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Hypercholesterolemia is a well-known independent risk factor for cardiovascular
disease and a recognized target of pharmacological therapeutic agents in both primary and
secondary prevention [1]. There is increasing interest in the use of natural lipid-lowering
compounds that may delay or circumvent drug therapy. These compounds could be
included as part of a diet pattern, as single foods or as food components transformed into
dietary supplements [2].

To date, there is a strong evidence showing that dietary factors are able to influence
atherogenesis. In particular, the Mediterranean diet is particularly rich in active vegetable
compounds, contributing to its positive effect on human health [3]. However, other active
compounds could be isolated and concentrated from non-nutrient vegetable sources, such
as medicinal plants [4]. Finally, natural dietary and non-dietary lipid-lowering compound
could have pleiotropic effect on lipids and on other cardiovascular risk factors, for in-
stance increasing the cholesterol resistance to oxidative stress, reducing microinflammation,
improving the endothelial health, etc. [5].

Based on this background, the volume entitled “Diets, Foods and Food Components’
Effect on Dyslipidemia” samples the contributions of a number of recognized experts in
the field.

An interesting review summarizes the number of natural compounds reducing the
plasma level of Proprotein convertase subtilisin/kexin type 9 (PCSK9), a key enzyme in
the metabolism of LDL-cholesterol receptors on the liver cell surface [6].

Trautwein and McKay reviewed the effect of plant-based diet on dyslipidemia and car-
diovascular risk [7]. Carresi et al. considered the potential effect of bergamot polyphenolic
fraction on the prevention of metabolic syndrome [8] and Santos et al. critically appraised
the efficacy of plant-derived omega-3 polyunsaturated fatty acids from foodstuffs and
supplements upon lipid profile and several cardiometabolic markers [9].

A range of preclinical evidence highlights the antiobesity effect of Chrysanthemum
morifolium [10], the antioxidant effect of red propolis [11], the cholesterol-lowering and
hepatoprotective effects of black raspberry [12], the effect of blackcurrant in preventing
dyslipidemia and hepatic steatosis [13], the antioxidant activity of polyphenon-60 from
green tea in chitosan microspheres [14], and the combined effect of omega-3 fatty acids and
glibenclamide on abnormal lipid profile, increased blood glucose and impaired liver and
kidney functions [15].

New epidemiological evidence supports a link between different dietary patterns [16],
charbohydrate intake [17], fructose intake [18], vitamin B12 serum levels [19] and lipid
profile and other markers of cardiovascular disease risk. Findings from the randomized
clinical trials included in the Special Issue support the use of new nutraceutical formula-
tions with lipid-lowering effects. The BELT (Beta-glucan Effects on Lipid profile, glycemia
and inTestinal health) study evaluated the medium-term effects of dietary supplementation
with oat fibers in a sample of healthy subjects [20], and the NATCOL (NutrAceuTical
COmbination on Low-density lipoprotein cholesterol) study tested the effect of dietary
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supplementation with Levelip Duo® on low-density lipoprotein cholesterol concentrations
and lipid profile in subjects with suboptimal blood cholesterol levels [21]. Finally, a sys-
tematic review and meta-analysis of randomized controlled clinical studies included in the
Special Issue supports the use of Armolipid Plus® in clinical practice [22].

In this context, the volume is a source of new knowledge on the effect of diets, foods
and food components on dyslipidemia.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Eudragit S100-coated chitosan microspheres (S100Ch) are proposed as a new oral delivery
system for green tea polyphenon-60 (PP60). PP60 is a mixture of polyphenolic compounds, known for
its active role in decreasing oxidative stress and metabolic risk factors involved in diabetes and
in other chronic diseases. Chitosan-PP60 microspheres prepared by an emulsion cross-linking
method were coated with Eudragit S100 to ensure the release of PP60 in the terminal ileum.
Different core–coat ratios of Eudragit and chitosan were tested. Optimized chitosan microspheres
were obtained with a chitosan:PP60 ratio of 8:1 (Ch-PP608:1), rotation speed of 1500 rpm, and surfactant
concentration of 1.0% (m/v) achieving a mean size of 7.16 μm. Their coating with the enteric polymer
(S100Ch-PP60) increased the mean size significantly (51.4 μm). The in vitro modified-release of PP60

Nutrients 2020, 12, 967; doi:10.3390/nu12040967 www.mdpi.com/journal/nutrients5



Nutrients 2020, 12, 967

from S100Ch-PP60 was confirmed in simulated gastrointestinal conditions. Mathematical fitting
models were used to characterize the release mechanism showing that both Ch-PP608:1 and
S100Ch-PP60 fitted the Korsmeyers–Peppas model. The antioxidant activity of PP60 was kept
in glutaraldehyde-crosslinked chitosan microspheres before and after their coating, showing an IC50

of 212.3 μg/mL and 154.4 μg/mL, respectively. The potential of chitosan microspheres for the delivery
of catechins was illustrated, with limited risk of cytotoxicity as shown in Caco-2 cell lines using the
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The beneficial effects
of green tea and its derivatives in the management of metabolic disorders can be exploited using
mucoadhesive chitosan microspheres coated with enteric polymers for colonic delivery.

Keywords: green tea; epigallocatechin gallate; chitosan; microspheres; Eudragit; metabolic diseases

1. Introduction

Green tea is obtained from the fresh leaves of Camellia sinensis, a plant from the Theaceae family which
has been used for centuries as a natural antioxidating beverage. Its polyphenolic constituents provide
it with additional therapeutic benefits in the modulation of oxidative stress-induced cardiovascular
diseases associated with diabetes, already confirmed in clinical trials [1–6]. Green tea extracts, rich in
antioxidant polyphenols (e.g., epigallocatechin-3-gallate), have been reported for reducing lipid
peroxidation, oxidized low-density lipoproteins (LDL), cholesterol levels, and anti-hypertensive effects,
factors that are relevant to reduce cardio-metabolic disease risk [7]. A catechin extract from green tea,
containing a mixture of the main active green tea polyphenols components, named polyphenon-60 [8],
has recently drawn attention. Indeed, the role of green tea polyphenon-60 (PP60) in decreasing
metabolic risk factors, oxidative stress, inflammation, and in the amelioration of cardiac apoptosis
in experimentally induced diabetes has been described [9]. Among the naturally derived catechins
(flavonoids composing the majority of soluble solids of green tea extracts), epigallocatechin gallate
(EGCG) has already been proposed as active ingredient in polymeric nanoparticles for oral
administration [10], and as lipid nanoparticles for ocular administration [11,12].

From a quick search using as keywords “epigallocatechin and nanoparticles” 376 publications
appeared indexed in the Web of Science dated between 2000 and 2020, while “green tea and
nanoparticles” resulted in the list of 780 publications. When associating epigallocatechin and
dyslipidemia/dyslipidemia [13], only 33 works were listed as published over the last 20 years.

While the molecular mechanisms involved in the effect of catechins on the metabolism of lipids
and sugars remains to be fully described, catechins are known to induce antioxidant enzymes,
inhibit pro-oxidant enzymes and scavenge reactive oxygen species (ROS), and to chelate metals [14–16].
EGCG has been reported to improve insulin-resistance and metabolic profiles, as well as to reduce
adipocyte area as a consequence of lipolytic action [17]. Anti-obesity effects, such as inhibition of fatty
acid absorption and reduction in leptin levels were reported in a high-fat diet rat model combined
with green tea extract administration [18]. Green tea and its polyphenols have been widely reported to
exhibit positive effects against inflammation, cancer, aging, and others [11,19].

Casanova et al. [20] reviewed the effect of epigallocatechin gallate (EGCG) on oxidative stress and
inflammation linked to the metabolic dysfunction of skeletal muscle in obesity and their underlying
mechanisms and highlighted that in order to overcome the problem of EGCG instability and low
bioavailability, future direction is the use of nanocarriers [20]. Chitosan is a biodegradable linear
biopolyaminosaccharide obtained by alkaline deacetylation of chitin, with several advantages for oral
drug delivery. It is a non-toxic, mucoadhesive natural polymer, with a high charge density, showing not
only the capacity to improve dissolution of drugs, but also to improve the fat metabolism in the
body [21,22]. Chitosan is being extensively used in the production of drug delivery systems (e.g., silica
nanoparticles, microspheres) for oral administration [22–26]. The production of microspheres can be
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achieved by the electrostatic interaction between the biopolyaminosaccharide and the low molecular
counterions such as polyphosphates, sulphates, and cross-linking with glutaraldehyde producing
a gel [27–29].

To be effective in the management of metabolic diseases, the oral administration route is of
preference due to higher convenience and higher patient compliance. Polyphenon-60 contains pure
catechins, mainly EGCG, and has been selected for the present work as the active ingredient to be
loaded into chitosan microspheres coated with Eudragit S-100 for delayed release in the gut. The choice
of the oral route is primarily due to it being non-invasive and appropriate for self-administration,
which increases the success of the therapeutic outcome. However, the hydrophilic environment of the
gastrointestinal tract (GIT) compromises the absorption of many sensitive drugs [22].

The aim of this work was the development of a delayed release oral formulation for PP60.
Chitosan microspheres produced by the ionic cross-linking method was been loaded with PP60 and
further coated with methacrylic anionic copolymers (Eudragit S-100) to obtain an enteric dosage form,
capable of releasing the active in the ileum with improved bioavailability aiming the prevention of
metabolic diseases.

2. Materials and Methods

2.1. Materials

Polyphenon-60 (PP60, yellow powder with a total cathecin content >60%), chitosan from shrimp
shells (molecular weight 150 kDa, 95% deacetylated, low viscosity <200 mPa·s), glutaraldehyde, ascorbic
acid, and Span 80 (sorbitan monooleate) were purchased from Sigma-Aldrich (Saint Louis, Missouri,
USA). Eudragit S-100 (poly(methacylic acid-co-methyl methacrylate) 1:2) was received as a kind gift
from Evonik (São Paulo, Brazil). Liquid paraffin was obtained from VWR Chemicals (Lisbon, Portugal).
All other reagents (glacial acetic acid, monobasic potassium phosphate, sodium dihydrogen phosphate,
sodium hydroxide, toluene, petroleum ether, acetone, ethanol, and methanol) were obtained from Reagente-5
(Porto, Portugal). For cell culture, Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), Minimum Essential Medium Eagle’s (MEME), Trypsin-0.3% EDTA, phosphate buffered saline (PBS),
L-glutamine, non-essential amino acids (NEAA), sodium dodecyl sulfate (SDS), dimethylformamide (DMF),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Triton® X, and gentamicin were
purchased from Sigma-Aldrich (Saint Louis, MO, USA). Caco-2 cell line was purchased from American Type
Culture Collection (ATCC, Pensabio Biotecnologia, São Paulo, Brazil). The water used in all experiments
was ultrapure, obtained from a MilliQ® Plus, Millipore® (Germany).

2.2. Production of Chitosan Microspheres

Chitosan microspheres were produced by emulsion cross-linking, at room temperature and
following the method described by Jose et al. [26]. Briefly, PP60 was added to a solution of 2% (m/v)
chitosan prepared in 1% (w/v) of glacial acetic acid aqueous solution. From the obtained solution,
a volume of 3 mL was sampled and injected into 20 mL of oil phase of paraffin containing Span 80
with a syringe (No. 23) under mechanical stirring (Ultra-Turrax, T18, IKA, Staufen, Germany) for
30 min to form a w/o emulsion. A volume of 1.5 mL of toluene-saturated glutaraldehyde (8:1) was
then added to the obtained emulsion, which was left to stabilize and to cross-link over a period of
5.5 hours. The obtained microspheres were centrifuged at 4000 rpm, the precipitate washed with
petroleum ether and acetone and dried in a laboratory hot air oven (Binder Inc, Germany) at 50 ◦C.
A total of 10 batches were produced by varying the processing parameters as shown in Table 1. For the
first set of batches (Ch-PP602:1, Ch-PP604:1, Ch-PP608:1, and Ch-PP6010:1), the rotational speed was
kept constant at 1500 rpm and the concentration of Span 80 in liquid paraffin was kept at 1% (m/v),
and varying the chitosan:PP60 ratios. For the second set of batches (Speed10, Speed15, and Speed20),
the chitosan:PP60 ratio was maintained at 4:1, the concentration of Span 80 in liquid paraffin was kept
at 1% (m/v), and the rotational speed varied from 1000–2000 rpm. For the third set of batches (S800.5,
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S801.0, and S801.5), the chitosan:PP60 ratio was maintained at 4:1, the rotational speed at 1500 rpm,
while the concentration of surfactant (Span 80) in liquid paraffin ranged from 0.5%–1.5% (m/v).

Table 1. Variable parameters of chitosan microspheres produced by emulsion cross-linking method
(PP60, polyphenon 60; rpm, rotations per minute; % (w/v), percentage weight per volume).

Constant Parameters Processing Variables Formulation Code

Chitosan:PP60 ratio

Rotational speed: 1500 rpm
Concentration of Span 80: 1%

2:1 Ch-PP602:1
4:1 Ch-PP604:1
8:1 Ch-PP608:1

10:1 Ch-PP6010:1
Rotational speed

:
Chitosan:PP60 ratio: 4:1

Concentration of Span 80: 1%

1000 rpm Speed10
1500 rpm Speed15
2000 rpm Speed20
Span 80

Chitosan:PP60 ratio: 4:1
Rotational speed: 1500 rpm

0.5% S800.5
1.0% S801.0
1.5% S801.5

2.3. Eudragit S-100 Coating of PP60-Loaded Chitosan Microspheres

The coating of Ch-PP60 microspheres with Eudragit S-100 to obtain S100Ch-PP60 was done by
emulsion-solvent evaporation technique, as described by Jose et al. [26]. Ch-PP60 microspheres were
suspended in a 10% (w/v) of Eudragit S-100 in ethanol (2.5 mL) and then emulsified in light liquid
paraffin (40 mL) containing 1.0% (w/v) Span 80. To form a stable emulsion, 2 mL of ethanol was added
drop wise. The emulsion was kept for 3 h under mechanical stirrer (Ultra-Turrax, T18, IKA, Staufen,
Germany) at 1000 rpm. The S100Ch-PP60 was collected, rinsed with petroleum ether, and dried in
a laboratory hot air oven (Binder Inc., Germany) at 50 ◦C.

2.4. Particle Size Analysis

The particle size of Ch-PP60 (uncoated) and S100Ch-PP60 (coated) microspheres was measured
in an optical Zeiss microscope (Oberkochen, Germany) fitted with a calibrated eyepiece micrometer
under a magnification of 40×. The diameter of about 100 microspheres was measured randomly and
the average size (Dmean) determined using the Edmondson’s equation [26]:

Dmean =

∑
nd

n
(1)

where n is the number of counted microspheres and d is the mean size range.

