placebo-controlled crossover trial aimed to ex-
amine the effects of WSTC on oxidative stress and platelet apoptosis in middle-aged and
elderly adults.

2. Materials and Methods

2.1. Subject Recruitment for the Clinical Trial

Volunteers (35–70 years old) were from the health examination center of the First
Affiliated Hospital of Sun Yat-sen University and three other community health centers
in Guangzhou, Guangdong, China, from March to July 2019. Potential volunteers were
interviewed by trained researchers using face-to-face structured screening questionnaires.

The following inclusion criteria were used: (1) men and women from 35 to 70 years
old; (2) no serious vascular or hematological diseases; and (3) normal hematuria, liver or
kidney function. The following exclusion criteria were used: (1) a history of hypertension,
infectious disease, hemostatic disorders, diabetes mellitus or cardiovascular disease (CVD);
(2) use of medications known to affect platelets in the past six months; (3) lactating or
pregnant women; and (4) allergic to tomatoes or ingredients rich in tomatoes.
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2.2. Study Design

The study followed a randomized, double-blinded, placebo-controlled crossover
design with two 4-week interventions separated by a washout period of 2 weeks (10 weeks
in total). In brief summary, the subjects in group 1 took a placebo tablet daily, while the
subjects in the group 2 took 150 mg/day of WSTC for 4 weeks. Then, both groups entered
a two-week washout period. After that, the two groups exchanged groups. Group 1 took
150 mg/day of WSTC, and group 2 took placebo tablets for 4 weeks (Figure 1).

Figure 1. Flow diagram of the subject recruitment and participation procedure.
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The volunteers in each gender group were randomly assigned to the two groups via
hierarchical randomization. The subjects in both groups took one tablet daily during the
two 4-week interventions. All subjects were followed up every two weeks, and the number
of returned tablets was recorded to assess the compliance of the subjects. During the trial
period, all subjects were instructed to maintain their usual diets and lifestyles but to refrain
from the consumption of tomatoes and tomato products. A total of 52 subjects completed
the trial (Figure 1). This current trial was conducted in accordance with the Declaration of
Helsinki and was approved by the ethics committee of Sun Yat-Sen University (2016 No.
036). All of the subjects gave signed informed consent. This trial is registered at chictr.org
as ChiCTR-POR-17012927.

2.3. Supplement Preparation

The placebo tablets and WSTC tablets were obtained from BY-HEALTH (Guangdong,
China). The WSTC tablets contained 150 mg Fruitflow® II developed based on Fruitflow®

I. Fruitflow® II primarily contained adenosine, chlorogenic acid and rutin (Supplemental
Table S1) and was approved by the European Food Safety Authority as a cardioprotective
functional ingredient [23]. The WSTC and placebo tablets also contained microcrystalline
cellulose, lactose, croscarmellose sodium and silica. All WSTC and placebo tablets had the
same weight, appearance and packaging.

2.4. Sample Size Planning for the Clinical Trial

Sample size estimation was performed via PASS software (version 15.0, NCSS Inc.,
Kaysville, UT, USA). A previous study reported that the changes (post-pre) of platelet
aggregation after WSTC supplementation were −9.7 ± 4.1% and −3.1 ± 3.9% in the
WSTC group and the control group, respectively [27]. Based on a two-tailed α level of
0.05 and β level of 0.10, we performed the two-sample t-tests assuming equal variance and
determined that 40 subjects should be recruited. Allowing for a 20% dropout rate, at least
50 subjects were required. Since previous studies only explored the effects of WSTC on
platelet-related functions, there was no data on the effects of WSTC on oxidative stress for
sample size calculations. Based on this, we also performed a post hoc power analysis to
extrapolate the sample size according to our current results, as previously described [28].
In summary, our current study found that the MDA levels after WSTC supplementation
were 2.83 ± 0.50 nmol/mL and 3.41 ± 0.89 nmol/mL in the intervention group and control
group, respectively. According to a two-tailed α level of 0.05 and β level of 0.10, we
performed the two-sample t-tests assuming equal variance and determined that 34 subjects
should be recruited. Allowing for a 20% dropout rate, at least 43 subjects were required.
The sample size in our current study was close to the sample size estimation.

2.5. Basic Information and Anthropometric Measurement

Basic information and anthropometric measurements were collected as previously
described [29]. Basic information was collected via a structured questionnaire by a trained
investigator in face-to-face interviews. Height, weight, neck circumference, hip circum-
ference, waist circumference and blood pressure were recorded at weeks 0, 4, 6 and 10.
Heart rate and blood pressure (BP) were detected using oscillation monitoring technology
(Omron U30 Intellisense, JPN). All measurements were performed under standardized
procedures, and the mean value of two measurements was recorded. A 24-h diet record
on 3 consecutive days and an international physical activity questionnaire were used to
monitor the volunteers’ eating habits and physical activities during the trial. The physical
activity data were converted into metabolic equivalents [30], and dietary nutrient intake
was calculated according to the Chinese Food Composition Table [31].

2.6. Laboratory Measurement

The volunteers fasted for 10–12 h overnight, and venous blood was collected from
8:00–9:00 a.m. on the following day on weeks 0, 4, 6 and 10. The electrical impedance
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method was used for the routine blood examination. The concentrations of low-density
lipoprotein cholesterol (LDL-C), total cholesterol (TC), triglyceride (TG) and creatinine were
measured using enzymatic methods. The concentration of serum alanine aminotransferase
was determined using the rate method. Serum malonaldehyde (MDA) was determined by
the TBA method using commercial kits (catalog no. A003-1-2, Jiancheng, Nanjing, China),
and the serum total antioxidant capacity (TAC) was determined by the FRAP method using
commercial kits (catalog no. A015-3-1, Jiancheng, Nanjing, China).

The thrombin clotting time (TT), prothrombin time (PT), activated partial thrombo-
plastin time (APTT), and plasma fibrinogen (Fib) estimations were detected by a Sysmex
CS-5100 System (Siemens Healthineers, Erlangen, Germany).

2.7. Detection of Platelet Aggregation and Activation

As previously described [25,27,32], platelet aggregation was analyzed via the CHRONO-
LOG aggregometer (Chrono-log, Havertown, PA, USA). Briefly, 500 μL of fresh platelet-
rich plasma (PRP) from citrated blood was incubated at 37 ◦C for 5 min. Then, PRP
(3.0 × 108 platelets/mL) was stimulated by 5 μmol/L ADP or 2 μg/mL collagen on the
Chronolog aggregometer at 37 ◦C with a sample stir speed of 1000 rpm. The maximum
reversible platelet aggregation was monitored and recorded.

The expression of P-selectin and PAC-1 on platelets was measured using a CytoFLEX
flow cytometer (Beckman Coulter, Brea, CA, USA) as previously described [32,33]. Fresh
PRP (5 × 106 platelets/mL) from citrated blood were labeled with FITC-conjugated anti-
human CD62P antibody or FITC-conjugated anti-human PAC-1 antibody for 20 min with
the stimulation of ADP or collagen. Then, the samples were fixed with 1% paraformalde-
hyde and analyzed using a CytoFLEX flow cytometer with CytExpert 2.0 (Beckman Coulter,
Brea, CA, USA).

2.8. Measurement of ROS, ΔΨm and PS Exposure in Human Platelets

Endogenous ROS was measured using DCFH-DA (Sigma-Aldrich, Burlington, MA,
USA). Briefly, the platelets were preincubated with DCFH-DA (10 μM) at 37 ◦C in the
dark for 30 min and washed with PIPES. The preincubated platelets in the clinical trial
were incubated with or without thrombin (2 unit) for 30 min and detected using flow
cytometry. The cells were collected and detected using a Spark® multimode microplate
reader (TECAN, Canton of Zurich, Switzerland) at an excitation wavelength of 488 nm and
emission wavelength of 525 nm.

Platelet ΔΨm was measured using tetramethylrhodamine methyl ester (TMRM; Ab-
cam, Cambridge, UK). Washed platelets (5 × 106/mL) were preincubated with or without
thrombin for 30 min. All of the samples were incubated with TMRM (400 nM) for 20 min at
37 ◦C in the dark and measured using flow cytometry.

PS exposure was measured using PE-annexin V (Becton Dickinson, Franklin Lakes,
NJ, USA) according to the manufacturer’s instructions. Prepared samples were incubated
with PE-annexin V for 15 min at room temperature, and then, PS was measured by flow
cytometry within 30 min.

2.9. Statistical Analysis

The data were analyzed using SPSS 20.0 statistical software and GraphPad Prism
5.01 software. The data analysis of the individuals in this study followed the intention-
to-treat (ITT) principle, as in previous studies [33,34]. All data were presented as the
means ± standard errors of the means (SEMs). The data from week 0 and week 6 (after
washout) were combined as pretrial (baseline) data, and the data from weeks 4 and 10 were
combined as posttrial data in the clinical trial. The comparability of the two groups
at baseline was assessed by one-way analysis of variance (ANOVA). ANOVA was also
used to determine the significance of the differences between the placebo and WSTC
supplementation groups after 4 weeks of intervention. To further determine the effect of
WSTC supplementation on oxidative stress and platelet apoptosis, Student’s t-tests for
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paired data were used to examine significant differences before and after WSTC or placebo
supplementation in all volunteers, as in previous studies [28,35]. The differences were
considered significant at p < 0.05.

3. Results

3.1. Subsection

The mean age of the subjects was 56 years old (44–68 years old), and 30.77% were
males. Baseline data were collected before distribution, including sociodemographic data,
medical histories, drug use information and anthropometric characteristics (Table 1). There
was no significant difference in the anthropometric characteristics, blood lipids or blood
glucose between the two groups of volunteers at baseline or during the intervention period
(Supplementary Table S2). In addition, there was no significant difference in energy, intake
of nutrients or physical activity between the two groups at baseline or after the 4-week
intervention (Supplementary Table S3).

Table 1. Baseline characteristics.

N = 52

Age, (years) 56.13 ± 1.01 a

Gender (male/female) 16/36
Education attainment

Primary school 2(3.85%)
Middle school 23(44.23%)

College 27(51.92%)
Occupations

Sales/workers/farmers 18(34.61%)
Professionals/technicians 29(55.76%)

Others 5(9.62%)
Anthropometrics

Weight (kg) 64.17 ± 1.70
BMI (kg/m2) 24.57 ± 0.46

NC (cm) 34.40 ± 1.08
WC (cm) 84.99 ± 1.59

WHR 0.88 ± 0.01
SBP (mmHg) 118.32 ± 2.19
DBP (mmHg) 77.19 ± 1.47

Lifestyle factors
Current smoking 2(3.8%)

Regular alcohol drinking 11(21%)
a The results are presented as the mean ± standard error of the mean for continuous variables and n (%) for
categorical variables. Abbreviation: BMI, body mass index, WC, waist circumference, NC, neck circumference,
WHR, waist-to-hip ratio, DBP, diastolic blood pressure and SBP, systolic blood pressure.

3.2. Effects of WSTC Supplementation on TAC and MDA in Healthy Middle-Aged and
Elderly Adults

There were no significant differences in the serum TAC or MDA levels between the
placebo and WSTC groups at baseline. After the 4-week intervention, WSTC supplementa-
tion significantly increased the serum TAC levels (p < 0.05) and reduced the serum MDA
levels (p < 0.05) in healthy middle-aged and elderly adults (Figure 2A,B). There were also
significant differences in the serum TAC levels (p < 0.01) and MDA levels (p < 0.01) be-
tween the placebo and WSTC groups after intervention. However, there was no significant
difference in the serum TAC levels and MDA levels in the placebo group before vs. after
the intervention (Figure 2A,B).
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Figure 2. Effects of WSTC supplementation on the serum TAC and MDA levels in healthy middle-
aged and elderly adults. (A,B) Serum TAC and MDA levels. The values are presented as the
means ± SEMs. At baseline, there was no significant difference for the TAC and MDA levels between
the two groups. * p < 0.05, one-way analysis of variance for independent data is used for comparison
between the two groups after 4 weeks of intervention. ## p < 0.01 vs. baseline in the WSTC
group, assessed by a paired Student’s t-test. Abbreviations: TAC, total antioxidant capacity, MDA,
malonaldehyde, WSTC, water-soluble tomato concentrate and ns, no significance.

3.3. WSTC Supplementation Attenuated Platelet ROS Generation in Healthy Middle-Aged and
Elderly Adults

As shown in Figure 3, there was no significant difference in circulating platelet en-
dogenous ROS between the two groups at baseline. Circulating platelet endogenous ROS
generation in healthy middle-aged and elderly adults was significantly lower in the WSTC
supplementation group after 4 weeks of supplementation compared to the placebo group
(p < 0.05). WSTC supplementation for 4 weeks significantly reduced platelet endogenous
ROS generation in healthy middle-aged and elderly adults (p < 0.01). In the placebo group,
there was no significant change before or after the intervention (p > 0.05) (Figure 3).

Figure 3. Effect of WSTC supplementation on ROS generation in healthy middle-aged and elderly
adults. Human wash platelets were prepared from volunteers before (pre) and after (post) 4 weeks of
WSTC or placebo consumption. The washed platelets were pretreated with H2DCF-DA, and ROS
was measured by flow cytometry. At baseline, there is no significant difference in the ROS generation
between the two groups. * p < 0.05, one-way analysis of variance for independent data, is used for
comparison between the two groups after 4 weeks of intervention. ## p < 0.01 vs. baseline in the
WSTC group, assessed by a paired Student’s t-test. Abbreviations: ROS, reactive oxygen species,
WSTC, water-soluble tomato concentrate and ns, no significance.
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3.4. WSTC Supplementation Attenuated Platelet ΔΨm Dissipation and PS Exposure in Healthy
Middle-Aged and Elderly Adults

At baseline, there were no significant differences in platelet ΔΨm dissipation and PS
exposure between the placebo and WSTC groups. Increased circulating platelet ΔΨm has
been observed in healthy middle-aged and elderly adults (p < 0.05) after 4 weeks of WSTC
supplementation (p < 0.05) (Figure 4A). Additionally, after WSTC supplementation, WSTC
supplementation also markedly attenuated the platelet PS exposure in healthy middle-aged
and elderly adults (p < 0.05) (Figure 4B). Compared with the placebo group, the platelet
ΔΨm in the WSTC group was significantly higher (p < 0.05) and platelet PS exposure was
significantly lower (p < 0.01). However, there was no significant difference in the platelet
ΔΨm dissipation and PS exposure in the placebo group before vs. after the intervention
(Figure 4A,B).