2.5. Yield of Production, Loading Capacity, and Encapsulation Efficiency

The yield of production (YP%) was calculated based on the dry weight of microspheres,
applying the following equation:

YP% =
Wm

WPP60 + Wc
× 100 (2)

where Wm is the mass of produced microspheres, and WPP60 and Wc are the mass of PP60 and chitosan,
respectively, initially taken for the production of the microspheres. For the determination of the
loading capacity (LC%) and encapsulation efficiency (EE%), 10 mg of microspheres were weighted
and triturated in a mortar and pestle with 20 mL methanol. The mixture was kept overnight for the
extraction of the active from chitosan. After filtration and proper dilution with methanol, the absorbance
was read in a UV spectrophotometer Shimadzu UV-1601 (Shimadzu Italy, Cornaredo, Italy) at 280 nm
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against a calibration curve for the quantification of EGCG (WEGCG read λ280nm) [30]. The LC% and EE%
were calculated using the following equations:

LC% =
WEGCG read λ280nm

Wm
× 100 (3)

EE% =
WEGCG read λ280nm

Wm
× 100 (4)

2.6. In Vitro Release Assay

The in vitro release of PP60 from Ch-PP60 (uncoated) and S100Ch-PP60 (coated) microspheres was
evaluated in simulated gastrointestinal (GI) conditions using the United States Pharmacopoeia (USP)
rotating paddle dissolution apparatus at 100 rpm and at 37 ± 0.5 ◦C, as described by Jose et al. [26].
Accurately weighed mass of microspheres, equivalent to 30 mg of PP60, was added to 450 mL of
dissolution medium and GI conditions simulated over time by modifying the pH at pre-determined
time intervals. From 0–2 h, the pH was kept at 1.2 by adding HCl (0.1 N). From 2–4 hours, 1.7 g of
KH2PO4 and 2.225 g of Na2HPO4

·2H2O were added to the medium and the pH adjusted to 4.5 with
NaOH (1.0 M). From 4–12 h, NaOH (1.0 M) was added to adjust the pH to 7.4. Over the course of the
assay, and at pre-determined time intervals up to 12 hours, a volume of 2 mL was withdrawn from
the medium and replaced with fresh dissolution medium to ensure sink conditions over the entire
experiment. Samples were analyzed by reading the absorbance in a spectrophotometer Shimadzu
UV-1601 (Shimadzu Italy, Cornaredo, Italy) at 280 nm against a calibration curve for the quantification of
EGCG [30]. The effect of the chitosan:PP60 ratio on the in vitro drug release was analyzed and the best
ratio compared to the coated formulation. All measurements were done in triplicate. The in vitro drug
release data of the coated S100Ch-PP60 formulation was fitted to four kinetic models i.e., zero order,
first order, Higuchi, and Korsemeyer–Peppas models [25], selecting the most appropriate model based
on the obtained R2 values.

2.7. Antioxidant Activity

2.7.1. DPPH Assay

The antioxidant activity of PP60 was measured when loaded into chitosan microspheres, and the
effect of the enteric Eudragit S-100 coating (Ch-PP60 versus S100Ch-PP60) was compared. The assay
evaluated the ability of the loaded PP60 to scavenge the stable DPPH• radical [31]. Briefly, microspheres
(Ch-PP60; S100Ch-PP60) were dissolved in 0.1 mM DPPH methanolic solution. Then, a volume of 20 μL
of sample was placed in the microplate wells to which 200 μL DPPH methanolic solution (0.1 mM)
was added. Methanol was used as negative control and butylated hydroxytoluene (BHT, 0–6 μg/mL)
was used as the positive control. The microplates were incubated at 25 ◦C for 30 min, and then read at
517 nm in a multiplate reader (DTX 880 Multimode Detector, Beckman Coulter Inc.). The percentage of
the antioxidant activity (AA (%)) was calculated from the recorded optical densities (OD), using the
following equation:

AA(%) =
OD of negative control −OD of sample

OD of negative control
×100 (5)

The linear regression equation was obtained by plotting the concentration in the X-axis (μg/mL)
against AA(%) in the Y-axis (% inhibition), from which the IC50 value could be calculated.

2.7.2. In Vitro Caco-2 Cells Proliferation Assay

The MTT assay was used for the evaluation of the proliferative capacity of Caco-2 cells when
treated with Ch-PP60 (uncoated) and S100Ch-PP60 (coated) microspheres [32]. Caco-2 cell lines were
firstly seeded in 96-well microtiter plates (0.1×106 cells/mL; 100 μL/well). After 24 h of incubation,
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serum DMEM was replaced with serum free DMEM. The next day, cells were treated with the
microspheres. Solutions of Ch-PP60 and S100Ch-PP60 in dimethyl sulfoxide (DMSO 0.7%) at gradient
concentrations (0.5, 2.5, 5, 10, and 15 μg/mL of microspheres) were prepared in serum free DMEM,
added to each well and incubated for more 24 and 48 h at 37 ◦C in a 5% CO2 atmosphere. A solution
of DMSO 1% was set as the negative control, whereas a doxorubicin solution (100 μg/mL) was set as
the positive control. At the end of the incubation period, test solutions were removed. MTT solution
(150 μL) at 0.5 mg/mL was added to each well and incubated in the dark for 4 h at 37 ◦C in a 5%
CO2 atmosphere. The experiments were repeated three times, and quadruplicates were done for
each condition in each assay. Cell viability was determined as the ability of viable cells to reduce the
yellow dye MTT to the purple formazan. The obtained precipitate was dissolved in 150 μL DMSO
and the absorbance was read at 595 nm using a multiplate reader (DTX 880 Multimode Detector,
Beckman Coulter Inc.). The results were expressed as percentage of cell viability in relation to the
negative control as follows:

Cell viability[%] =

[
AbsTest

AbsNegative Control
× 100

]
(6)

2.8. Statistical Analysis

All measurements were performed in triplicate, and results expressed as the mean ± S.D.
Statistical significance was established at p < 0.05 and was calculated using a one-way analysis
of variance ANOVA followed by the Tukeys Test. Values of p < 0.05 were considered significant.
All statistical analyses were carried out using the GraphPad program 5.0® (Intuitive Software for
Science, San Diego, CA, USA).

3. Results

The microspheres produced by emulsion cross-linking between chitosan and glutaraldehyde
to load PP60 were yellowish because of the natural color of the active ingredient. To select the best
combination of chitosan and PP60, and the production parameters, the particle size (Dmean), yield of
production (YP%), loading capacity (LC%), and encapsulation efficiency (EE%) were determined for
the different batches (as shown in Table 1), and the results of the physicochemical characterization are
given in Table 2.

Table 2. Particle size, percentage yield, percent drug content, and entrapment efficiency of uncoated
and Eudragit coated chitosan microspheres. The results were subjected to one-way ANOVA (Tukeys
Test. Data are presented as mean ± SD (standard deviation); n = 3.

Formulation code Dmean (μm) YP% (%) LC (%) EE (%)

Ch-PP602:1 5.57 69.73 ± 0.27 18.36 ± 0.71 75.26 ± 0.27
Ch-PP604:1 6.23 78.64 ± 0.76 13.91 ± 0.22 76.81 ± 0.55
Ch-PP608:1 7.16 86.15 ± 0.88 7.72 ± 0.11 87.21 ± 0.33
Ch-PP6010:1 7.83 89.99 ± 0.70 6.99 ± 0.53 85.61 ± 0.14

Speed10 9.22 89.27 ± 0.45 12.91 ± 0.27 77.82 ± 0.91
Speed15 7.68 91.25 ± 0.34 13.84 ± 0.61 79.33 ± 0.17
Speed20 6.97 90.11 ± 0.56 13.25 ± 0.12 76.16 ± 0.73
S800.5 11.82 88.37± 0.66 9.36 ± 0.11 81.11 ± 0.49
S801.0 6.45 92.27 ±0.55 11.32 ± 0.41 83.55 ± 0.81
S801.5 6.11 90.28± 0.47 10.51 ± 0.27 82.24 ± 0.77

Both Ch-PP608:1 and S100Ch-PP60 were tested for their release profile in simulated gastrointestinal
fluids using USP dissolution test apparatus at 37 ± 0.5 ◦C (Figure 1). The release profile of
epigallocatechin gallate (EGCG) from non-coated microspheres (Ch-PP608:1) and Eudragit S-100 coated
microspheres (S100Ch-PP60) formulations were compared over the pH range from 1.2 (simulated
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gastric fluid) in acid buffer solution for 2 h, to pH 4.5 (simulated duodenum) for another 2 h, to pH 7.4
(simulated distal ileum and colon) for the remaining 20 h.

Figure 1. Cumulative percentage of epigallocatechin gallate (EGCG) release from non-coated
microspheres (Ch-PP608:1, �) and Eudragit S-100 coated microspheres (S100Ch-PP60, �) in simulated
gastrointestinal conditions. Error bars ± standard deviation (SD); n = 3.

Mathematical fitting models (Higuchi model, Korsmeyer–Peppas model, zero order, and first
order) have been used to describe the recorded profiles from both tested batches and results are shown
in Figures 2 and 3, respectively.

Figure 2. Mathematical fitting models (Higuchi model, Korsmeyer–Peppas model, zero order, and first
order) of the cumulative percentage of EGCG release from non-coated microspheres (Ch-PP608:1) in
simulated gastrointestinal conditions.
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Figure 3. Mathematical fitting models (Higuchi model, Korsmeyer–Peppas model, zero order, and first
order) of the cumulative percentage of EGCG release from Eudragit S-100 coated microspheres
(S100Ch-PP60) in simulated gastrointestinal conditions.

The capacity of S100Ch-PP60 to neutralize reactive oxygen species (ROS) was evaluated using the
DPPH scavenging assay, which was shown to be concentration dependent. The absorbance decay of
the control test was compared with the recorded absorbance decay of Ch-PP608:1 versus S100Ch-PP60,
resulting in the percentage scavenging of free radicals translated as the antioxidant activity (Table 3) [33].
Differences were shown to be statistically significant. For the positive control (BHT) 78.11% scavenging
of DPPH radical was recorded at the highest tested concentration (6.0 μg/mL) [33,34]. For the
Ch-PP608:1, the linear regression of R2 = 0.9941 (y = 4.2743x – 1.45) was obtained and the IC50 calculated
as 212.3 μg/mL, which confirms the cross-linking of chitosan with glutaraldehyde did not compromise
the antioxidant activity of catechin. The coating with Eudragit (S100Ch-PP60) resulted in the linear
regression of R2 = 0.9895 (y = 3.1023x – 0.728) with the IC50 of 154.4 μg/mL.

Table 3. Percentage of scavenging of free radical DPPH (antioxidant activity; AA (%)) by Ch-PP608:1

and S100Ch-PP60. Values are mean ± SD (n = 3).

μg/mL
AA(%)

Ch-PP608:1 S100Ch-PP60

1 2.23 ± 0.98 1.83 ± 1.10
2 7.15 ± 0.03 5.24 ± 1.04
3 12.38 ± 1.04 9.44 ± 0.23
4 15.87 ± 1.02 12.29 ± 1.67
5 19.22 ± 0.33 14.65 ± 0.91
10 24.21 ± 0.75 17.33 ± 0.82

From the MTT assay (Figure 4), we can see that there was no significant difference in cell viability,
over the concentration range tested, i.e., between 0.5 and 15 μg/mL. Despite the statistical (p < 0.05)
significant reduction in cell viability observed in all tested concentrations and at both time-points
(compared to the control), the cell viability remained above 70% at all tested concentrations for the
non-coated microspheres, indicating limited risk of cytotoxic events. The Eudragit coating slightly
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reduced the cell viability. At the end of the 48 h, the reduction in cell viability was 35.41% and 40.63%
for Ch-PP608:1 and S100Ch-PP60, respectively, at the highest tested concentration.

Figure 4. Evaluation of the cytotoxic activity of Ch-PP608:1 and S100Ch-PP60 in Caco-2 cell line using
the MTT assay at 24 and 48 h. The data represent the mean values ± SD (n = 3).

4. Discussion

When varying the chitosan:PP60 ratio from 2:1 to 10:1, the mean diameter of microspheres
increased from 5.57 μm to 7.83 μm (Table 2), which was an expected result as the increase of polymer
concentration contributes to an increase the mean particle size. The higher encapsulation efficiency was
obtained for the ratio 8:1 (Ch-PP608:1, 87.21 ± 0.33%) with a loading capacity of 7.72 ± 0.11%. Increasing
the amount of chitosan also resulted in the increase of the yield of production up to 89.99 ± 0.70%.
When increasing the speed rotation from 1000 rpm to 2000 rpm, the size decreased from 9.22 μm
down to 6.97 μm. This is attributed to the improved distribution of small emulsion droplets within
the aqueous phase, which are then stabilized with the surfactant molecules. The highest yield of
production (92.27 ± 0.55%), loading capacity (11.32 ± 0.41%), and encapsulation efficiency (83.55 ±
0.81%) were achieved with 1% (m/v) of surfactant concentration, with this amount suitable to cover
all new particle surfaces being formed upon emulsion cross-linking. When varying the speed, no
significant changes were seen for the loading capacity as the chitosan:PP60 ratio remained 4:1 (Table 1).
The best results (highest YP%, LC%, and EE%) were obtained with the 1.0% (w/v) of Span 80, resulting
in microspheres with a mean diameter of 6.45 μm. The formulations produced with a chitosan:PP60
ratio of 8:1 (Ch-PP608:1) dispersed in 1% (m/v) Span 80 at 1500 rpm have been selected for further
studies. The obtained microspheres (Ch-PP608:1) were coated with Eudragit S-100 (S100Ch-PP60) and
showed a significant increase of the Dmean (51.4 μm). Eudragit S-100 is an anionic copolymer based on
methacrylic acid and methyl methacrylate, both polymers contributing for the increase of the particles
diameter which demonstrate that particles are coated with the enteric copolymer.

When comparing the release profile between Ch-PP608:1 and S100Ch-PP60 in simulated
gastrointestinal conditions, the results depicted a delayed release of the active ingredient when
coating the chitosan microspheres with the enteric polymer. Within the first 2 h, about 53.45 ± 0.28% of
EGCG released from non-coated microspheres was quantified in the dissolution medium, whereas
only ca. 2.24 ± 0.52% was released from the coated microspheres. The increase of the pH to 4.5 induced
the further release up to 61.90 ± 1.59% and 5.51 ± 0.22% by the end of the 4th hour from non-coated
and Eudragit S-100 coated microspheres, respectively. After 24 h of assay, the cumulative amount
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reached 88.56 ± 1.24% and 79.54 ± 0.52% when released from non-coated and Eudragit S-100 coated
microspheres, respectively. These results also demonstrate that S100Ch-PP60 was effectively coated
with polyacrylic polymer and this is able to ensure an enteric resistance of the microspheres until they
reach the colon.

Comparing the R2 values recorded for the different fitting models, the release plots of both
profiles followed the Korsmeyer–Peppas model with the highest correlation coefficient values of
0.9779 (Ch-PP608:1) and 0.9680 (S100Ch-PP60). When coating the microspheres with Eudragit S-100,
the release mechanism fitted to the Power Law profile which follows the equation Mt/M∞ = k′tn,
where Mt is the cumulative amount of active released at time t, M∞ is the cumulative amount of active
released at infinite time, k′ is the Korsmeyers–Peppas constant that is governed by the physicochemical
properties of the microspheres. The diffusional exponent n translates the release mechanism, i.e., if n
= 0.5 the release follows the Fickian diffusion, and if 0.5 < n < 1.0 it follows a non-Fickian diffusion.
A Case II transport is seen as n approaches 1.0 when the release independent of time and reaches
zero-order release; a super Case II transport is followed when n > 1.0 [35]. Interestingly the Eudragit
coating significantly changed the transport mechanism; for the non-coated microspheres the release
followed the Fickian diffusion, which means that the active was released from the glutaraldehyde
cross-linked chitosan microspheres by the usual molecular diffusion attributed to a chemical potential
gradient. With the enteric coating, a super Case II was approached, in which the transport mechanism
of the active from the microspheres is associated with the erosion of polymeric coating, as seen with the
increase of the pH up to 7.4 (Figure 1). The second-best fitting model for the coated microspheres was
the zero-order release. The obtained profiles seem to be appropriate to the proposed colonic delivery
of PP60. Indeed, it is expected that the release of the active is kept at minimum through the transport
of the microspheres through the stomach and small intestine before they reach colon. Eudragit S-100 is
soluble at pH above 7; when reaching pH 7.4 the amount of active being released increased almost
40%. The presence of a modified release profile in both formulations could be confirmed, with a drug
protective effect promoted by the enteric coating.