Figure 4. Effect of WSTC supplementation on ΔΨm dissipation and PS exposure in healthy middle-
aged and elderly adults. Human wash platelets were prepared from volunteers before (pre) and
after (post) 4 weeks of WSTC or placebo consumption. (A) Platelet ΔΨm dissipation was measured
using TMRM by flow cytometry. (B) Annexin V-PE was used to assess platelet PS exposure by flow
cytometry. At baseline, there was no significant difference in any variable for ΔΨm dissipation and
PS exposure between the two groups. * p < 0.05, one-way analysis of variance for independent data
was used for comparison between the two groups after 4 weeks of intervention. # p < 0.05 and
## p < 0.01 vs. baseline in the WSTC group, assessed by a paired Student’s t-test. Abbreviations: PS,
phosphatidylserine and WSTC, water-soluble tomato concentrate.

3.5. WSTC Supplementation Attenuated ROS Generation and ΔΨm Dissipation in
Thrombin-Treated Platelets

Previous studies have shown that thrombin induced platelet apoptotic events via
ROS generation. Therefore, we identified a possible association between ROS and platelet
apoptosis using thrombin in the context of WSTC supplementation [36]. At the baseline,
the platelet ROS generation and ΔΨm dissipation in the two groups were comparable
(p > 0.05). WSTC significantly attenuated platelet ROS generation and ΔΨm dissipation
in response to thrombin (2 unit) after 4 weeks of supplementation (p < 0.05) (Figure 5A,B).
Additionally, the platelet ΔΨm in the WSTC group was significantly higher (p < 0.01) than
that in the placebo group (p < 0.01), and platelet ROS generation in the WSTC group was
significantly lower than that in the placebo group (p < 0.001). There was no significant
difference between baseline and the 4-week intervention of the placebo group (p > 0.05)
(Figure 5A,B).
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Figure 5. Effects of WSTC supplementation on ΔΨm dissipation and ROS in response to thrombin.
Human wash platelets were prepared from volunteers before (pre) and after (post) 4 weeks of WSTC
or placebo consumption. (A) H2DCF-DA-treated platelets were incubated with thrombin (2 unit),
and ROS were measured by flow cytometry. (B) The wash platelets were incubated with thrombin
(2 unit), and TMRM was used to detect ΔΨm measured by flow cytometry. At baseline, there was
no significant difference in any variable about ΔΨm dissipation and ROS between the two groups.
* p < 0.05, one-way analysis of variance for independent data was used for comparison between the
two groups after 4 weeks of intervention. ## p < 0.01 and ### p < 0.001 vs. baseline in the WSTC
group, assessed by a paired Student’s t-test. Abbreviations: ROS, reactive oxygen species and WSTC,
water-soluble tomato concentrate.

3.6. WSTC Supplementation Inhibited Platelet Aggregation and Activation in Healthy
Middle-Aged and Elderly Adults

Previous acute studies in Britain have found that WSTC significantly inhibited collagen-
and ADP-induced platelet aggregation [25,27]. Therefore, we also measured platelet activa-
tion and aggregation stimulated by collagen and ADP in healthy middle-aged and elderly
adults. We found that four weeks of WSTC supplementation effectively reduced the platelet
aggregation induced by ADP or collagen (p < 0.05) (Figure 6A,B). WSTC supplementation in
healthy middle-aged and elderly adults markedly attenuated platelet surface P-selectin ex-
pression and glycoprotein IIb IIIa activation (PAC-1) induced by ADP or collagen (p < 0.05)
(Figure 6C–E). There were also significant differences in platelet aggregation induced by
ADP or collagen between the placebo and WSTC groups after the intervention (p < 0.05)
(Figure 6A,B). Compared with the placebo group, platelet surface P-selectin expression and
glycoprotein IIb IIIa activation (PAC-1) induced by ADP or collagen in the WSTC group
were significantly lower after a 4-week supplementation (p < 0.05) (Figure 6C–E).
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Figure 6. WSTC supplementation inhibited platelet aggregation and activation in healthy middle-
aged and elderly adults. Human PRP was prepared from volunteers before (pre) and after (post)
4 weeks of WSTC or placebo consumption. (A,B) Platelet aggregation was stimulated by ADP or col-
lagen. PRP was stimulated with ADP or collagen. The platelet surface expression of (C,D) P-selectin
and (E) PAC-1 was analyzed by flow cytometry. The values are presented as the means ± SEMs.
At baseline, there was no significant difference for platelet aggregation and activation between the
two groups. * p < 0.05 and ** p < 0.01, one-way analysis of variance for independent data was used
for a comparison between the two groups after 4 weeks of intervention. # p < 0.05, ## p < 0.01 and
### p < 0.001 vs. baseline in the WSTC group, assessed by a paired Student’s t-test. Abbreviations:
PRP, platelet-rich plasma and WSTC, water-soluble tomato concentrate.

3.7. Safety Evaluation

Previous studies did not observe clinical side effects after 0–7 days of WSTC interven-
tion [27]. We performed 4 weeks of WSTC supplementation for the first time and found
that no adverse event was reported during the whole intervention period. In addition,
considering the antiplatelet effects of WSTC, we carefully determined whether the clot-
ting pathways were affected by WSTC alongside the antiplatelet effects. We examined
the coagulation function of the subjects and found that a 4-week intervention of WSTC
did not affect APTT, TT, PT, PT-INR, Fib and PT-R in healthy middle-aged and elderly
adults (p > 0.05, Table 2). There was no significant difference in the platelet parameters,
coagulation function or liver and kidney function in the WSTC group compared to the
placebo group (p > 0.05, Table 2).

175



Nutrients 2022, 14, 3374

Table 2. Blood chemistry and plasma clotting times at baseline and after the 4-week treatment b.

Placebo (n = 52) 150mg WSTC (n = 52)

Baseline 4 Weeks Baseline 4 Weeks

Liver function
ALT (U/L) 21.08 ± 1.57 a 21.27 ± 2.03 21.75 ± 1.97 20.55 ± 1.51

Total protein (g/L) 74.19 ± 0.50 73.37 ± 0.45 73.58 ± 0.56 73.16 ± 0.53
Albumin (g/L) 47.05 ± 0.32 45.97 ± 0.33 46.63 ± 0.36 45.55 ± 0.35

Albumin/Globulin 1.77 ± 0.04 1.69 ± 0.03 1.76 ± 0.03 1.68 ± 0.03
Renal function
Urea (mmol/L) 4.86 ± 1.42 4.97 ± 0.15 5.01 ± 0.17 4.82 ± 0.14

Creatinine (μmol/L) 78.35 ± 2.44 78.29 ± 2.30 79.21 ± 2.36 78.44 ± 2.38
Plasma clotting times
Prothrombin time (s) 10.81 ± 0.73 11.26 ± 0.81 10.90 ± 0.71 11.16 ± 0.73

APTT (s) 28.75 ± 0.24 28.64 ± 0.28 28.68 ± 0.28 28.48 ± 0.25
Thrombin time (s) 18.76 ± 0.09 18.76 ± 0.13 18.77 ± 0.10 18.91 ± 0.11
Fibrinogen (g/L) 2.98 ± 0.06 3.03 ± 0.08 3.01 ± 0.07 2.92 ± 0.08

Platelet parameters

PLT (109/L) 244.20 ± 9.05 253.53 ± 9.90 244.12 ± 8.71 250.69 ± 9.27
MPV (fl) 10.20 ± 0.15 10.18 ± 0.13 10.17 ± 0.15 10.22 ± 0.15

a Mean ± SEM (all such values). b A one-way analysis of variance for independent data was used for comparison
between the two groups at baseline and after 4 weeks of intervention. There was no significant difference for
any variable concerning the blood chemistry and plasma clotting times between the two groups at baseline and
after the 4-week intervention. Abbreviations: ALT, alanine aminotransferase, PT-R, prothrombin time ratio, PLT,
plaque level test, MPV, medial plaque volume and APTT, activated partial thromboplastin time.

4. Discussion

An increasing number of studies now suggest broad protective effects of functional
foods against CVD [23,37,38]. The present study used a randomized placebo-controlled
clinical trial and showed that 4 weeks of supplementation with WSTC (150 mg/day)
increased the antioxidative capacity in serum (e.g., increased TAC and decreased MDA
levels) and attenuated circulating platelet ROS generation and apoptosis (e.g., attenuated
ΔΨm decrease and PS exposure) in healthy middle-aged and elderly adults. Additionally,
the 4 weeks of WSTC supplementation also inhibited platelet activation and aggregation,
which was consistent with previous studies [25,27]. Our results suggest that WSTC is a
promising agent for ASCVD prevention that exerts its beneficial effects via the control of
oxidative stress and platelet apoptosis.

Mitochondrial alterations contribute to the pathogenesis of CVD [39]. Mitochondria
also play a central role in platelet metabolism, and mitochondrial membrane depolariza-
tion is the initial step of mitochondrial-mediated apoptosis [40]. WSTC supplementation
significantly attenuated platelet ΔΨm dissipation in our present study, which suggests
that WSTC plays a vital role in reducing early damage to platelet function. Negatively
charged PS is exposed to the outer membrane of apoptotic platelets, and it is a central
procoagulant factor that accelerates the progression of thrombosis [4,41,42]. PS-positive
apoptotic platelets are enhanced in patients with prothrombotic states [43]. Notably, our
results also showed that supplementation with WSTC attenuated platelet PS exposure
on circulating platelets, which may contribute to thrombotic disease inhibition. In ad-
dition, our previous in vitro study support as well that WSTC could modulate platelet
ΔΨm dissipation and inhibit Cytochrome c release, caspase activation and PS exposure in
H2O2-treated platelets [44]. These results indicated that WSTC might inhibit mitochondria-
dependent platelet apoptosis. These findings are consistent with Xiao et al., who revealed
that quercetin, one component of WSTC, inhibited stored platelet apoptosis by increasing
the Bcl-2/Bax ratio in a concentration-dependent manner [45]. Notably, nutrients promote
apoptosis in cancer cells, but chlorogenic acid, rutin and polyphenols (e.g., resveratrol and
curcumin) have to exert an antiapoptotic effect by inhibiting oxidative stress in normal cell
lines [46,47]. Whether one or more components of WSTC or only the mixture contribute
to protecting platelet apoptosis is worthy of further study. Overall, our data suggest that
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WSTC supplementation may alleviate the risks of atherothrombosis via attenuating platelet
apoptosis in healthy middle-aged and older people.

Oxidative stress is a central pathological mechanism in ASCVD that induces hy-
pertrophic signaling, apoptosis and necrosis [48]. Antioxidant administration reduces
oxidative stress-related apoptosis in the pathogenesis of lots of diseases [49,50]. The present
study showed that WSTC supplementation effectively increased TAC while decreasing
the MDA levels and platelet endogenous ROS generation, which is consistent with other
studies showing that the main bioactive components of WSTC possessed antioxidant prop-
erties [51–53]. Under certain thrombotic conditions, the levels of oxidative stress (e.g.,
ROS) are enhanced, and platelet redox homeostasis is disrupted; these changes have many
important proatherogenic effects, including the stimulation of platelet hyperreactivity and
apoptosis [36]. Whether WSTC attenuates oxidative stress-related platelet apoptosis under
disease conditions merits further investigation. Our present study shows that WSTC may
exert its beneficial effects on ASCVD prevention via the control of oxidative stress in healthy
middle-aged and elderly adults.

Superoxide anion and H2O2 are the main ROS. The superoxide anion may be con-
verted into H2O2 to modulate intraplatelet redox physiological signaling and stimulate
platelet apoptosis [12,54]. Previous studies revealed that H2O2-induced ROS production
was consistent with the changes observed in apoptosis [49]. Our previous in vitro study
showed that pretreatment with WSTC dose-dependently attenuated ROS generation in
H2O2-treated platelets, and a combined treatment with WSTC and NAC did not result in
significant differences in the apoptosis levels compared with the WSTC treatment alone [44].
A further in vitro study showed that WSTC could increase the expression level of LC3II/I
in H2O2-treated platelets. Furthermore, the effect of WSTC on decreasing ΔΨm depolariza-
tion in H2O2-treated platelets was reversed by an autophagy inhibiter (3-MA) [44]. These
indicated that WSTC can significantly reduce the H2O2-induced platelet oxidative damage
by promoting autophagy in vitro. Therefore, oxidative stress could potentially be essential
in inhibiting platelet apoptosis by WSTC. The attenuation of ROS-scavenging activity only
partially reflects the antioxidant potential, and the antioxidant properties of WSTC may
also contribute to its antiapoptotic benefits, which are worthy of further investigation.