The antioxidant activity represents the first step for the evaluation of health benefits [36–38].
For an effective activity against metabolic diseases, the well-known antioxidant activity of green
tea should be kept until it is released from the microspheres. The DPPH test demonstrated that
the scavenging capacity of S100Ch-PP60 was dependent on the concentration, i.e., the higher the
concentration the higher the scavenging activity. The coating of the microspheres with the polyacrylic
polymer did not compromise the antioxidant activity of the loaded PP60, a property that can be further
exploited for the treatment/prophylaxis of metabolic diseases.

Prior to any in vivo experiment, toxicological studies should be first performed in vitro, using
cell models that mimic the body conditions, in order to minimize the number of animal studies and
to have an idea of the cytotoxicity of the drug delivery system at an early stage. Although known to
be biocompatible and biodegradable, glutaraldehyde-cross-linked chitosan microspheres should be
characterized for their capacity to maintain the viability of cells in vitro. For oral delivery, the main
barrier of drug absorption is the intestinal epithelium. The Caco-2 cell line is a human colon epithelial
cancer cell line often used as a model to mimic the gastrointestinal conditions. While other cell
lines are available for cyto/geno-toxicity assessment [39,40], this model seems to be the most realistic
cell culture to test oral drug delivery systems. Cytotoxicity of drug delivery systems in the gut
is frequently estimated by colorimetric methods in Caco-2 cells [27,41,42]. Among these methods,
the most frequently used is the MTT assay. In the MTT assay, the mitochondrial function of the cells is
tested. Only live cells will produce the enzymes capable to reduce the MTT reagent. The cytotoxicity
of Ch-PP608:1 was checked in the Caco-2 cell line, in comparison to the Eudragit-coated microspheres
(S100Ch-PP60). From the obtained results, cells remained viable when treated with both Ch-PP608:1

and S100Ch-PP60 over the tested concentration range over a period of 24 h or 48 h. The coating of
the chitosan microspheres with the acrylic polymer reduced the cell viability down to approximately
60% at the highest tested concentration (15 μg/mL) after 48 h. The effect of size and concentration of
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particles on cell viability is well-described in scientific literature, being also very much dependent
on the type of cell lines [43]. Monolayer type adherent cells, i.e., cells that adhere onto the surface of
the culture dish as happens with Caco-2, are more sensitive to the effect of size and concentration as
more surface area is exposed. The smaller the size and the lower the concentration, the higher the cell
uptake which in principle would induce higher cytotoxicity [44]. Our results show that cell viability
was slightly compromised by the coating with the polyacrylic polymer attributed to the density of
particles onto the surface of the cell’s monolayer.

It is expected that S100Ch-PP60 microspheres can be further processed in foodstuff and in
beverages to provide an alternative approach for the administration and delivery of phytochemicals
with nutraceutical value. Indeed, micro/nano-nutraceuticals represent a useful tool in managing health
conditions, particularly in patients not eligible for conventional therapy [45,46]. Follow up studies,
use, and compliance [47–50], as well as communication strategies and assessment [51], should be
applied also to nutraceuticals. This approach will allow the management of different health conditions,
as happens with the metabolic syndrome [52,53], obesity, and dysmetabolism [54–58], which are often
related to the food intake/dietary habits. Given its high levels of antioxidants and polyphenols, green tea
is sometimes seen as the healthiest beverage on earth. It has recognized health benefits in metabolic
syndrome, e.g., against fat gain, in preventing and managing type 2 diabetes, besides lowering the
risk of cancer among others biological effects. Metabolic syndrome is a combination of risk factors
ending up in chronic diseases, such as obesity, and is intimately related to oxidative stress and
inflammation. As a prophylactic measure, antioxidants, such as those of green tea, can further be
exploited in foodstuff as nutraceutical. The smart delivery of nutraceuticals [3,5,6,59–65], through their
encapsulation in micro/nanoparticles, can offer an approach to increase their bioavailability. Besides,
chitosan microspheres coated with an enteric polymer can be formulated in different food matrices
for a modified release in the gut, offering the opportunity to enrich the nutraceutical value of food,
supplements, and beverages recommended for the prevention and/or treatment of health conditions
linked to dysmetabolism. Such micro/nano-based products should become part of an improved lifestyle
as a prophylactic approach against metabolic disorders.

5. Conclusions

Polyphenon-60-loaded chitosan microspheres cross-linked with glutaraldehyde were successfully
prepared. The microspheres were then coated with Eudragit and tested for their modified release in
simulated gastrointestinal conditions. The delayed release of green tea was confirmed; both non-coated
and Eudragit coated microspheres followed the Korsmeyers–Peppas release model, demonstrating
capacity to retain the antioxidant activity of the active ingredient. The coated microspheres increased
their size significantly, however without significantly compromising their biocompatibility with the
intestinal epithelial Caco-2 cells. The potential for this formulation to deliver poorly water-soluble
drugs, such as catechins, was illustrated and can be exploited for the management of metabolic diseases,
exploiting the biological effects of green tea, as well as being applied to other matrices of vegetal origin
and mucoadhesive chitosan microspheres.

Author Contributions: R.d.A., S.B.S., A.Z., C.M., L.N.A., O.K.H., A.G.A., M.L., and E.N. contributed to the
methodology, formal analysis, investigation, resources, and data curation; production of non-coated and coated
microspheres and the study of optimized parameters have been carried out by R.d.A., A.Z., C.M., and M.L.;
physicochemical characterization of the microspheres and quantification of the catechin have been performed
by A.D., E.N., and A.S.; the in vitro release assay and mathematical modelling have been done by E.B.S., S.B.S.,
L.K.H., and A.G.A.; the antioxidant activity and cell line studies have been carried out by L.N.A., P.S., and A.M.S.;
writing of the original manuscript was contributed to by E.B.S., S.B.S., R.d.A., A.D., A.S., and P.S.; conceptualization,
review, and editing of the manuscript, as well as project administration, supervision, and funding acquisition
was contributed to by E.B.S., A.M.S., A.S., and P.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Coordenação Aperfeiçoamento de Pessoal de Nivel Superior (CAPES),
Fundação de Amparo à Pesquisa do Estado de Sergipe (FAPITEC) CHAMADA MS/CNPq/FAPITEC/SE/SES
N◦ 06/2018 – PROGRAMA DE PESQUISA PARA O SUS: GESTÃO COMPARTILHADA EM SAÚDE – PPSUS

15



Nutrients 2020, 12, 967

SERGIPE 2017/2018, and Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq). This work
was also financed through the projects M-ERA-NET/0004/2015-PAIRED, UIDB/04469/2020 (strategic fund) and
PEst-OE/UID/AGR/04033/2019 (CITAB strategic fund), receiving support from the Portuguese Science and
Technology Foundation, Ministry of Science and Education (FCT/MEC) through national funds, and co-financed
by FEDER, under the Partnership Agreement PT2020. The authors acknowledge the support of the research
project: Nutraceutica come supporto nutrizionale nel paziente oncologico, CUP: B83D18000140007.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. El-Mowafy, A.M.; Al-Gayyar, M.M.; Salem, H.A.; El-Mesery, M.E.; Darweish, M.M. Novel chemotherapeutic
and renal protective effects for the green tea (EGCG): Role of oxidative stress and inflammatory-cytokine
signaling. Phytomedicine 2010, 17, 1067–1075. [CrossRef] [PubMed]

2. Khan, N.; Mukhtar, H. Tea Polyphenols in Promotion of Human Health. Nutrients 2018, 11, 39. [CrossRef]
[PubMed]

3. Durazzo, A.; Lucarini, M.; Souto, E.B.; Cicala, C.; Caiazzo, E.; Izzo, A.A.; Novellino, E.; Santini, A. Polyphenols:
A concise overview on the chemistry, occurrence, and human health. Phytother. Res. 2019, 33, 2221–2243.
[CrossRef]

4. Rothenberg, D.O.N.; Zhou, C.; Zhang, L. A Review on the Weight-Loss Effects of Oxidized Tea Polyphenols.
Molecules 2018, 23, 1176. [CrossRef] [PubMed]

5. Santini, A.; Novellino, E. Nutraceuticals: Beyond the diet before the drugs. Curr. Bioact. Compd. 2014, 10,
1–12. [CrossRef]

6. Santini, A.; Novellino, E. To Nutraceuticals and Back: Rethinking a Concept. Foods 2017, 6, 74. [CrossRef]
7. Cicero, A.F.G.; Fogacci, F.; Colletti, A. Food and plant bioactives for reducing cardiometabolic disease risk:

An evidence based approach. Food Funct. 2017, 8, 2076–2088. [CrossRef]
8. Ramis, M.R.; Sarubbo, F.; Tejada, S.; Jiménez, M.; Esteban, S.; Miralles, A.; Moranta, D. Chronic Polyphenon-60

or Catechin Treatments Increase Brain Monoamines Syntheses and Hippocampal SIRT1 LEVELS Improving
Cognition in Aged Rats. Nutrient 2020, 12, 326. [CrossRef]

9. El-Missiry, M.A.; Amer, M.A.; Othman, A.I.; Yaseen, k. Polyphenon-60 ameliorates metabolic risk factors,
oxidative stress, and proinflammatory cytokines and modulates apoptotic proteins to protect the heart
against streptozotocin-induced apoptosis. Egypt. J. Basic Appl. Sci. 2015, 2, 120–131. [CrossRef]

10. Cano, A.; Ettcheto, M.; Chang, J.H.; Barroso, E.; Espina, M.; Kuhne, B.A.; Barenys, M.; Auladell, C.; Folch, J.;
Souto, E.B.; et al. Dual-drug loaded nanoparticles of Epigallocatechin-3-gallate (EGCG)/Ascorbic acid
enhance therapeutic efficacy of EGCG in a APPswe/PS1dE9 Alzheimer’s disease mice model. J. Control.
Release 2019, 301, 62–75. [CrossRef]

11. Fangueiro, J.F.; Andreani, T.; Fernandes, L.; Garcia, M.L.; Egea, M.A.; Silva, A.M.; Souto, E.B. Physicochemical
characterization of epigallocatechin gallate lipid nanoparticles (EGCG-LNs) for ocular instillation.
Colloids Surf. B Biointerfaces 2014, 123, 452–460. [CrossRef] [PubMed]

12. Fangueiro, J.F.; Calpena, A.C.; Clares, B.; Andreani, T.; Egea, M.A.; Veiga, F.J.; Garcia, M.L.; Silva, A.M.;
Souto, E.B. Biopharmaceutical evaluation of epigallocatechin gallate-loaded cationic lipid nanoparticles
(EGCG-LNs): In vivo, in vitro and ex vivo studies. Int. J. Pharm. 2016, 502, 161–169. [CrossRef] [PubMed]

13. Kopin, L.; Lowenstein, C.J. Dyslipidemia. Ann. Intern. Med. 2017, 167, ITC81–ITC96. [CrossRef] [PubMed]
14. Bernatoniene, J.; Kopustinskiene, D.M. The Role of Catechins in Cellular Responses to Oxidative Stress.

Molecules 2018, 23, 965. [CrossRef]
15. Caro, A.A.; Davis, A.; Fobare, S.; Horan, N.; Ryan, C.; Schwab, C. Antioxidant and pro-oxidant mechanisms

of (+) catechin in microsomal CYP2E1-dependent oxidative stress. Toxicol. In Vitro 2019, 54, 1–9. [CrossRef]
16. Lucarini, M.; Sciubba, F.; Capitani, D.; Di Cocco, M.E.; D’Evoli, L.; Durazzo, A.; Delfini, M.; Lombardi

Boccia, G. Role of catechin on collagen type I stability upon oxidation: A NMR approach. Nat. Prod. Res.
2020, 34, 53–62. [CrossRef]

17. Santana, A.; Santamarina, A.; Souza, G.; Mennitti, L.; Okuda, M.; Venancio, D.; Seelaender, M.;
do Nascimento, C.O.; Ribeiro, E.; Lira, F.; et al. Decaffeinated green tea extract rich in epigallocatechin-3-gallate
improves insulin resistance and metabolic profiles in normolipidic diet—But not high-fat diet-fed mice.
J. Nutr. Biochem. 2015, 26, 893–902. [CrossRef]

16



Nutrients 2020, 12, 967

18. Xu, Y.; Zhang, M.; Wu, T.; Dai, S.; Xu, J.; Zhou, Z. The anti-obesity effect of green tea polysaccharides,
polyphenols and caffeine in rats fed with a high-fat diet. Food Funct. 2015, 6, 297–304. [CrossRef]

19. Santos, I.S.; Ponte, B.M.; Boonme, P.; Silva, A.M.; Souto, E.B. Nanoencapsulation of polyphenols for protective
effect against colon-rectal cancer. Biotechnol. Adv. 2013, 31, 514–523. [CrossRef]

20. Casanova, E.; Salvadó, J.; Crescenti, A.; Gibert-Ramos, A. Epigallocatechin Gallate Modulates Muscle
Homeostasis in Type 2 Diabetes and Obesity by Targeting Energetic and Redox Pathways: A Narrative
Review. Int. J. Mol. Sci. 2019, 20, 532. [CrossRef]

21. Sinha, V.R.; Singla, A.K.; Wadhawan, S.; Kaushik, R.; Kumria, R.; Bansal, K.; Dhawan, S. Chitosan microspheres
as a potential carrier for drugs. Int. J. Pharm. 2004, 274, 1–33. [CrossRef] [PubMed]

22. Teixeira, M.D.C.; Santini, A.; Souto, E.B. Delivery of Antimicrobials by Chitosan-Composed Therapeutic
Nanostructures. In Nanostructures for Antimicrobial Therapy; Anton, F., Alexandru, G., Eds.; Chapter 8;
Elsevier: Amsterdam, The Netherlands, 2017; pp. 203–222. [CrossRef]

23. Ataide, J.A.; Gerios, E.F.; Cefali, L.C.; Fernandes, A.R.; Teixeira, M.D.C.; Ferreira, N.R.; Tambourgi, E.B.;
Jozala, A.F.; Chaud, M.V.; Oliveira-Nascimento, L.; et al. Effect of Polysaccharide Sources on the
Physicochemical Properties of Bromelain-Chitosan Nanoparticles. Polymers 2019, 11, 1618. [CrossRef]
[PubMed]

24. Jose, S.; Fangueiro, J.F.; Smitha, J.; Cinu, T.A.; Chacko, A.J.; Premaletha, K.; Souto, E.B. Cross-linked chitosan
microspheres for oral delivery of insulin: Taguchi design and in vivo testing. Colloids Surf. B Biointerfaces
2012, 92, 175–179. [CrossRef] [PubMed]