WSTC, authorized by the European Food Safety Agency, is approved to take 150 mg/day
in the format of powder, tablet or capsule [23]. Therefore, the dose of 150 mg/day was
used in this clinical trial. WSTC was first found to have antiplatelet functions (e.g., anti-
activation and anti-aggregation effects) in Britain. Previous acute clinical trials found that
WSTC supplementation could attenuate platelet activation and aggregation after 3 h or
7 h [27,55]. To further verify the accuracy of this result, we also explored the effect of WSTC
on platelet function in this study. Notably, our study found that 150 mg/day of WSTC
has remarkably inhibited platelet activation and aggregation induced by collagen or ADP
after a 4-week intervention in healthy middle-aged and elderly adults. These are consistent
with previous studies in Britain. Taking antiplatelet drugs such as aspirin and warfarin can
reduce the risk of cardiovascular events, but it may also increase the risk of bleeding [56].
Due to the antiplatelet effects of WSTC, we also explored whether WSTC could affect the
coagulation function. In our clinical trial, WSTC does not affect the coagulation function
related to the prothrombin system after 4 weeks of WSTC supplementation. Our previous
animal experiment also found that WSTC could not prolong the bleeding time of mice [26].
Interestingly, our previous study found that the inhibitory effect of 4 weeks of WSTC on
platelet aggregation and activation can be eliminated after a 2-week washout period [57].
In addition, we also found that a 4-week intervention of WSTC had no effect on the liver
function or kidney function in healthy middle-aged and elderly adults, and this was
consistent with previous studies [23,58]. Although whether there is a risk of bleeding after
long-term use still needs to be confirmed by further studies with larger sample sizes and
longer intervention durations, the current results suggest that WSTC may be used as a
potentially safe and reliable nutrient supplement for regulating platelet function.
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Strengths and Limitations

There are some strengths and certain limitations in this study. The major strength of
this study is the design of a double-blinded, randomized, placebo-controlled, crossover
trial. Another strength is that we tested the platelet ROS generation, PS exposure and ΔΨm
at baseline and during follow-up, which should be completed in two hours after blood
collection. For the first time, we explored the effect of WSTC on oxidative stress and platelet
apoptosis in healthy middle-aged and elderly adults. This could be another advantage. As
in previous studies [28,34], we also maintain all usual dietary intake and physical activities
via questionnaires to control the effects of a confounding bias. Nevertheless, there are still
some limitations present in this study. One of the limitations is that, due to the complex
composition of WSTC, it is unlikely for us to measure the serum levels of WSTC or its
metabolites. The results of this study only indicated a potential benefit of WSTC on the
early prevention of CVDs in healthy middle-aged and elderly adults, and the prevention
of WSTC in individuals with metabolic diseases merits further clinical study. This may be
another limitation of our study.

5. Conclusions

The results showed that four weeks of WSTC supplementation could attenuate oxida-
tive stress and platelet apoptosis in healthy middle-aged and elderly adults. In addition,
our study further added evidence that WSTC could safely and effectively reduce platelet
aggregation and activation in healthy middle-aged and elderly adults. Therefore, our
current results indicate that the beneficial effects of WSTC may have a potential role in the
early prevention of ASCVD.
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Abstract: We aimed to evaluate if dietary supplementation with a nutraceutical compound (Eufortyn®

Colesterolo Plus) containing standardized bergamot polyphenolic fraction phytosome (Vazguard®),
artichoke extract (Pycrinil®), artichoke dry extract. (Cynara scolymus L.), Q10 phytosome(Ubiqosome®)
and zinc, could positively affect serum lipids concentration, systemic inflammation and indexes of
non-alcoholic fatty liver disease (NAFLD) in 60 healthy subjects with polygenic hypercholesterolemia.
Participants were adhering to a low-fat, low-sodium Mediterranean diet for a month before being
randomly allocated to 8-week treatment with 1 pill each day of either Eufortyn® Colesterolo Plus or
placebo. Dietary supplementation with Eufortyn® Colesterolo Plus was associated with significant
improvement in total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), non-high-density
lipoprotein cholesterol (non-HDL-C), high-sensitivity C-reactive protein (hs-CRP) and endothelial
reactivity (ER) in comparison with baseline, and with significant reductions in waist circumference,
TC, LDL-C, LDL-C/HDL-C, lipid accumulation product and fatty liver index compared to placebo.
The study shows that dietary supplementation with standardized bergamot polyphenolic fraction
phytosome, artichoke extracts, Q10 phytosome and zinc safely exerts significant improvements in
serum lipids, systemic inflammation, indexes of NAFLD and endothelial reactivity in healthy subjects
with moderate hypercholesterolemia.

Keywords: dietary supplement; nutraceutical compound; cholesterol; artichoke; bergamot

1. Introduction

Polyphenols are secondary plant metabolites and bioactive compounds naturally
occurring in plants and plant-derived products [1].

Pooling data from several epidemiological and clinical studies, total flavonoids and
specific subclasses have been associated with a reduced incidence of cardiovascular (CV)
diseases (CVD), diabetes mellitus and all-cause mortality [2].

Flavonoids have been shown to act as free radical scavenging, and exert antioxidant,
hepatoprotective and anti-inflammatory activities [3]. Actually, flavonoids’ biological
activities reflect their chemical and biochemical properties, including the ability to regulate
gene expression in chronic diseases and modulate several molecular pathways [4].

Recently, artichoke and bergamot standardized flavonoid extracts have been suggested
as safe lipid-lowering nutraceuticals [5]. Based on this evidence, we aimed to evaluate if
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dietary supplementation with a nutraceutical compound containing standardized berg-
amot polyphenolic fraction phytosome® and artichoke extracts could positively affect
serum lipids concentration and, secondly, insulin sensitivity, systemic inflammation and
indexes of non-alcoholic fatty liver disease (NAFLD) in healthy subjects with moderate
hypercholesterolemia.

2. Materials and Methods

2.1. Study Design andParticipants

This was a randomized, double-blind, placebo-controlled, parallel-group clinical study
that enrolled a sample of Italian free-living subjects with polygenic hypercholesterolemia
recruited from the Lipid Clinic of the S. Orsola Malpighi University Hospital, Bologna, Italy.

Participants were required to be aged between 18 and 70 years, with moderately
high levels of LDL-C (LDL-C > 115 mg/dL and< 190 mg/dL) and an estimated 10-year
cardiovascular risk < 5% according to the SCORE (Systematic COronary Risk Evalua-
tion) risk charts, not requiring lipid-lowering treatments [6]. Exclusion criteria included
the following: TG < 400 mg/dL; previous history of CVD; obesity (body mass index
(BMI) > 30 Kg/m2); diabetes mellitus; uncontrolled hypertension (i.e., systolic and diastolic
blood pressures > 190/100 mmHg);a positive test for human immunodeficiency virus or
hepatitis B/C/E; uncontrolled thyroid diseases; history of malignancies; use of medication
or nutritional supplement that altered blood pressure levels or serum lipids (e.g., statins,
ezetimibe, fibrates, omega-3 fatty acids and bile acid resins); use of anticoagulants; alco-
holism; pregnancy; and breastfeeding.

Enrolled subjects were adhering to a low-fat, low-sodium Mediterranean diet for four
weeks before randomization and during the study. The intervention period lasted 8 weeks.
Before and after treatment, patients were evaluated for clinical status, and by the execution
of a physical examination and laboratory and hemodynamic analyses. The study timeline
is described in detail in Figure 1.

Figure 1. Study timeline.