25. Jose, S.; Fangueiro, J.F.; Smitha, J.; Cinu, T.A.; Chacko, A.J.; Premaletha, K.; Souto, E.B. Predictive modeling
of insulin release profile from cross-linked chitosan microspheres. Eur. J. Med. Chem. 2013, 60, 249–253.
[CrossRef]

26. Jose, S.; Prema, M.T.; Chacko, A.J.; Thomas, A.C.; Souto, E.B. Colon specific chitosan microspheres for
chronotherapy of chronic stable angina. Colloids Surf. B Biointerfaces 2011, 83, 277–283. [CrossRef]

27. Andreani, T.; Fangueiro, J.F.; Severino, P.; Souza, A.L.R.; Martins-Gomes, C.; Fernandes, P.M.V.; Calpena, A.C.;
Gremiao, M.P.; Souto, E.B.; Silva, A.M. The Influence of Polysaccharide Coating on the Physicochemical
Parameters and Cytotoxicity of Silica Nanoparticles for Hydrophilic Biomolecules Delivery. Nanomaterials
2019, 9, 81. [CrossRef]

28. Andreani, T.; Kiill, C.P.; de Souza, A.L.; Fangueiro, J.F.; Fernandes, L.; Doktorovova, S.; Santos, D.L.;
Garcia, M.L.; Gremiao, M.P.; Souto, E.B.; et al. Surface engineering of silica nanoparticles for oral insulin
delivery: Characterization and cell toxicity studies. Colloids Surf. B Biointerfaces 2014, 123, 916–923. [CrossRef]

29. Andreani, T.; Miziara, L.; Lorenzon, E.N.; de Souza, A.L.; Kiill, C.P.; Fangueiro, J.F.; Garcia, M.L.; Gremiao, P.D.;
Silva, A.M.; Souto, E.B. Effect of mucoadhesive polymers on the in vitro performance of insulin-loaded silica
nanoparticles: Interactions with mucin and biomembrane models. Eur. J. Pharm. Biopharm. 2015, 93, 118–126.
[CrossRef]

30. Fangueiro, J.F.; Parra, A.; Silva, A.M.; Egea, M.A.; Souto, E.B.; Garcia, M.L.; Calpena, A.C. Validation of
a high performance liquid chromatography method for the stabilization of epigallocatechin gallate. Int. J.
Pharm. 2014, 475, 181–190. [CrossRef]
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Abstract: Type 2 diabetes mellitus, which an outcome of impaired insulin action and its secretion,
is concomitantly associated with lipid abnormalities. The study was designed to evaluate the
combinational effect of omega-3 fatty acids (flax and fish oil) and glibenclamide on abnormal lipid
profiles, increased blood glucose, and impaired liver and kidney functions in a high fat diet with low
streptozotocin (STZ)-induced diabetic rats, including its probable mechanism of action. The male
Wistar rats (n = 48) were distributed into eight groups. All animal groups except the healthy received a
high fat diet (HFD) for 90 days. Further, diabetes was developed by low dose STZ (35 mg/kg). Diabetic
animals received, omega-3 fatty acids (500 mg/kg), along with glibenclamide (0.25 mg/kg). Both flax
and fish oil intervention decreased (p≤ 0.001) serum triglycerides and very low density lipoprotein and
elevated (p ≤ 0.001) high density lipoprotein levels in diabetic rats. Total cholesterol and low-density
lipoprotein level was decreased (p ≤ 0.001) in fish oil-treated rats. However, it remained unaffected
in the flax oil treatment group. Both flax and fish oil intervention downregulate the expression of
fatty acid metabolism genes, transcription factors (sterol regulatory element-binding proteins-1c and
nuclear factor-κβ), and their regulatory genes i.e., acetyl-coA carboxylase alpha, fatty acid synthase,
and tumor necrosis factors-α. The peroxisome proliferator-activated receptor gamma gene expression
was upregulated (p ≤ 0.001) in the fish oil treatment group. Whereas, carnitine palmitoyltransferase 1
and fatty acid binding protein gene expression were upregulated (p ≤ 0.001) in both flax and fish oil
intervention group.

Keywords: type 2 diabetes mellitus; glibenclamide; omega-3 fatty acids; high fat diet; transcription
factors; streptozotocin
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder characterized by an increase in
blood glucose due to impaired insulin secretion and its action [1]. The consistent hyperglycemia,
insulin resistance, and insulin deficiency contribute to lipid abnormalities in T2DM [2]. The lipid
abnormality is an independent risk factor for cardiovascular disease (CVD) development and commonly
found in T2DM individuals [3]. Diabetic dyslipidemia is significantly associated with mortality and
morbidity due to cardiovascular complications [4]. It accounts for 80% of deaths in diabetic individuals
due to CVD [5]. The hyperglycemia, along with lipid abnormalities, is a modifiable risk factor for
CVD, and remains uncontrolled in T2DM individuals [4,6]. In spite of advancements in therapeutic
strategies, there has been no significant decrease in the mortality related to CVD [7]. The majority of
T2DM individuals failed to achieve all standard goals for lipid management, and, therefore, aggressive
management strategies are required to lower lipid abnormalities in T2DM individuals [7,8].

Omega-3 fatty acids are a principle component of cell membranes, which serve several important
physiological functions, including as signaling molecules, transporters, and modulators of gene
expression [9,10]. Previous studies reported several pharmacological activities of omega-3 fatty acids
such as anti-hyperlipidemic, anti-inflammatory, and vasodilatory effects [9,11,12]. They have benefited
the management of numerous chronic diseases like diabetes, CVD, and autoimmune disorders [9,13,14].
Over a period of three decades, epidemiological studies also reported that omega-3 fatty acids dietary
intake provides beneficial effects in cardiovascular diseases [15,16]. Although statin drug treatment
lowered the CVD incidence and its associated mortality, increased triglyceride (TG) levels and residual
CVD risk remains in diabetic dyslipidemic individuals despite a decrease in LDL levels [16,17].
Therefore, adjunctive therapy is needed to lower the CVD risk. This study was designed to examine
the synergistic effect of omega-3 fatty acids and oral hypoglycemic drugs i.e., glibenclamide compared
with glibenclamide alone and in combination with statin drug treatment.

Various animal models have been used to assess the pathogenesis of diabetes and its associated
complications [18–20]. High fat diet with low dose streptozotocin induces insulin resistance,
hyperglycemia, hyperinsulinemia, and hyperlipidemia, which are characteristics of T2DM [21,22].
With this background, we investigated the effect of omega-3 fatty acids i.e., flax and fish oil,
along with glibenclamide, against diabetic dyslipidemia by using a high fat diet with low dose
streptozotocin-induced diabetic rat model.

2. Materials and Methods

2.1. Chemicals and Reagents

Flax oil capsules were procured from the Real World Nutritional Laboratory, Pune, India
(Alvel-500). Fish oil capsules purchased from a local pharmacy (Merck Ltd., Pune, India) (Maxepa-500).
Streptozotocin (STZ) (Sigma-AldrichSt. Louis, Missouri, USA), and glibenclamide tablets (Daonil-5 mg;
Aventis Pharma, Pune, MH, India) were procured from a local pharmacy. The lard oil was purchased
from the local market. The standard chow diet was procured from Nutrivet life sciences (Pune,
MH, India).

2.2. Animals

Design of experiment, along with their procedures and techniques, was sanctioned by the
Institutional Animal Ethics Committee (IAEC) of Bharati Vidyapeeth University, Pune, India. The study
was approved through sanction number: (BVDUMC/2881/2016/001/001). Forty-eight male Wistar rats
weighing (120–150 gm, 10 weeks old) which were received from Medical College of Bharati Vidyapeeth,
Pune, India. The animals were kept in standard animal house conditions (temperature 22 ± 2 ◦C and
12:12 hr light and dark cycle condition with 55 ± 5% humidity, about 3 animals per cage). The high fat
diet (HFD) composition is represented in Table 1.

22



Nutrients 2020, 12, 3652

Table 1. High fat diet (HFD) composition.

Sr. No. Ingredients Weight (gm/Kg)

1 Powdered normal pellet diet 700
2 Lard oil 300

After acclimatization, rats were randomly distributed into eight groups (n = 6) and treatment
protocol as follows:

All groups of animals except healthy control received high fat diet (HFD) and water ad libitum
during the experimental period. Group I (HC): healthy control; received standard chow diet for90 days;
group II (HFDC): high fat diet control; group III (DC): diabetic control received low dose streptozotocin
(35 mg/kg); group IV (GC): glibenclamide control treated with STZ and glibenclamide; group V
(SC): statin control treated with STZ and statin; group VI (GSC): glibenclamide—statin control given
glibenclamide and statin; group VII (flax oil): received flax oil and glibenclamide; group VIII (fish oil):
received fish oil and glibenclamide.

The glibenclamide and statin was given at 0.25 mg/kg and 10 mg/kg body weight (b.w.)/day,
p.o. respectively. All standard drug interventions were given after the development of stable
hyperglycemia. The flax and fish oil were given daily at a dose 500 mg/kg body weight (b.w.),
p.o. The flax and fish oil intervention was given throughout the experiment i.e., from 1st day to 90th
day. However, after the confirmation of stable hyperglycemia, flax and fish oil interventions were
continued with glibenclamide (0.25 mg/kg b.w./day, p.o.) till completion of the experiment.

2.3. Experimental Design

All animals were kept on a respective diet for 90 days. Intraperitoneal glucose tolerance test
(IPGTT) was done on 51st day for the detection of glucose intolerance in animals. After confirmation
of glucose intolerance, rats from different groups (III-VIII) were injected with a single dose of STZ
(35 mg/kg body weight (b.w., i.p.) and wait for the development of stable hyperglycemia. The design
of the experiment is demonstrated in Figure 1. The intake of food and water intake was recorded
daily. At the end of the experiment, all animals were sacrificed. For various biochemical estimations,
the blood was collected at 0 (before providing HFD), 52nd (before STZ induction) and 90th day (at end
of the experiment). The different tissues like liver, kidney, pancreas, visceral adipose tissue near
kidney, gastrocnemius muscle (hindlimb muscle), and heart were excised, snap-frozen immediately
in liquid nitrogen and kept at −80 ◦C. The liver was used for gene expression studies. A small parts
of the tissues (liver, pancreas, and kidney) were kept in neutral buffered formalin (10%) for the
histopathological examination.

 

Figure 1. Design of the experiment. HFD: High fat diet, IPGTT: Intraperitoneal glucose tolerance test,
STZ: streptozotocin; p.o. per os.
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2.4. Intraperitoneal Glucose Tolerance Test (IPGTT)

After seven weeks of HFD, supplementation, all animal groups were fasted for 6 hrs. Initial blood
glucose levels (0 min) were assessed. The glucose (2 gm/kg b.w.) solution was injected (i.p.) to all
animals. Blood glucose levels were assessed using Accu-Chek monitor (Roche Diagnostics Pty. Ltd.,
Basel, Switzerland) at different time points (i.e., 0, 15, 30, 60, 90, and 120 min) from tail vein.

2.5. Assessment of Insulin Resistance

Insulin was estimated through rat-specific ELISA assay kits (Ray Biotech, GA, USA) after
confirmation of glucose tolerance by IPGTT. The HOMA-IR (homeostasis model assessment of insulin
resistance) was calculated as per the formula from Uma [23]:

HOMA-IR = Insulin (μU/mL) × glucose (mM)/22.5

2.6. Biochemical Parameters

The biochemical assessments were done by commercially available kits (Coral Clinical Systems,
Goa, India). The glucose, lipid profile, liver, and kidney function markers were estimated from serum
at 0 day (before providing HFD), 52nd (before STZ induction) and 90th day. Triglycerides (TGs),
total cholesterol (TC), very low density lipoprotein (VLDL), low-density lipoprotein (LDL), and high
density lipoprotein (HDL) were measured. In the liver function tests, serum glutamic oxaloacetic
transaminase (SGOT) and serum glutamic pyruvic transaminase (SGPT) were also assessed. Urea and
creatinine markers were estimated to assess the kidney function.

2.7. Selection of Gene for Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis

In this study, 3 transcription factors [Sterol Regulatory Element-Binding Protein-1c (SREBP-1c),
Nuclear Factor-κβ (NFκβ) and Peroxisome Proliferator-Activated Receptor Gamma (PPAR-γ)] were
selected, which regulates the expression of target genes, such as Fatty Acid Synthase (FASN), Acetyl-CoA
Carboxylase Alpha (ACACA), Carnitine Palmitoyltransferase 1 (CPT1) and inflammatory marker
[Tumor Necrosis Factor—Alpha (TNF-α)]. The Fatty Acid Binding Proteins (FABP) gene was also
studied. KicqStart® Primers were procured from Sigma Aldrich (New York, USA). The selected genes
and their primer sequences are depicted in Table 2.

2.8. Assessment of Hepatic Gene Expression by qRT-PCR

Total RNA was extracted from liver by TRIZOL method (Invitrogen, Carlsbad, CA, USA).
The quality of RNA was assessed by agarose gel electrophoresis (BioRad, Hercules, CA, USA).
The RNA quantification was achieved by ND-1000 UV spectrophotometer (Nanodrop Technologies,
Wilmington, DE, USA). For qRT-PCR assessment, the isolated RNA (2 μg) was used to synthesize
cDNA by using SuperScriptTM first strand synthesis kit (Invitrogen).

The Real-time PCR analysis was done by SYBr green assays (Applied Biosystems, Waltham,
Massachusetts, CA, USA) on StepOne real-time PCR system (Applied Biosystems, Waltham,
Massachusetts, CA, USA). The following qRT-PCR protocol was used: initial denaturation step
was done at 95 ◦C for 10 min. This step was followed by the 40 cycles of denaturation (95 ◦C for
3 s); annealing (60 ◦C for 30 s) and extension (95 ◦C for 15 s). The final extension step was achieved
at 60 ◦C for 15 s. Three biological replicates were analyzed from each group. The reaction was
carried out in duplicate and the Ct (cycle threshold) values of all samples were normalized by using
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) (endogenous housekeeping control).
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Table 2. The selected genes and their primer sequences.

Sr No Target Genes Primers Sequences

Housekeeping Gene

1 Glyceraldehyde-3-phosphate dehydrogenase Forward
Reverse

AGTTCAACGGCACAGTCAAG
TACTCAGCACCAGCATCACC

Transcription Factors

1 Sterol Regulatory Element-Binding Proteins-1c Forward
Reverse

AAACCTGAAGTGGTAGAAAC
TTATCCTCAAAGGCTGGG

2 Peroxisome Proliferator-Activated Receptor Gamma Forward
Reverse

AAGACAACAGACAAATCACC
CAGGGATATTTTTGGCATACTC

3 Nuclear Factor-κβ Forward
Reverse

AAAAACGAGCCTAGAGATTG
ACATCCTCTTCCTTGTCTTC

Fatty Acid Metabolism Genes

1 Fatty Acid Synthase Forward
Reverse

AAAAGGAAAGTAGAGTGTGC
GACACATTCTGTTCACTACAG

2 Acetyl-CoA Carboxylase Alpha Forward
Reverse

AGCAGTATTTGAACACATGG
CAGTTCCAAGAAGTAGAAGC

3 Carnitine Palmitoyltransferase 1 Forward
Reverse

CACTGATGAAGGAAGAAGAC
CCAGTCACTCACGTAATTTG

4 Fatty Acid Binding Protein Forward
Reverse

TGGAGGGTGACAATAAAATG
TCATGGTATTGGTGATTGTG

Inflammatory Marker

1 Tumor Necrosis Factors-α Forward
Reverse

CTCACACTCAGATCATCTTC
GAGAACCTGGGAGTAGATAAG

2.9. Histological Examination

All animals were sacrificed and different tissues (liver, pancreas, kidney, adipose tissue, muscle
and heart) were collected for further analysis. The part of liver, pancreas, and kidney were fixed
in buffered formalin solution (10%, pH 7). Then all tissues were embedded in paraffin for block
preparation. The tissue sections were cut to 4 μm thickness and stained by Hematoxylin and Eosin.
The slides were observed under the light microscope (EVOS™ FL Auto 2 Imaging System, Invitrogen,
Carlsbad, CA, USA).