The study fully complied with the ethical guidelines of the Declaration of Helsinki
and with The International Council for Harmonization of Technical Requirements for
Registration of Pharmaceuticals for Human Use (ICH) Harmonized Tripartite Guideline for
Good Clinical Practice (GCP). The study protocol was approved by the Ethical Committee
of the University of Bologna and registered in ClinicalTrials.gov (accessed on 1 May 2020)
(ID: NCT04574505). All patients provided written informed consent to participate.
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2.2. Treatment

After the 1-month period of diet standardization, enrolled subjects were randomized
to receive daily either an indistinguishable pill of placebo orEufortyn® Colesterolo Plus
containing Vazguard® (caffeoylquinic acids ≥ 20.0%, total flavonoids ≥ 5.0% and Cynaropi-
crin ≥ 5.0%), Pycrinil® (total flavanones 11.0–19.0%), artichoke (Cynara scolymus L.) dry
extract, Ubiqsome® and zinc (Table 1).

Table 1. Quantitative composition of the active treatment, namely Eufortyn® Colesterolo Plus, tested
in the clinical study.

Ingredients Quantity per Tablet

Vazguard® (Phytosome Bergamot Polyphenolic fraction) 1000 mg
Pycrinil® artichoke d.e. (Cynara cardunculus L.) 100 mg
Artichoke d.e. (Cynara scolymus L.) 20 mg
Ubiqsome® (Coenzyme Q10 phytosome) 25 mg

equivalent to Coenzyme Q10 5 mg
Zinc 5 mg

d.e. = dry extract.

The study products were manufactured and packaged by Scharper S.p.A. (Milan, Italy), in
accordance with Quality Management System ISO 9001:2008 and the European Good Man-
ufacturing Practices (GMP), satisfying requirements in the “Code Of Federal Regulation”
title 21,volume 2, part 111.

At the time of randomization, each patient was provided with boxes containing
60 tablets (either active ingredients or placebo).

Randomization was performed centrally, by computer-generated codes. Participants
and investigators were blinded to the group assignment. Randomization codes were kept
in a sealed envelope that was opened after study completion and data analysis.

For the entire duration of the study, patients were instructed to take a pill of the
assigned treatment once daily, at about the same time each day, preferably during the
evening meal.

At the end of the clinical trial, all unused pills were retrieved for inventory. Participants’
compliance was assessed by counting the number of returned pills.

2.3. Assessments
2.3.1. Clinical Data and Anthropometric Measurements

Information gathered in the patients’ history included presence of ASCVD and other
systemic diseases, allergies and medications. Validated semi-quantitative questionnaires in-
cluding a Food Frequency Questionnaire (FFQ) were used to assess demographic variables,
recreational physical activity and dietary and smoking habits [7].

Analysis of diet composition was performed using the MètaDieta® software (IN-
RAN/IEO 2008 revision/ADI). Data were handled in compliance with the company proce-
dure IOA87.

Waist circumference (WC) was measured in a horizontal plane at the end of a normal
expiration, at the midpoint between the inferior margin of the last rib and the superior
iliac crest. Height and weight were respectively measured to the nearest 0.1 cm and 0.1
Kg, with subjects standing erect with eyes directed straight, wearing light clothes and with
bare feet. BMI was calculated as body weight in kilograms, divided by height squared in
meters (Kg/m2).

2.3.2. Laboratory Analyses

Biochemical analyses were carried out on venous blood withdrawn after overnight
fasting (at least 12 h). Serum was obtained by addition of disodium ethylenediaminete-
traacetate (Na2EDTA) (1 mg/mL) and blood centrifugation at 3000 RPM for 15 min at 25 ◦C.
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Immediately after centrifugation, trained personnel performed laboratory analyses
according to standardized methods [8]. The following parameters were directly assessed:
Total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C),
apolipoprotein B-100 (Apo B-100), apolipoprotein AI (Apo AI), fasting plasma glucose
(FPG), creatinine, high-sensitivity C-reactive protein (hs-CRP), creatine phosphokinase
(CPK), gamma-glutamyl transferase (GGT), alanine transaminase (ALT) and aspartate
transaminase (AST).

LDL-C was obtained by the Friedewald formula. Non-HDL cholesterol (Non-HDL-C)
resulted from the difference between TC and HDL-C. The glomerular filtration rate (eGFR)
was estimated by the Chronic Kidney Disease Epidemiology Collaboration (CKD-epi)
equation [9].

Lipid accumulation product (LAP) was calculated as (WC− 65)×TG (expressed in mmol/L)
for men and (WC − 58) × TG (expressed in mmol/L) for women [10]. Hepatic steatosis
index (HSI) resulted from 8 × AST/ALT ratio + BMI (+2 for women) [11]. Finally, fatty
liver index (FLI) was calculated as follows: [e0.953×ln(TG)+0.139×BMI+0.718×ln(GGT)+0.053×WC−15.745/
(1 + e0.953×ln(TG)+0.139×BMI+0.718×ln(GGT)+0.053×WC−15.745)] × 100 [12].

2.3.3. Blood Pressure Measurements

Blood pressure (BP) was measured in accordance with the recommendations of the
International Guidelines for the management of arterial hypertension [13]. Resting systolic
(SBP) and diastolic BP (DBP) were measured with a validated oscillometric device and a
cuff of the appropriate size applied on the right upper arm. To improve detection accuracy,
three BP readings were sequentially obtained at 1-minute intervals. The first reading was
discarded, and the average between the second and the third reading was recorded as the
study variable.

2.3.4. Endothelial Reactivity

Endothelial function of the arterial vasculature is an important early marker of
atherosclerosis, reflecting the ability of the endothelial layer to release nitric oxide (NO),
modulating smooth muscle tone in the arterial wall of the conduit arteries [14].

Following the current guidelines [15], during the clinical study endothelial function
was evaluated through Endocheck® (BC Biomedical Laboratories Ltd., Vancouver, BC,
Canada), a method embedded within the Vicorder® device that guarantees very good intra-
and inter-operator reliability [16]. The measurement was carried out with patients in supine
position and in abstinence from cigarette smoking and caffeinated beverages for at least
12 h. After a 10-minute rest, the brachial pulse volume (PV) waveforms were recorded at
baseline for 10 s and during reactive hyperemia. The BP cuff was inflated to 200 mmHg for
5 min and PV waveforms were recorded for 3 min after the cuff was released. Endothelial
reactivity (ER) was calculated as change in the PV waveform area, comparing waveforms
before and during hyperemia through the equation

√
PV2/PV1, where PV1 represents PV

at the baseline and PV2 represents PV during hyperemia [17].

2.3.5. Assessment of Safety and Tolerability

Safety and tolerability were evaluated through continuous monitoring during the
study in order to detect any adverse event, clinical safety, laboratory findings, vital sign
measurements and physical examinations. A blinded, independent expert clinical event
committee was appointed by the principal investigator in order to categorize the adverse
events that could possibly be experienced during the trial as not related, unlikely related,
possibly related, probably related, or definitely related to the tested treatment [18].

2.4. Statistical Analysis

Data were analyzed using intention to treat by means of the Statistical Package for
Social Science (SPSS) 25.0, version for Windows.
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Sample size was calculated for the change in LDL-C. A total of 28 subjects per group
were needed to detect a mean change in LDL-C at 8 weeks of 12 mg/dL with a power of
0.90 and an alpha error of 0.05. A total sample size of 60 patients (30 patients/arm) was
included in the study to allow for a dropout rate of 10%.

The Kolmogorov–Smirnov test was used to test the normality distribution of the
studied variables. Non-normally distribute variables were log-transformed before further
statistical testing. Baseline characteristics of the population were compared using Levene’s
test followed by the independent Student’s T test and by the χ2 test followed by Fisher’s ex-
act test. Between-group differences were assessed by repeated-measures ANOVA followed
by Tukey’s post hoc test. All data were expressed as means and related standard deviations.
All tests were two-sided. A p level of <0.05 was considered significant for all tests.

3. Results

3.1. Efficacy Analysis

A total of 94 volunteers was screened, and 60 subjects underwent randomization from
November 2020 through November 2021. Sixty enrolled subjects successfully completed
the trial according to the study design (Figure 2).

Figure 2. CONSORT flow diagram of the progress through the phases of the clinical study.
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The mean compliance to the treatment was 91 ± 2% in the active treatment group and
89 ± 2% in the placebo group. Three individuals allocated to treatment with Eufortyn®

Colesterolo Plus and one individual in the placebo group were excluded from analysis
because of poor compliance to treatment.

The final distribution by sex did not show any significant differences between groups
(p > 0.05), with 14 women allocated to placebo and 16 women allocated to Eufortyn®

Colesterolo Plus and no detectable interaction effect.
During the run-in period a non-statistically significant trend toward body weight

decrease was observed in both considered groups. No statistically significant changes were
recorded in the dietary habits of the enrolled individuals from randomization until the end
of the study, with any changes in total energy and macronutrient intake (Table 2).

Table 2. Diet composition (g/day) at enrollment and at the end of the clinical trial. Values are
reported as mean ± SD.

Parameters

Placebo
(n. 28)

Eufortyn® Colesterolo Plus
(n. 28)

Baseline Week 8 Baseline Week 8

Total energy (Kcal/day) 1629 ± 110 1611 ± 105 1591 ± 99 1586 ± 116
Carbohydrates
(% of total energy) 54.4 ± 2.3 53.2 ± 2.5 54.5 ± 2.1 54.4 ± 2.4

Proteins (% of total energy) 18.2 ± 1.4 18.4 ± 1.6 17.8 ± 1.5 18.1 ± 1.3
Animal protein (% of total energy) 10.5 ± 0.9 9.9 ± 0.9 10.6 ± 0.7 10.9 ± 0.8
Vegetal protein
(% of total energy) 7.3 ± 0.6 7.5 ± 0.8 6.7 ± 0.6 6.8 ± 0.7

Total fats (% of total energy) 27.7 ± 2.0 27.5 ± 2.3 27.2 ± 1.7 28.0 ± 2.1
Saturated fatty acids
(% of total energy) 8.0 ± 0.8 8.2 ± 0.7 8.3 ± 0.7 7.8 ± 0.9

MUFA (% of total energy) 12.6 ± 1.1 12.2 ± 1.0 12.8 ± 1.0 12.3 ± 1.1
PUFA (% of total energy) 6.7 ± 0.6 6.2 ± 0.7 6.5 ± 0.5 6.7 ± 0.6
Total dietary fibers (g/day) 18.9 ± 2.5 19.1 ± 2.8 19.3 ± 2.5 18.7 ± 2.4
Cholesterol (mg/day) 191.2 ± 13.3 187.2 ± 12.3 192.8 ± 11.5 194.8 ± 10.7

MUFA = Monounsaturated fatty acids; n = Number of individuals; PUFA = Polyunsaturated fatty acids.

The study groups were well matched for all the considered variables at baseline, except
for heart rate, which was significantly higher in the active treatment group (Table 3). At the
end of the trial, dietary supplementation with Eufortyn® Colesterolo Plus was associated
with significant improvement in TC, LDL-C, non-HDL-C, hsCRP and ER in comparison
with baseline, and with significant reductions in WC, TC, LDL-C, LDL-C/HDL-C, LAP, and
FLI compared to placebo (Table 3). TC and LDL-C improved with Eufortyn® Colesterolo
Plus versus both baseline and placebo.

3.2. Safety Analysis

All participants completed the clinical trial according to the study design (dropout
rate = 0%). No treatment-emergent adverse events were reported and no laboratory
abnormalities occurred during the study.
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Table 3. Anthropometric, hemodynamic and blood chemistry parameters from the baseline to the
end of the clinical trial, expressed as mean ± SD.

Parameters

Placebo
(n. 28)

Eufortyn® Colesterolo Plus
(n. 28)

Baseline Week 8 Baseline Week 8

Age (years) 54 ± 3 - 54 ± 4 -
Body Mass Index (Kg/m2) 24.3 ± 3.9 24.4 ± 3.7 23.9 ± 2.9 23.7 ± 2.7
Waist Circumference (cm) 87.1 ± 14.0 87.1 ± 13.8 85.8 ± 12.4 84.8 ± 11.4 §

SBP (mmHg) 135.4 ± 16.1 131.6 ± 17.7 133.8 ± 16.5 130.9 ± 17.9
DBP (mmHg) 73.5 ± 12.5 72.8 ± 10.3 73.8 ± 10.7 75.7 ± 12.8
Heart Rate (bpm) 65.5 ± 11.2 69.1 ± 12.3 73.3 ± 13.3 § 71.0 ± 13.0
Total Cholesterol (mg/dL) 223.7 ± 24.7 227.7 ± 22.3 229.2 ± 20.8 214.5 ± 22.9 §,*
LDL-C (mg/dL) 141.9 ± 20.1 144.9 ± 20.2 143.3 ± 17.3 131.2 ± 19.8 §,*
HDL-C (mg/dL) 57.4 ± 17.6 56.5 ± 14.9 64.9 ± 18.9 § 61.8 ± 18.0
Non-HDL-C (mg/dL) 166.4 ± 23.6 159.5 ± 29.0 165.3 ± 20.1 158.7 ± 23.1 *
LDL-C/HDL-C 2.7 ± 0.8 2.7 ± 0.8 2.5 ± 0.8 2.4 ± 0.8 §

Triglycerides (mg/dL) 117.3 ± 70.2 126.3 ± 59.5 109.7 ± 54.3 112.9 ± 47.3 §

Apolipoprotein B-100 (mg/dL) 122.0 ± 16.2 126.2 ± 17.6 118.0 ± 14.6 121.4 ± 16.9
Apolipoprotein AI (mg/dL) 154.2 ± 26.3 154.4 ± 24.2 160.4 ± 27.9 155.9 ± 28.8
FPG (mg/dL) 90.1 ± 8.5 91.4 ± 7.1 88.2 ± 11.3 89.2 ± 10.5
AST (U/L) 21.2 ± 7.2 21.2 ± 4.6 22.3 ± 4.6 22.8 ± 4.6
ALT (U/L) 22.7 ± 14.4 20.6 ± 10.3 19.2 ± 6.9 § 19.0 ± 6.9
gGT (U/L) 25.2 ± 20.5 25.2 ± 17.9 21.9 ± 13.3 § 22.4 ± 13.6
Lipid Accumulation Product 34.9 ± 16.4 38.1 ± 19.1 33.4 ± 16.3 32.9 ± 13.3 §