2.10. Statistical Analysis

The data are represented as Mean ± standard error (SE). Statistical analysis was carried out by
using one-way analysis of variance (ANOVA) followed by Dunnett’s Multiple Comparison Test using
GraphPad Instat (Version 5, GraphPad Software Inc., San Diego, CA, USA).

3. Results

3.1. Assessment of Average Body Weight, Feed and Water Consumption

The feed and water intake and body weight of experimental groups is represented in Table 3.
The water and feed intake increased (p ≤ 0.001) in the diabetic rats (DC) as compared to the healthy
control rats (HC). Initially, the average body weight of all animals was between 120–150 gm. The body
weight was not statistically significant between diabetic and healthy rats. The flax oil-treated rats
showed an increase (p ≤ 0.001) in feed consumption as compared to the diabetic rats. The omega-3 fatty
acid intervention groups showed decreased (p ≤ 0.001) water intake as compared to the diabetic group.
Whereas, body weight was significantly (p ≤ 0.001) elevated in flax and fish oil treatment groups as
compared to the diabetic group.
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Table 3. Average body weight, feed, and water intake of the experimental groups.

Groups Weight (gm) Feed Intake (gm) Water Intake (mL)

HC 199 ± 2.73 102 ± 0.09 *** 209.1 ± 1.1 ***
HFDC 279 ± 4.66 *** 181.8 ± 0.79 *** 136.4 ± 0.9 ***

DC 199 ± 2.73 110.2 ± 0.36 347.4 ± 0.3
GC 286 ± 9.11 *** 162.1 ± 1.53 *** 141.6 ± 0.5 ***
SC 275 ± 3.62 *** 143.9 ± 0.59 *** 139.8 ± 1.1 ***

GSC 267 ± 3.35 *** 169.9 ± 1.22 *** 133 ± 0.4 ***
Flax 253 ± 4.96 *** 114.9 ± 0.28 *** 144.5 ± 0.6 ***
Fish 315 ± 12.15 *** 110.6 ± 0.94 142.6 ± 0.3 ***

Results are denoted as Mean ± SE (standard error) (n = 6 for each group). *** p ≤ 0.001, when compared with the
diabetic control group (Dunnett’s Multiple Comparisons Test). HC: Healthy control, HFDC: High fat diet control,
DC: Diabetes control, GC: Glibenclamide control, SC: Statin control, GSC: Glibenclamide statin control.

3.2. Estimation of Organ Weight

Organ weight of all experimental animals are shown in Table 4. Diabetic rats showed increased
liver, adipose tissue and muscle tissue weight (p < 0.001) increased as compared to the HC rats.
Whereas, kidney (p < 0.001) and heart weight was decreased in the DC group as compared to the
healthy group.

Table 4. Measurement organ weight (gm).

Groups Liver Kidney Adipose Tissue Muscle Heart

HC 8.16 ± 0.17 *** 2.14 ± 0.05 *** 3.99 ± 0.09 *** 2.51 ± 0.07 *** 1.65 ± 0.05
HFDC 12.43 ± 0.19 1.64 ± 0.08 15.17 ± 0.71 4.84 ± 0.33 1.90 ± 0.03 ***

DC 11.31 ± 1.12 1.81 ± 0.04 14.43 ± 0.74 4.94 ± 0.72 1.52 ± 0.09
GC 10.85 ± 0.34 2.67 ± 0.05 *** 4.39 ± 0.39 *** 4.12 ± 0.15 1.75 ± 0.09
SC 9.75 ± 0.36 2.27 ± 0.07 ** 3.47 ± 0.15 *** 5.58 ± 0.25 1.50 ± 0.08

GSC 10.37 ± 0.28 2.28 ± 0.14 ** 3.90 ± 0.46 *** 5.34 ± 0.35 1.43 ± 0.03
Flax 8.55 ± 0.19 *** 2.43 ± 0.03 *** 1.75 ± 0.04 *** 4.29 ± 0.08 1.39 ± 0.01
Fish 8.59 ± 0.05 ** 2.44 ± 0.13 *** 2.88 ± 0.18 *** 2.85 ± 0.08 *** 1.90 ± 0.01 ***

Results are recorded as Mean ± SE (n = 6 for each group). ** p ≤ 0.01 and *** p ≤ 0.001, when compared with the
diabetic control group (Dunnett’s Multiple Comparisons Test). HC: Healthy control, HFDC: High fat diet control,
DC: Diabetes control, GC: Glibenclamide control, SC: Statin control, GSC: Glibenclamide statin control.

The flax (p < 0.001) and fish (p < 0.01) oil intervention group showed decreased liver weight as
compared to the diabetic group. Similarly, adipose tissue weight also decreased (p < 0.001) in flax
and fish oil intervention groups as compared to DC group. Whereas, muscle weight was decreased
in both flax and fish (p < 0.001) oil treatment groups as compared to DC group. The flax and fish oil
intervention groups showed increase in kidney weight (p < 0.001) as compared to DC group. The heart
weight was decreased in flax oil treatment group and elevated (p < 0.001) in fish oil treatment group as
compared to the DC.

3.3. Assessment of Biochemical Parameters at Zero Day

Biochemical estimations of all experimental animals before providing HFD are shown in Table 5.
Serum glucose, lipid profile (total cholesterol, triglycerides, VLDL, LDL and HDL) liver (SGOT and
SGPT) and kidney function tests (creatinine and urea) were found not significantly different among all
experimental groups before providing of respective diet.

3.4. IPGTT and Area under the Curve (AUC) for the Experimental Groups

Figure 2A,B depicts the glucose clearance and area under the curve (AUC) of IPGTT. The blood
glucose levels at 0 and 120 min was elevated in all the experimental group as compared to the healthy
group (Figure 2A). All experimental groups showed increase (p ≤ 0.001) in AUC as compared to the
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healthy control group. The glucose clearance was not statistically significant between HFDC, flax,
and fish oil intervention groups.

Table 5. Biochemical assessment before initiation of HFD.

Parameters HC HFDC DC GC SC GSC Flax Fish

Glu (mg/dl) 67.95 ± 6.05 68.33 ± 4.38 66.20 ± 9.09 61.18 ± 8.61 73.10 ± 4.34 53.97 ± 3.18 60.85 ± 2.03 56.08 ± 4.17

Lipid profile (mg/dl)

TC 43.58 ± 4.37 57.63 ± 5.97 51.07 ± 3.15 49.70 ± 6.35 42.30 ± 2.63 44.48 ± 4.52 41.13 ± 4.76 47.97 ± 3.35
TGs 30.58 ± 5.71 47.40 ± 2.20 46.72 ± 2.63 36.62 ± 6.48 35.8 ± 6.63 26.47 ± 3.67 41.77 ± 6.32 33.90 ± 4.66
HDL 17.95 ± 0.20 22.19 ± 2.35 23.70 ± 1.82 23.95 ± 0.95 23.20 ± 2.50 26.83 ± 0.00 22.49 ± 0.76 21.78 ± 3.30
LDL 17.56 ± 0.10 13.37 ± 1.47 12.27 ± 2.17 16.50 ± 0.25 14.50 ± 0.66 13.80 ± 2.21 12.43 ± 0.89 12.43 ± 0.53

VLDL 6.12 ± 1.13 9.50 ± 0.44 9.31 ± 0.52 7.33 ± 1.28 7.17 ± 1.32 5.30 ± 0.74 8.36 ± 1.26 6.78 ± 0.92

Liver Function Test (Unit/mL)

SGOT 41.60 ± 2.57 39.30 ± 5.09 55.87 ± 1.50 57.63 ± 4.87 45.52 ± 6.17 44.03 ± 2.05 44.68 ± 2.63 46.40 ± 5.20
SGPT 31.35 ± 3.90 34.45 ± 2.12 25.51 ± 2.53 26.60 ± 3.10 38.82 ± 2.52 34.03 ± 4.02 34.66 ± 2.89 33.75 ± 1.13

Kidney Function Test (mg/dl)

Creatinine 0.60 ± 0.08 0.70 ± 0.07 0.57 ± 0.07 0.54 ± 0.07 0.55 ± 0.09 0.46 ± 0.12 0.55 ± 0.08 0.57 ± 0.06
Urea 26.49 ± 3.05 26.24 ± 0.59 25.05 ± 3.82 29.22 ± 1.04 27.55 ± 3.25 30.48 ± 0.45 28.19 ± 1.07 22.53 ± 1.53

Results are represented as Mean± SE (n= 6 for each group and reactions were carried out in triplicates). All values for
experimental groups were non-significantly different as compared with the healthy control group (Dunnett’s Multiple
Comparisons Test). Glu: Glucose, TC: Total cholesterol, TGs: Triglycerides, LDL: Low-density lipoprotein, VLDL:
Very low-density lipoprotein, HDL: High-density lipoprotein, SGOT: Serum glutamic oxaloacetic transaminase,
SGPT: Serum glutamic pyruvic transaminase.

Figure 2. IPGTT and area under the curve (AUC) for the experimental groups. (A) Variations in blood
glucose levels during IPGTT; (B) Area under the curve (AUC) for IPGTT. Results are represented as
Mean ± SE (n = 6 for each group). *** p ≤ 0.001, when compared with the HC animals (Dunnett’s
Multiple Comparisons Test). HC: Healthy control, HFDC: High fat diet control, DC: Diabetes control,
GC: Glibenclamide control, SC: Statin control, GSC: Glibenclamide statin control.

3.5. Insulin Resistance

Serum glucose and insulin levels are shown in Table 6. Serum glucose level was significantly
elevated (p ≤ 0.001) in HFD fed rats (all groups except HC) as compared to healthy control rats.
Flax and fish oil-treated rats showed non-significant difference in serum insulin level as compared to
the healthy rats. HOMA-IR of all the experimental groups is represented in Figure 3. All animals from
HFDC, DC and treatment groups of (GC, SC, GSC, flax and fish oil groups) rats showed a significantly
increased (p ≤ 0.001) HOMA-IR as compared to the healthy control group. Prophylactically, omega-3
fatty acids significantly lowered lipid profile, liver function markers (SGOT and SGPT), and kidney
function markers (creatinine and urea) (supplementary Figures S1 and S2).
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Table 6. Serum glucose and insulin for HOMA-IR assessment.

Experimental Groups Glucose (mM) Insulin (μU/mL)

HC 3.682 ± 0.10 6.293 ± 0.04
HFDC 5.208 ± 0.14 *** 7.248 ± 0.11 ***

DC 4.81 ± 0.15 *** 7.21 ± 0.10 ***
GC 4.995 ± 0.08 *** 6.822 ± 0.17 *
SC 5.134 ± 0.15 *** 6.852 ± 0.17 *

GSC 4.875 ± 0.02 *** 6.788 ± 0.14 *
Flax 6.105 ± 0.30 *** 6.418 ± 0.12
Fish 5.458 ± 0.12 *** 6.315 ± 0.03

Results are represented as Mean ± SE (n = 6 for each group). * p ≤ 0.05 and *** p ≤ 0.001, when compared with the
HC (Dunnett’s Multiple Comparisons Test). HC: Healthy control, HFDC: High fat diet control, DC: Diabetes control,
GC: Glibenclamide control, SC: Statin control, GSC: Glibenclamide statin control, HOMA-IR: Homeostasis model
assessment of insulin resistance.

Figure 3. HOMA-IR of different experimental groups Results are represented as Mean ± SE (n = 6
for each group). *** p ≤ 0.001, when compared with the HC (Dunnett’s Multiple Comparisons Test).
HC: Healthy control, HFDC: High fat diet control, DC: Diabetes control, GC: Glibenclamide control,
SC: Statin control, GSC: Glibenclamide statin control, HOMA-IR: Homeostasis model assessment of
insulin resistance.

3.6. Estimation of Biochemical Parameters

3.6.1. Fish Oil Treatment Significantly Lowered Serum Glucose

Figure 4 represents the serum glucose levels of all the experimental groups. Serum glucose level
was significantly elevated (p≤ 0.001) in diabetic rats as compared to healthy control rats. Fish oil-treated
rats had significantly lower (p ≤ 0.001) serum glucose levels as compared to the diabetic rats.

3.6.2. Fish Oil Treatment Lowered Abnormal Lipid Profile

Figure 5A–E depicts the serum lipid profile of all experimental groups. Diabetic animals showed
significantly (p ≤ 0.001) increased serum TC, TGs, LDL, and VLDL levels as compared to the healthy
control animals. The HDL level was significantly (p ≤ 0.001) decreased in diabetic animals as compared
to healthy control animals. Flax and fish (p ≤ 0.001) oil treatment group showed decreased serum
TC level as compared with diabetic group. Serum TG and VLDL levels were significantly (p ≤ 0.001)
decreased in flax and fish oil-treated animals as compared to the diabetic animals. Serum LDL level
was decreased (p ≤ 0.001) in fish oil-treated animals as compared to the diabetic animals. Flax and fish
oil intervention elevated (p ≤ 0.001) serum HDL levels as compared to the DC group. Flax oil-treated
animals showed significant (p ≤ 0.001) increase in TC, TGs, LDL, VLDL and HDL as compared to
SC and GSC-treated animals. The serum TC level found to be comparable among SC, GSC and fish
oil-treated groups. Serum LDL level increased in fish oil group as compared to SC and GSC group.
Serum TGs, VLDL and HDL levels were significantly increased (p ≤ 0.001) in fish oil intervention
group as compared to SC and GSC group. The fish oil treatment showed a significant decrease in
abnormal lipid profile and increase serum HDL.
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Figure 4. Fish oil intervention lowered serum glucose Results are represented as Mean ± SE (n = 6
for each group). ** p ≤ 0.01 and *** p ≤ 0.001, when compared with the DC group (Dunnett’s
Multiple Comparisons Test). HC: Healthy control, HFDC: High fat diet control, DC: Diabetes control,
GC: Glibenclamide control, SC: Statin control, GSC: Glibenclamide statin control.