Hepatic Steatosis Index 33.4 ± 5.2 32.8 ± 4.9 32.1 ± 4.1 31.7 ± 3.8
Fatty Liver Index 31.4 ± 15.9 29.5 ± 17.6 26.4 ± 14.5 26.2 ± 13.9 §

CPK (U/L) 102.3 ± 74.8 108.4 ± 104.1 114.1 ± 67.8 99.2 ± 51.0
eGFR (mL/min) 85.9 ± 15.8 85.9 ± 16.1 85.6 ± 15.9 83.0 ± 16.7
hs-CRP (mg/L) 0.15 ± 0.15 0.12 ± 0.10 0.17 ± 0.24 0.13 ± 0.15 *
Endothelial reactivity 1.37 ± 0.31 1.38 ± 0.17 1.33 ± 0.27 1.43 ± 0.22 *

* p < 0.05 versus baseline; § p < 0.05 versus placebo. ALT = Alanine aminotransferase; AST = Aspartate amino-
transferase; CPK = Creatine phosphokinase; DBP = Diastolic blood pressure; eGFR = Estimated glomerular
filtration rate; FPG = Fasting plasma glucose; gGT = Gamma-glutamyl transferase; HDL-C = High-density lipopro-
tein cholesterol; hs-CRP = High sensitivity C reactive protein; LDL-C = Low-density lipoprotein cholesterol;
SBP = Systolic blood pressure.

4. Discussion

In the last decades, there has been a growing interest in the usefulness of natural com-
pounds targeting multiple biochemical pathways [19]. In this context, dietary polyphenols
have gained particular attention [20]. A growing body of evidence suggest that artichoke
and bergamot standardized flavonoid extracts improve the lipid pattern in moderately
hypercholesterolemic individuals, such that their use has been promoted as safe lipid-
lowering agents [21,22]. Moreover, artichoke extracts and bergamot polyphenolic fraction
have anti-inflammatory and antioxidant properties [23,24].

In animal models, artichoke flavonoids hinder cholesterol biosynthesis from 14-
C-acetate, probably through the inhibition of 3-hydroxy-3-methylglutaryl-Coenzyme A
(HMG-CoA) reductase [25]. Furthermore, artichoke flavonoids interact with liver sterol
regulatory element-binding proteins (SREPBs) and acetyl-CoA C-acetyltransferase (ACAT)
and increase bile acids fecal excretion [26].

In the present study, dietary supplementation with bergamot polyphenolic fraction
phytosome, artichoke extracts, Q10 phytosome and zinc was effective in lowering a number
of serum lipoprotein fractions, with an additional statistically significant effect on fasting
plasma glucose, systemic inflammation and indexes of NAFLD. Moreover, dietary supple-
mentation with Eufortyn® Colesterolo Plus resulted in a significant improvement in ER
after as early as 8 weeks. Particular attention should be paid to the prognostic meaning of
this latest finding, since endothelial function is an important early marker of atherosclerosis,
reflecting the ability of the endothelial layer to release nitric oxide (NO) and modulate
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smooth muscle tone in the arterial wall [27]. Such improvements in endothelial function
have been previously found to be associated with a significant reduction in CVD risk [28].

Based on evidence from preclinical studies, artichoke’s polyphenols, such as caf-
feoylquinic acids, regulate the expression of a variety of genes, including vascular en-
dothelial growth factor (VEGF), endothelin 1 (ET-1) and endothelial NO synthase (eNOS),
which promote the vasodilation mediated by the endothelial cells. Moreover, luteolin
andcynaroside stimulate NOS messenger ribonucleic acid (mRNA) in human endothelial
cells, with consequent NO production and potential beneficial activity in the prevention
of CVD [29]. Finally, coenzyme Q10 and zinc potentially have a synergistic effect with
the antioxidant properties of polyphenol compounds, also improving the plasma levels of
metalloenzymes (including superoxide dismutase) [30,31].

As originally reported by the CTT (Cholesterol Treatment Trialists’) meta-analyses
of the statin trials, there is a linear association between LDL-C reduction and decrease in
atherosclerotic CVD (ASCVD) events [32]. Robust and growing evidence highlights that
this linear association is observed regardless of the LDL-C lowering approach adopted
(i.e., low-fat diet, anion exchange resins, ezetimibe, etc.) [33]. In this context, the im-
provement in LDL-C during treatment with Eufortyn® Colesterolo Plus has a clinical
relevance, especially considering the concerns that have been recently raised by the Eu-
ropean Food and Safety Agency (EFSA) regarding the safety of red yeast rice-based food
supplements [34]. Moreover, unlike the other nutraceuticals specifically inhibiting choles-
terol synthesis or absorption [35], bergamot polyphenolic fraction and artichoke extracts
have an impact on both lipid and glucose metabolism [33,36]. For these reasons and accord-
ing to our observations, Eufortyn® Colesterolo Plus could have a role in the management
and prevention of multifactorial metabolic disorders such as metabolic syndrome and
NAFLD [37,38].

Despite the relevant findings and the practical implications, this study is not without
limitations. We acknowledge the relatively small sample size, even though the study was
powered for the primary outcomes and to detect between-groups differences in safety and
tolerability. Moreover, the relatively short follow-up means it is not possible to assess the
possible occurrence of adaptation phenomena; however, these have never been documented
for polyphenols before. We also acknowledge that some investigated parameters improved
in a way that was not mirrored in previous clinical studies testing bergamot polyphenolic
fraction and artichoke extracts with more impressive results [39,40]. The reason might be
found in the stringent eligibility criteria of the present study, which did, however, ensure
high internal validity and reliability of the results. Another limitation of the study is the
lack of ultrasound evaluation or transient elastography (fibroscan) of liver stiffness.

More research is needed that focuses on the underlying reasons and mechanisms of
the effects observed during the study. For instance, the effect on serum lipids and inflam-
mation is likely to be partially mediated by modification of the gut microbiota induced
by polyphenols supplementation. Available experimental data suggest that supplementa-
tion with bergamot and artichoke polyphenolic fractionsis able to exert a beneficial effect
on the composition of the gut microbiota [4,41]. However, to date, thereis no specific
evidence related to simultaneous supplementation with these nutraceutical compounds.
Finally, it is critically important that further longer-term clinical studies clarify whether the
treatment-dependent changes in liver function tests reflect a significant improvement in
liver stiffness.

5. Conclusions

In conclusion, the study shows that dietary supplementation with standardized berg-
amot polyphenolic fraction phytosome, artichoke extracts, Q10 phytosome and zinc safely
exerts significant improvements in serum lipids, systemic inflammation, indexes of NAFLD
and endothelial function in healthy subjects with moderate hypercholesterolemia.
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