Figure 5. Assessment of lipid profile from experimental groups. Results are represented as Mean
± SE (n = 6 for each group). *** p ≤ 0.001, when compared with the DC group (Dunnett’s Multiple
Comparisons Test). (A) Serum total cholesterol level, (B) Serum triglycerides level, (C) Serum
low-density lipoprotein level, (D) Serum very low-density lipoprotein level, (E) Serum high-density
lipoprotein level. HC: Healthy control, HFDC: High fat diet control, DC: Diabetes control, GC:
Glibenclamide control, SC: Statin control, GSC: Glibenclamide statin control, LDL: Low-density
lipoprotein, VLDL: Very low-density lipoprotein, HDL: High-density lipoprotein,.
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3.6.3. Flax and Fish Oil Interventions Decreases Level of Hepatic Enzymes

In diabetic rats, serum SGOT and SGPT levels were elevated (p ≤ 0.001) as compared to the healthy
rats. Flax and fish oil-treated group showed significant decrease (p ≤ 0.001) in serum SGOT and SGPT
level as compared to the diabetic group. The SGOT level was increased in flax (p ≤ 0.001) and fish oil
intervention groups as compared to SC and GSC. Serum SGPT level decreased in both flax and fish oil
groups as compared to SC and GSC. Serum SGOT and SGPT levels of all the experimental groups are
represented in Figure 6A,B.

Figure 6. Flax and fish oil interventions lowered level of hepatic enzymes. Results are represented as
Mean ± SE (n = 6 for each group). *** p ≤ 0.001, when compared with the DC group (Dunnett’s Multiple
Comparisons Test). (A) Serum glutamic oxaloacetic transaminase level (B) Serum glutamic pyruvic
transaminase level. HC: Healthy control, HFDC: High fat diet control, DC: Diabetes control, GC:
Glibenclamide control, SC: Statin control, GSC: Glibenclamide statin control, SGOT: Serum glutamic
oxaloacetic transaminase, SGPT: Serum glutamic pyruvic transaminase.

3.6.4. Flax and Fish Oil Intervention Improved Kidney Function

Serum creatinine and urea levels of all experimental groups were depicted in Figure 7A,B. Diabetic
animals showed significantly (p ≤ 0.001) increased serum creatinine and urea levels as compared to the
healthy control animals. Flax oil intervention groups showed decreased serum creatinine and urea
(p ≤ 0.001) levels as compared to the diabetic group. While fish oil intervention significantly (p ≤ 0.001)
lowered both serum creatinine and urea levels as compared to the diabetic group. Serum creatinine
and urea levels were non-significantly decreased in flax oil intervention groups as compared to SC
and GSC. The serum creatinine level was decreased in fish oil intervention groups as compared to SC
(p ≤ 0.001) and GSC. Serum urea was not significantly different among SC, GSC, and fish oil groups.
Fish oil intervention effectively improved kidney function.

Figure 7. Flax and fish oil interventions improved kidney function. Results are represented as Mean ± SE
(n = 6 for each group). * p ≤ 0.05 and *** p ≤ 0.001, when compared with the DC group (Dunnett’s
Multiple Comparisons Test). (A) Serum creatinine level, (B) Serum urea level. HC: Healthy control,
HFDC: High fat diet control, DC: Diabetes control, GC: Glibenclamide control, SC: Statin control, GSC:
Glibenclamide statin control.
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3.7. Expression of Transcription Factors and Their Regulatory Genes

In the present study, we have examined the effect of flax and fish oil along with glibenclamide against
diabetic dyslipidemia. For gene expression studies, three transcription factors and five regulatory genes
were examined. The expression profiles are shown in (Figures 8–10). qRT-PCR amplification efficiencies
are depicted in Table 7.

Figure 8. Expression of transcription factors are modulated after intervention of flax and fish
oil. Results are represented as Mean ± SE (n = 3 for each group). * p ≤ 0.05 and *** p ≤ 0.001,
when compared with the DC group (Dunnett’s Multiple Comparisons Test). (A) Expression of sterol
regulatory element-binding proteins-1c gene, (B) Expression of nuclear factor-κβ gene, (C) Expression
of peroxisome proliferator-activated receptor gamma gene. HC: Healthy control, HFDC: High fat diet
control, DC: Diabetic control, PPAR-γ: Peroxisome proliferator-activated receptor gamma, SREBP-1c:
Sterol regulatory element-binding proteins-1c, NFκβ: Nuclear factor-κβ.

3.7.1. Flax and Fish Oil Interventions Modulates the Expression of Transcription Factors Resulting in
Lipid Normalization

The expression of transcription factors is depicted in Figure 8A–C. In diabetic animals (DC),
SREBP-1c expression was significantly (p ≤ 0.001) upregulated by ~1.98 and ~1.51-fold as compared to
the HC and HFDC animals, respectively. Comparatively, flax and fish oil intervention groups showed
significant downregulation by ~1.59 and ~2.84-fold as compared to the diabetic group.

NFκβ gene expression was significantly (p ≤ 0.001) upregulated in the diabetic animals by
~7.27 and ~2.27-fold as compared to the HC and HFDC animals, respectively. On the other hand,
its expression was significantly (p ≤ 0.001) downregulated by ~1.59 and ~6.16-fold in flax and fish oil
treatment groups as compared with the diabetic group.
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Figure 9. Expression profiles of fatty acid metabolism genes. Results are denoted as Mean ± SE (n = 3
for each group). *** p ≤ 0.001, when compared with the DC group (Dunnett’s Multiple Comparisons
Test). (A) Expression of fatty acid synthase gene, (B) Expression of acetyl-CoA carboxylase alpha
gene, (C) Expression of carnitine palmitoyl transferase 1 gene, (D) Expression of fatty-acid-binding
proteins gene. HC: Healthy control, HFDC: High fat diet control, DC: Diabetic control, ACACA:
Acetyl-CoA carboxylase alpha, FASN: Fatty acid synthase, CPT1: Carnitine palmitoyl transferase 1,
FABP: Fatty-acid-binding proteins.

Figure 10. Expression of TNF-α in experimental groups. Results are represented as Mean ± SE (n = 3
for each group). *** p ≤ 0.001, when compared with the DC group (Dunnett’s Multiple Comparisons
Test). HC: Healthy control, HFDC: High fat diet control, DC: Diabetic control group-treated STZ and
TNF-α: Tumor necrosis factor-alpha.
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Table 7. The qRT-PCR efficiency for absolute mRNA quantification.

No. Target Genes Symbol Efficiency

Housekeeping Gene

1 Glyceraldehyde-3-phosphate
dehydrogenase GAPDH 97.27

Transcription Factors

1 Sterol Regulatory
Element-Binding Proteins-1c SREBP-1c 91.14

2
Peroxisome

Proliferator-Activated
Receptor Gamma

PPAR-γ 91.81

3 Nuclear Factor-κβ NF-κβ 101.90

Fatty Acid Metabolism Genes

1 Fatty Acid Synthase FASN 91.67

2 Acetyl-CoA Carboxylase
Alpha ACACA 84.87

3 Carnitine
Palmitoyltransferase 1 CPT 1 101.65

4 Fatty Acid Binding Protein FABP 92.96

Inflammatory Marker

1 Tumor Necrosis Factors-α TNF-α 107.09

Efficiency is calculated from the slope of the curve as E = 10(−1/slope)−1.

Expression of PPAR-γ was significantly downregulated in diabetic animals by ~3.00 and ~2.15-fold,
as compared to the HC (p ≤ 0.001) and HFDC (p ≤ 0.05) control animals. Flax oil-treated animals
showed non-significant increased expression as compared to the diabetic group. While, fish oil-treated
animals showed significant (p ≤ 0.001) upregulation expression by ~8.95, ~4.94, ~5.84, and ~4.04-fold
as compared to the diabetic animals.

3.7.2. Flax and Fish oil Intervention Modulates the Expression Fatty Acid Metabolism Genes Which
Results in Decreased Lipid Abnormality

Figure 9A–D represents the expression of lipid metabolism genes. Expression of FASN genes was
significantly upregulated (p ≤ 0.001) in the diabetic animals by ~70.48 and ~3.47-fold as compared to
HC and HFDC animals. Flax and fish oil-treated animals showed downregulation (p ≤ 0.001) by ~6.01
and ~4.04-fold as compared to the diabetic animals.

ACACA gene expression was significantly (p ≤ 0.001) upregulated in the diabetic rats by
~3.26-fold as compared to the healthy rats. Flax (p ≤ 0.001) and fish (p ≤ 0.05) oil-treated groups showed
upregulation by ~2.12 and ~1.78-fold as compared to the diabetic group, respectively.

Expression of CPT1 genes was non-significantly downregulated in the diabetic rats by ~4.95
and ~4.63-fold as compared to the HC and HFDC rats. Flax and fish oil intervention groups showed
significant upregulation (p ≤ 0.001) by ~14.17 and ~15.20-fold as compared to the diabetic group.

FABP gene expression was significantly downregulated (p ≤ 0.001) by ~8.87-fold in diabetic rats
as compared to the healthy rat group. Both flax and fish oil intervention groups showed significant
upregulation (p ≤ 0.001) by ~5.64 and ~10.51-fold as compared to the diabetic groups, respectively.

3.7.3. Fish Oil Intervention Downregulates the Expression of TNF-α

In DC rats, TNF-α gene expression was upregulated (p ≤ 0.001) by ~12.31 and ~3.09-fold as
compared to the healthy and high fat diet control rats, respectively. Comparatively, flax and fish
(p ≤ 0.001) oil-treated groups showed downregulation by ~1.24 and ~3.28-fold as compared to the
diabetic group, respectively. Figure 10 represents the inflammatory gene expression, TNF-α.
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3.8. Histological Examination of Liver, Pancreas, and Kidney from Experimental Animals

Animals from experimental groups developed typical changes in liver, pancreas and kidney.
Their histopathological examination is shown in Figures 11–13.

 

Figure 11. Histological examination of liver tissue (Scale bar 50 μm). Healthy. (A) Healthy control,
(B) High fat diet control, (C) Diabetic control, (D) Glibenclamide control, (E) Statin control,
(F) Glibenclamide statin control, (G) Flax oil (500 mg/kg), (H) Flax oil (500 mg/kg).

 
Figure 12. Histological examination of kidney (Scale bar 50 μm). (A) Healthy control, (B) High fat diet
control, (C) Diabetic control, (D) Glibenclamide control, (E) Statin control, (F) Glibenclamide statin
control, (G) Flax oil (500 mg/kg), (H) Flax oil (500 mg/kg).
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Figure 13. Histological examination of pancreas (Scale bar 50 μm). (A) Healthy control, (B) High fat
diet control, (C) Diabetic control, (D) Glibenclamide control, (E) Statin control, (F) Glibenclamide statin
control, (G) Flax oil (500 mg/kg), (H) Flax oil (500 mg/kg).

3.8.1. Histological Examination of Liver

Healthy animals showed normal architecture of hepatocytes (Figure 11A). High fat diet control
group rats showed focal fatty changes in the liver (Figure 11B). Diabetic animals develop microvesicular
fatty changes in the liver (Figure 11C). The flax oil intervention, along with glibenclamide showed
focal fatty changes in the liver (Figure 11G). However, fish oil intervention, along with glibenclamide
showed near-normal architecture of hepatocytes (Figure 11H).

3.8.2. Histological Examination of Kidney

Healthy and high fat diet control group animals showed normal architecture of the kidney
(Figure 12A,B). Diabetic rats showed tubules with vacuolated cells (Figure 12C). The animals receiving
standard drugs (GC, SC and GSC) also showed tubules with vacuolated cells (Figure 12D,F). Flax and
fish oil interventions along with the combination of glibenclamide showed tubules with vacuolated
cells (Figure 12G,H).

3.8.3. Histological Examination of Pancreas

Healthy and high fat diet control animals showed normal architecture of the pancreatic tissue
(Figure 13A,B). Diabetic rats showed reduced number and size of islets of Langerhans and β cells
(Figure 13C). Flax and fish oil intervention group showed reduced number and size of Langerhans and
β cells (Figure 13G,H).

4. Discussion

The provision of HFD, along with a low dose of streptozotocin in rats, results in a condition that
mimics the pathophysiology of type 2 diabetes (T2DM) in humans and is thus a suitable model for the
practical investigations and testing of different natural compounds for the effective management of
type 2 diabetes and its complications [20–22]. Despite advancement in the prevention and management
strategies of diabetes and its associated complications in recent years, still, it has been growing
alarmingly with the high rate of morbidity and mortality [24]. Therefore, aggressive management
strategies for T2DM and its associated lipid abnormalities are highly recommended [4,22].
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STZ-treated diabetic rats showed decreased body weights and elevated blood glucose, which are
characteristic features of diabetes [18]. In the present study, a significant decrease in body weight
and sustained hyperglycemia was observed in diabetic rats. The lipid abnormality is a very
frequent impairment in type 2 diabetes patients [24]. For its management, they are commonly
prescribed lipid-lowering drugs like statins. Therefore, one of the groups was given treatment with a
normolipidemic drug just to evaluate the effect of the same drug on lipid abnormalities.

Several studies have reported the triglyceride-lowering effect of omega-3 fatty acids [9,25–27].
Some also studied cardioprotective effects of omega-3 fatty acids in animal models as well as in
humans [28]. Flax oil, is a major source of alpha linolenic acid (ALA), and fish oil, predominantly
contain eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are the principle sources of
omega-3 fatty acids [9]. Previous studies showed that, flax and fish oil treatment lowered abnormal
lipid profile in diabetic rats [9]. Our results are in accordance with previous findings. Both flax and
fish oil exhibit beneficial effects on hepatic cholesterol metabolism in HFD-fed animals [29].

Hendrich [30] reviewed the effect of omega-3 fatty acid in human clinical trials and concluded
that its effects in T2DM were not well studied [9,30]. The management of metabolic disorders (T2DM
and its associated complications) recommended combining lifestyle changes with pharmacological
therapy [31]. In this regard, several studies reported, the beneficial effect of omega-3 fatty acids
with different allopathic drugs (thiazolidinediones, pioglitazone, rosiglitazone, etc.) in HFD-fed mice
results in the increased adiponectin secretion [31,32]. With this background, we have studied the effect
of flax and fish oil intervention in combination with glibenclamide in HFD with low STZ-induced
diabetic dyslipidemia. The present study helps to fill the gap and investigates the combinational effect
of omega-3 fatty acids and oral hypoglycemic drug on lipid abnormalities through modulation of
transcription factors and their regulatory genes.

Several studies reported that flax and fish oil intervention exhibited triglyceride-lowering effect in
streptozotocin-induced diabetic rats [9,27,33,34]. However, the treatment did not show any effect on
serum TC and LDL levels. In the present study, flax and fish oil along with glibenclamide treatment
effectively lowered serum TC, triglycerides, VLDL, and LDL levels in diabetic rats. It has been
previously reported that flax and fish oil intervention significantly increase HDL levels in STZ-induced
diabetic rats [9,27,33]. In our study, a similar trend was observed. Thus, effective lowering of the
abnormal lipid profile was observed in fish oil and glibenclamide combinational treatment. The overall
mechanism of the action of flax and fish oil on hepatic gene expression is depicted in Figure 14.

SREBP is an important transcription factor that plays a crucial role in the regulation of fatty
acid and cholesterol metabolism in the liver [35]. It consists of two isoforms i.e., SREBP-1a and
SREBP-1c, which are expressed highly in the liver. Its overexpression was associated with elevated
levels of cholesterol and triglycerides [36,37]. Earlier studies document that upregulated lipogenic gene
expression, such as for fatty acid synthase (FASN) and acetyl-CoA carboxylase (ACACA), was resulting
in increased SREBP-1c expression, which leads to hepatic steatosis [38,39]. Hence, downregulation of
SREBP-1c has a therapeutic value in the treatment of diabetic dyslipidemia [22,40,41]. The omega-3
fatty acid supplementation effectively lowered triglycerides level through downregulation of SREBP-1c
gene expression [9,27,42]. Similarly, in our study, both flax and fish oil-treated animals showed
downregulated SREBP-1c expression followed by a decrease in the expression of FASN and ACACA
genes. These gene modulations may be one of the reasons for lowering the lipid abnormalities in flax
and fish oil-treated rats.

CPT1 gene plays a major role in the uptake of fatty acids by the mitochondria for fatty acids
β-oxidation [43]. In our study, the CPT1 expression was found to be increased in flax and fish oil-treated
animals. This might be the probable reason for lowering serum triglyceride levels in diabetic rats.

Several studies reported that NF-κβ, a transcription factor (TF), plays a crucial role in insulin
resistance and T2DM pathogenesis [22,41,44,45]. In diabetic conditions, upregulated NF-κβ expression
leads to an increase inflammatory cytokine expression, e.g. tumor necrosis factor-α (TNF-α) [22,46,47].
In turn, it is associated with atherosclerotic lesions, lipolysis, and lipogenesis. Overall, this may result
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in an increased risk of cardiovascular complications in T2DM individuals [46,47]. In the present study,
both TNF-α expression and its transcription factor NF-κβ were found to be downregulated in flax and
fish oil-treated groups.

 

Figure 14. Mechanism of action of flax and fish oil intervention. PPAR-γ: Peroxisome proliferator-
activated receptor gamma, SREBP-1c: Sterol regulatory element-binding proteins-1c, NFκβ: Nuclear
factor-κβ, ACACA: Acetyl-CoA carboxylase alpha, FASN: Fatty acid synthase, CPT1: Carnitine
palmitoyl transferase 1, FABP: Fatty-acid-binding proteins, TNF-α: Tumor necrosis factor-alpha, TCA:
Tricarboxylic acid cycle, FFA: Free fatty acids, LCFA: Long chain fatty acids.

PPAR-γ, a transcription factor, is a member of the nuclear receptor family PPARs [48]. It plays
an important role in carbohydrate and lipid homeostasis [48]. The activation of PPAR-γ stimulates
β-oxidation of fatty acids and it results in lower serum triglyceride levels [49]. In the present study,
flax and fish oil treatment upregulated the expression of PPAR-γ, and this may result in decreased
serum triglyceride levels.

The FABP are members of a multigene family of cytoplasmic lipid transport proteins [50]. It is
a potential target in the treatment of insulin resistance, lipid abnormalities, and atherosclerosis [50].
It facilitates fatty acid oxidation in the liver and may be beneficial for normalizing the hyperlipidemic
condition [51]. Newberry et al. [52] reported that the L-FABP-null mice exhibit poor triglyceride
accumulation in the liver, which leads to an increased serum triglyceride level [52]. A Wolfrum et al. [53]
study shows that L-FABP acts as a gateway for the hypolipidemic drug and polyunsaturated fatty
acids, which acts as a PPAR agonists [53]. Thus, upregulation of L-FABP expression would enhance the
activation of PPAR through these agonists. In the present study, both flax and fish oil supplementation
upregulated the expression of L-FABP in diabetic rats and this might be one of the reasons behind
lowering serum triglyceride levels. FABPs are also associated with the docosahexaenoic acid (DHA)
uptake and this might be the reason behind accelerating β-oxidation of fatty acids through higher
activation of PPAR. This ultimately results in lowering serum triglyceride levels [54]. Our results are in
accordance with the above findings [53,54].

5. Conclusions

The combinational treatment of glibenclamide and flax/fish oil intervention prophylactically
against diabetic dyslipidemic rats exhibited potential effects on improving lipid abnormalities through
modulating the expression of transcription factors (SREBP1-c, NF-kβ and PPAR-γ) and their regulatory
genes i.e., ACACA, FASN, CPT1, FABP, and TNF-α. In the future, combination therapy of glibenclamide
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and omega-3 fatty acid intervention at a therapeutic level is worth investigation in the diabetic
dyslipidemic condition.
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Abstract: The Chrysanthemum morifolium Ramat (CM) is widely used as a traditional medicine and
herbal tea by the Asian population for its health benefits related to obesity. However, compared to
the flowers of CM, detailed mechanisms underlying the beneficial effects of its leaves on obesity
and dyslipidemia have not yet been elucidated. Therefore, to investigate the lipidomic biomarkers
responsible for the pharmacological effects of CM leaf extract (CLE) in plasma of mice fed a high-fat
diet (HFD), the plasma of mice fed a normal diet (ND), HFD, HFD plus CLE 1.5% diet, and HFD plus
luteolin 0.003% diet (LU) for 16 weeks were analyzed using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) combined with multivariate analysis. In our analysis, the ND, HFD, CLE,
and LU groups were clearly differentiated by partial least-squares discriminant analysis (PLS-DA)
score plots. The major metabolites contributing to this differentiation were cholesteryl esters (CEs),
lysophosphatidylcholines (LPCs), phosphatidylcholines (PCs), ceramides (CERs), and sphingomyelins
(SMs). The levels of plasma CEs, LPCs, PCs, SMs, and CERs were significantly increased in the
HFD group compared to those in the ND group, and levels of these lipids recovered to normal after
administration of CLE or LU. Furthermore, changes in hepatic mRNA expression levels involved in the
Kennedy pathway and sphingolipid biosynthesis were also suppressed by treatment with CLE or LU.
In conclusion, this study examined the beneficial effects of CLE and LU on obesity and dyslipidemia,
which were demonstrated as reduced synthesis of lipotoxic intermediates. These results may provide
valuable insights towards evaluating the therapeutic effects of CLE and LU and understanding
obesity-related diseases.

Keywords: Chrysanthemum morifolium Ramat leaves; obesity; lipidomics; liquid chromatography
tandem mass spectrometry; phospholipid; sphingolipid

1. Introduction

Obesity, one of the major worldwide health problems in recent years, is usually caused by an
imbalance in food intake and energy expenditure, with overconsumption of energy intake or decrease
in physical activity. Among the various models of inducing obesity in animals, the high-fat diet
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(HFD)-induced obesity model alters diverse biochemical factors, such as insulin, eventually leading
to abnormal lipid metabolism. HFD-induced obesity is characterized by abnormally high levels of
blood lipids, such as cholesterol, low-density lipoprotein (LDL), and triacylglycerol (TAG), leading
to progressive weight gain in various tissues of the body (e.g., liver and fat tissues) due to excess
fat accumulation [1,2]. It is also associated with an increase in the prevalence and risk of metabolic
syndrome-related diseases, including type 2 diabetes (T2D), dyslipidemia, cardiovascular diseases
(CVD), hypertension, and fatty liver [3,4]. Especially, the development of obesity by HFD indicates
that it is pathophysiologically very similar to obesity in humans [5,6].

Chrysanthemum morifolium Ramat (CM) has been used for almost a hundred years in the form
of a traditional medicine, beverage, and herbal tea in many Asian countries, including Japan,
China, Thailand, and Korea, due to its health benefits related to inflammation, hypertension,
and arteriosclerosis. The main bioactive components in the flowers of CM are flavonoids and
phenolic acids, which are composed of chlorogenic acid, acacetin, apigenin, and luteolin, along
with its glucoside form [7]. Previous studies have shown that CM and its components possess
various biological functions, including antioxidant [8], anti-inflammatory [9], anti-tumorigenic [10],
and cardiovascular-protective functions [11]. Moreover, the CM flower extract has been shown to
prevent hyperlipidemic fatty liver disease by increasing hepatic peroxisome proliferator-activated
receptor (PPAR)-α expression in hyperlipidemic fatty liver disease caused by high-fat milk [12].
Such beneficial effects have also been reported in HFD-induced obese mice [13] and an alloxan-induced
diabetes mellitus model [14]. Almost all the studies conducted on the efficacy of CM related to
health-promoting effects have been focused on its flowers. However, although not used as a traditional
medicine, unlike flowers, the leaves of CM have a large amount of potential bioactive components,
such as flavonoids, galuteolin, quercetin, and chlorogenic acid [15,16]. Consequently, the leaves can
be used for medicinal purposes because of their high content of bioactive components. Furthermore,
a recent study revealed that weight gain, fat deposition, and plasma lipid levels were significantly
reduced by the administration of CM leaf extract (CLE) in HFD-fed mice [17]. However, apart from
the previous approach based on the major lipids, such as cholesterol, lipoprotein, and TAG, detailed
studies on lipid profiles, including changes in individual lipid species, towards the pharmacological
effects of CLE in obese mice have rarely been described.

Modern lipidomics technology based on mass spectrometry provides significant insights into the
metabolism and alterations in lipids through the identification and quantification of individual lipid
species in a broad range of lipids [18]. This technology has been used extensively in biomedical research
to evaluate toxicity and pharmacological properties of drugs [19], to discover potential biomarkers for
disease states [20], and to understand the pathological mechanism of the metabolic syndrome [21].
Previous studies have shown that changes in specific lipid profiles and composition, such as ceramides
and sphingomyelin species, are closely related to obesity-related diseases and metabolic disorders [22,
23]. In addition, these techniques have also been used to explore the pharmacological effects of herbal
medicines, such as Cyclocarya paliurus [24] and Camellia sinensis leaves [25], and Panax ginseng radix [26].

Thus, in this study, we conducted lipidomics analysis in HFD-induced metabolic disorders
representing obesity and dyslipidemia as a pathology model. In addition, we also investigated the
pharmacological effects of CLE and luteolin, which are closely related to the physiological functions
and quality of CM [27], and its mechanisms against HFD-induced dyslipidemia through alterations of
plasma lipid metabolites using the technique of liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS).

2. Materials and Methods

2.1. Chemicals and Reagents

Methanol, isopropanol, and water were purchased from Merck (LC-MS grade, Darmstadt,
Germany). Ammonium acetate, chloroform, methyl-tert-butyl ether (MTBE), butylhydroxytoluene
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(BHT), and TAG (15:0/15:0/15:0) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Lysophosphatidylcholine (LPC 17:1), lysophosphatidylethanolamine (LPE 17:1), phosphatidylcholine
(PC 17:0/14:1), phosphatidylethanolamine (PE 17:0/14:1), diacylglycerol (DAG 8:0/8:0), sphingomyelin
(SM d18:1/12:0), ceramide (CER d18:1/12:0), and cholesteryl ester (CE 15:0) were obtained from Avanti
Polar Lipids (Alabaster, AL, USA). The lipid standards mentioned above were used as internal
standards for semi-quantification of each lipid.

2.2. Preparation of Chrysanthemum morifolium Ramat Leaf Extract

CM leaves (Haihang Industry, Jinan, China) were washed, crushed to 20 mesh, and extracted by
adding 10 volumes of 70% ethanol to 10 kg CLE in an extraction vessel. The extraction was performed
at 65–70 ◦C in the roof of the pot, which had a condenser. Vapor was condensed and returned back to
the pot, which was recirculated three times, and each time-period lasted for 2 h. The extracted CLE
liquid was subsequently concentrated and spray-dried at 120 ◦C to 80 mesh. The yield obtained was
10%. The contents of flavonoids in the CLE were analyzed using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) as described in previous papers [28–30]. The contents (mg/g dry weight)
of ten flavonoids in CLE were as follows: luteolin, 0.057; galuteolin, 0.47; luteolin-7-O-glucuronide,
0.28; luteolin-7-O-6-acetyl glucoside, 0.0047; diosmetin-7-O-rutinoside, 0.056; diosmetin-7-O-glucoside,
0.055; acacetin-7-O-rutinoside, 1.7; apigenin, 0.0062; quercetin, 0.0032; chlorogenic acid, 0.19 (Figure 1).

Figure 1. The total ion chromatogram (A) and selected reaction monitoring chromatogram (B) of
individual flavonoids from Chrysanthemum morifolium Ramat leaf extracts (CLE).

2.3. Animal Experiments

Male C57BL/6J mice (4-week-old) were obtained from the Jackson Laboratory (Bar Harbor,
ME, USA). All the mice were individually housed under constant temperature (24 ◦C) and a 12 h
light/dark cycle, fed a normal chow diet for a one-week acclimation period, and subsequently, randomly
divided into four groups. The mice in the different groups were fed a normal diet (ND, 12% kcal from
fat, n = 6), high-fat diet (HFD, 45% kcal from fat, n = 6), HFD with 1.5% CLE (w/w) (n = 6), and HFD with
0.003% luteolin (w/w) (LU, n = 6) for 16 weeks. The mice were given free access to food and distilled
water, and food intake and body weight were measured weekly. At the end of the mice experimental
period, all the mice were anesthetized with isoflurane after 12 h of fasting. Blood samples were collected
from the inferior vena cava in heparin-coated tubes, and plasma samples were obtained by centrifuging
blood at 4000× g for 15 min at 4 ◦C. The liver, epididymal white adipose tissue (WAT), perirenal WAT,
retroperitoneal WAT, mesentery WAT, subcutaneous WAT, interscapular WAT, interscapular brown
adipose tissue, and skeletal muscle were removed, weighed, and immediately frozen in liquid nitrogen
and stored at 80 ◦C. Animal studies were performed using protocols approved by the Kyungpook
National University Industry Foundation (Approval No. KNU-2016-49).

2.4. Lipid Extraction

Lipids were extracted from mouse plasma according to the Matyash method with slight
modifications [31]. In brief, a 50 μL internal standard (IS) mixture (LPC 17:1 400 ng/mL; LPE
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17:1 400 ng/mL; PC 17:0/14:1 400 ng/mL; PE 17:0/14:1 400 ng/mL; DAG 8:0/8:0 40 ng/mL; SM d18:1/12:0
400 ng/mL; CER d18:1/12:0 40 ng/mL; CE 15:0 4 μg/mL; TAG 15:0/15:0/15:0 40 ng/mL) was transferred
to a 2 mL Eppendorf tube and dried. Later, 5 μL plasma, 300 μL cold methanol, 100 μL water,
and 1 mL MTBE along with 0.1% BHT were added to the tube. The mixture was shaken for 1 h at
room temperature. Next, phase separation was induced by adding 250 μL water and incubating for
10 min at room temperature. After centrifugation (14,000× g for 15 min at 4 ◦C), the two phases were
separately collected in 1.5 mL tubes. The upper (220 μL) and lower (110 μL) fractions were pooled
and dried in a vacuum centrifuge (LABCONCO, Kansas City, MO, USA) for lipid profiling. The dried
lipid extracts were reconstituted in 100 μL chloroform/methanol (1:9, v/v) prior to lipidomics analysis.
Using the above method, hepatic lipids were extracted from the lyophilized samples (10 mg).

2.5. Lipidomics Study

Analysis of lipid extracts was performed using a high-performance liquid chromatography (HPLC)
apparatus coupled to a Shimadzu 8040 tandem mass spectrometer (Shimadzu Corporation, Kyoto,
Japan), based on a previously reported method with some modifications [32,33]. Semi-quantitative
analysis of the extracted lipids from the plasma of mice was carried out using a Kinetex C18 column
(100 × 2.1 mm, 2.6 μm, Phenomenex, Torrance, CA, USA) with a flow rate of 200 μL/min in positive
mode. Mobile phase A was 10 mM ammonium acetate in water:methanol (1:9, v/v) and mobile phase B
was 10 mM ammonium acetate in methanol:isopropanol (1:1, v/v). To achieve the best separation of
the lipids, gradient elution was conducted as follows: 30% B (0 min), 95% B (15 min), 95% B (20 min),
and 30% B (20–25 min). Each lipid quantitation was performed by selected reaction monitoring (SRM)
of the precursor ions, ([M +H]+ or [M +NH4]+), and the related product ion for each lipid. To calculate
the concentration of each target lipid species, the ratio of target analyte and internal standard (IS) was
multiplied by the concentration of one specific IS representing each lipid species based on single-point
calibrations [34–36]. IS and SRM transition ions for each lipid class are described in a previously
published paper [33].

2.6. Hepatic Gene Expression Analyses

Total RNA from the liver was extracted from three representative samples in each group according
to the manufacturer’s instructions (Invitrogen Life Technologies, Grand Island, NY, USA). The libraries
of mRNA sequences were prepared as paired-end reads with a length of 100 bases using the TruSeq RNA
Sample Preparation Kit (Illumina, CA, USA). After cDNA synthesis, the quality of these cDNA libraries
was evaluated employing the Agilent 2100 Bioanalyzer (Agilent, CA, USA), and then sequenced
as paired-ends using Illumina HiSeq2500 (Illumina, CA, USA). Quality control was performed
using FastQC v. 0.11.2. Transcripts were assembled in Cufflinks v2.2.1 with TopHat Aligner [17,37].
Gene expression levels were estimated as fragments per kilobase of transcript per million mapped reads.
Normalization factors were calculated using the differentially expressed genes (DEGES)/Empirical
analysis of digital gene expression data in R (edgeR) method. Differentially expressed genes were
identified based on a q-value threshold of less than 0.05. The RNA-sequence data is available at
the National Center for Biotechnology Information (NCBI)’s Gene Expression Omnibus Database
(http://www.ncbi.nlm.nih.gov/geo/): accession number GSE124777.

2.7. Data Processing and Statistical Analyses

To confirm stability and reproducibility of the mass spectrometric analysis, a quality control (QC)
sample [National Institute of Standards and Technology (NIST) Standard Reference Material (SRM
1950 plasma)] was loaded at regular intervals (ten samples) [38,39]. Unsupervised principal component
analysis (PCA) and supervised partial least squares-discriminant analysis (PLS-DA) multivariate
analyses were used to construct pattern recognition models based on plasma lipidomics data with
Pareto scaling, to explore the extent of differences among the four groups using the software SIMCA-P+
(version 13.0, Umetrics, Umea, Sweden). All data were reported as mean ± standard deviation

44



Nutrients 2020, 12, 2973

(SD). Statistically significant differences between all the groups were calculated by one-way analysis
of variance (ANOVA) and Tukey’s multiple comparison test using Statistica 7 (StatSoft Inc., Tulsa,
OK, USA).

3. Results and Discussion

3.1. Animal Characteristics

Male C57BL/6J mice were fed an ND, HFD, HFD + CLE, and HFD + LU for 16 weeks. Changes in
biological characteristics of these mice are shown in Figure 2. The values of body weight, liver
weight, total adipose tissue weight, and total cholesterol were 28.1 ± 1.4 g, 1.0 ± 0.1 g, 1.8 ± 0.2 g,
and 4.1 ± 0.6 mmol/L in the ND group, respectively; however, due to administration of HFD, these
levels were significantly elevated to 46.6± 1.5 g, 2.8± 0.3 g, 7.7± 0.6 g, and 7.8± 1.7 mmol/L respectively,
indicating that the obese mouse model was well-established. In contrast, supplementation with CLE
or LU significantly lowered body weight (p < 0.001), liver weight (p < 0.01), and total adipose tissue
weight (p < 0.01) compared to that in the HFD group. Recently, CLE was shown to ameliorate insulin
resistance, thermogenesis, and energy expenditure along with a decrease in weight gain in white
adipose tissue [17]. Liver histological analysis using Hemotoxylin and Eosin (H&E) staining was
employed to evaluate the preventive effects of CLE on HFD-induced obese mice (Figure 2f). The livers
of mice in the ND group did not exhibit lipid deposition and signs of steatosis, whereas those in
the HFD group displayed accumulation of lipid droplets and developed hepatic steatosis. However,
the CLE- or LU-treated groups exhibited a significant reduction of hepatic lipid droplets. While LU
also decreased the number of lipid droplets in the liver as CLE, this effect tended to be less (Figure 2f).
The hepatic TAG contents in each group were calculated by summing the contents of all quantified
TAGs. The hepatic TAG contents in the ND, HFD, CLE, and LU groups were 222.3 ± 21.2, 707.0 ± 76.5,
531.6 ± 57.2, and 587.2 ± 31.0 μg/mg, respectively (Figure 2e). As expected, the hepatic TAG contents in
the CLE and LU groups were lower than those in the HFD group (p < 0.01), and most individual TAG
species in CLE tended to decrease slightly more than those in the LU group (p > 0.05) (Supplementary
Figure S1). The more effective decrease of lipid droplet number and total hepatic triacylglycerols
in the CLE treatment group compared to the LU treatment may be due to bioactive compounds
such as quercetin and chlorogenic acid present with luteolin in CM leaves. Energy expenditure was
significantly increased during a 12 h light/dark cycle after CLE and LU treatment when compared with
the HFD group. Considering the suppressed hepatic lipogenesis and enhanced energy expenditure
by CLE and LU treatment [17], it was evident that CLE and LU have a potential to attenuate obesity
in mice.

45



Nutrients 2020, 12, 2973

Figure 2. Effect of Chrysanthemum morifolium Ramat leaf extracts (CLE; 1.5%) and luteolin (LU; 0.003%)
on body weight (a), liver weight (b), total adipose tissue weight (c), total cholesterol level (d), total
hepatic triacylglycerol contents (e), and hepatic morphology (original magnification × 100) (f) in
C57BL/6J mice fed a high-fat diet (HFD). The data are shown as mean ± standard deviation (SD) (n = 6).
*, # different letters indicate significant difference compared with normal diet (ND) group (*) and HFD
group (#), as determined by Tukey’s multiple comparisons test. (*** p < 0.001, **** p < 0.0001, # p < 0.05,
## p < 0.01, ### p < 0.001).

3.2. Multivariate Statistical Analysis of Mice Plasma Lipid Levels

Representative pooled mice plasma samples were used to identify lipids therein. Approximately
140 individual lipid molecular species covering 9 lipid classes, comprising 16 LPC, 27 PC, 6 LPE, 11 PE,
41 TAG, 5 DAG, 14 SM, 14 CE, and 6 CER, were identified from pooled plasma samples of the mice [26].
The lipid profiles thus obtained from the ND, HFD, CLE, and LU groups were analyzed by multivariate
statistical analysis to identify the extent of differences among the four groups. In the PCA score plot
(Figure 3a), QC samples (NIST SRM1950 standard blood plasma, [40]) were tightly clustered, suggesting
that the mass spectrometric analysis data has excellent stability and reproducibility. Performance of
the constructed principal component analysis (PCA) and partial least-squares discriminant analysis
(PLS-DA) model was assessed by fitness (R2) and predictability (Q2), and the performance levels of
the good models are higher than 50%. The significance of the PLS-DA model was evaluated using
cross-validated analysis of variance (CV-ANOVA) [41]. Each group showed a clear distinction in
the PCA (R2X = 95%, Q2 = 85%) and PLS-DA (R2X = 93%, Q2 = 37%, p = 0.038) score plots with a
good model quality. Clusters of lipid species from the CLE and LU groups were observed as separate
clusters from those of the HFD group (Figure 3b,c).

Figure 3. Principal component analysis (PCA) three-dimensional (3D) score plots (a), PCA 3D score
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plots excluding quality control (QC) (b), and partial least-squares discriminant analysis (PLS-DA) 3D
score plots (c) based on the serum lipidomic profiling among four groups. (Circle (�): normal diet
(ND); Box (�): high-fat diet (HFD); Inverted triangle (�): HFD plus Chrysanthemum morifolium Ramat
leaf extract 1.5% diet (CLE); Triangle (�): HFD plus luteolin 0.003% diet (LU); Diamond (�): Quality
control (QC)).

3.3. Effect of a High-Fat Diet on Mice

The sum (total) levels of the lipid species quantified in the plasma samples of mice were significantly
elevated by HFD, and the lipid species contributing to these changes were LPC, PC, CE, SM, and CER.
In contrast, the levels of LPE, PE, TAG, and DAG did not differ between the groups (Figure 4). The levels
of 13 of 14 CE species, 12 of 27 PC species, 12 of 16 LPC species, all SM species, and 5 of 6 CER
species were significantly increased by HFD, as shown in Supplementary Table S1. Similar to our
results, accumulation of CE, PC, LPC, and sphingolipids (CER and SM) in plasma of HFD-induced
obese and dyslipidemic mice has been reported [23,24,26,42–44]. The PC/PE ratio is a well-known
marker associated with health and disease and regulates a variety of cellular processes [45]. Recently,
an increase in these indicators has also been observed in the plasma of dyslipidemic and diabetic
mice [24] and WAT macrophages in leptin-deficient (ob/ob) mice [46]. Consistent with this result,
our results also showed a significant elevation in the levels of PC and PC/PE ratio in the HFD group
compared with those in the ND group (Figure 4).

Figure 4. Overview of the effects of Chrysanthemum morifolium Ramat leaf extracts and luteolin on the
serum lipidome in obese mice. The total lipid contents are expressed as the sum of contents of all
identified lipids in mice plasma. Lipid classes are indicated on the x-axis: LPC, lysophosphatidylcholine;
PC, phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE, phosphatidylethanolamine; TAG,
triacylglycerol; DAG, diacylglycerol; SM, sphingomyelin; CER, ceramide; CE, cholesteryl ester. The data
are shown as mean ± standard deviation (SD) (n = 6). *, # different letters indicate significant difference
compared with the normal diet (ND) group (*) and high-fat diet (HFD) group (#), as determined by
Tukey’s multiple comparisons test. CLE: HFD plus Chrysanthemum morifolium Ramat leaf extract 1.5%
diet; LU: HFD plus luteolin 0.003% diet (** p < 0.01, *** p < 0.001, **** p < 0.0001, # p < 0.05, ## p < 0.01,
### p < 0.001).

3.4. Effect of Chrysanthemum morifolium Ramat leaf Extract (CLE) and Luteolin (LU) in Mice

We found that the sum (total) levels of LPC, PC, CE, SM, and CER were elevated in the HFD group
compared to those in the ND group. Compared with the HFD group, CLE or LU treatment significantly
reduced the sum total of the LPC and CE (p < 0.05), and also showed a tendency to decrease the SM and
CER (p = 0.08) (Figure 4). However, even though CLE or LU had little effect on altering the sum total of
the PC, the PC/PE ratio completely recovered to that of the ND group (Figure 4). The level of PC can be
modulated by converting PE to PC by phosphatidylethanolamine N-methyltransferase (PEMT) as well
as the Kennedy pathway that comprises Chpt1 and Cept1. The depletion of PC content by knockout of
PEMT led to an increase in energy expenditure, weight loss, and insulin sensitivity, thereby preventing
HFD-induced obesity and atherosclerosis [47–49]. Importantly, significantly higher hepatic expression
of Chpt1 was observed in HFD-induced obese mice, however, CLE treatment significantly suppressed
both the levels of Chpt1 and Cept1, while LU treatment significantly reduced only Cept1 (Figure 5a).
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In contrast, no statistically significant change in the hepatic expression of PEMT was noted between
the groups (data not shown). Thus, CLE or LU treatment appears to have an inhibitory effect on the
Kennedy pathway rather than through the PEMT pathway.

Figure 5. Scheme of the phospholipid synthesis (a) and sphingolipid synthesis (b) by which
Chrysanthemum morifolium Ramat leaf extracts and luteolin regulates serum lipids and related hepatic
gene-expression. The features of these compared to the ND group are color-coded by row, with red
indicating high levels and green indicating low levels. ND: normal diet; HFD: high-fat diet; CLE: HFD
plus Chrysanthemum morifolium Ramat leaf extract 1.5% diet; LU: HFD plus luteolin 0.003% diet; FA: fatty
acid; DAG: diacylglycerol; PC: phosphatidylcholine; LPC: lysophosphatidylcholine; CE: cholesteryl
ester; CER: ceramide; SM: sphingomyelin.
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LPC is generated from the PC either via deacylation by phospholipase A2 (PLA2) isozymes or
conversion by lecithin-cholesterol acyltransferase (LCAT) and is well known to be one of the major
lipotoxic intermediates that promotes metabolic diseases through specific cell signaling, such as
endoplasmic reticulum (ER) stress, chronic inflammation, apoptosis, and necrosis [50–52]. Consistent
with our results, many previous studies have reported that the levels of most LPCs, including LPC
18:0, LPC 18:1, LPC 20:3, and LPC 22:6, were significantly increased in plasma of obese mice [26,42,44].
In addition to LPC, high plasma levels of CE are strongly recognized as a key marker to assess
the risk and prediction of CVD [53,54]. Several studies have demonstrated that accumulation of
high levels of CEs in plasma was observed in HFD-streptozotocin-induced diabetic (db/db) mice and
HFD-induced obese mice, which are consistent with our findings [23,24,26,42]. In our study, one of the
interesting findings was that significantly reduced levels of most LPC and CE were observed after CLE
or LU treatment. However, no significant changes in the hepatic gene expressions, including LCAT,
PLA2 isozymes, and lysophosphatidylcholine acyltransferase (LPCAT) isozymes that are involved in
synthesis of these lipids, were observed between all the groups (p > 0.05; data not shown). Therefore,
CLE or LU treatment might have a potential therapeutic effect through reduced levels of lipotoxic
intermediates (LPC and CE).

Among the 63 lipid metabolites increased by the HFD, we identified 22 potential markers associated
with anti-obesity effects of CLE or LU in the plasma of mice using Tukey’s multiple comparison test.
In particular, the levels of 6 CE (20:2, 20:3, 20:4, 20:5, 22:4, and 22:6), 7 LPC (16:0, 18:0, 18:1, 20:2, 20:3, 20:4,
and 22:6), 5 PC (34:0 (16:0/18:0), 38:4 (18:0/20:4), 38:5 (18:1/20:4), 40:6 (18:0/22:6), and 40:7 (18:1/22:6)),
and 4 sphingolipid (CER 34:1 (d18:1/16:0), SM 34:1 (d18:1/16:0), SM 36:1 (d18:1/18:0), and SM 36:2
(d18:2/18:0)) were significantly lowered in the HFD group treated with CLE or LU (Supplementary
Table S1).

CER, a precursor and major molecule of sphingolipids, and SM, which may act as a pool for the
generation of CER, are the most abundant sphingolipids in lipoproteins and constitute about 3% and
87% of plasma sphingolipids, respectively [55]. Similar to our study, several studies have reported
that CER and SM levels were significantly increased in plasma and liver of animal models caused
by a HFD or leptin deficiency [56–59]. In addition, upregulation of genes involved in sphingolipid
biosynthesis has been frequently observed in obesity and dyslipidemia. The synthesis of sphingolipids
is initiated by serine palmitoyl-coenzyme A (CoA) transferase (SPT) using serine and palmitoyl-CoA
as substrates, and CER is generated through a two-step process by ceramide synthase (CerS) and
dihydroceramide desaturase (DES1), which is then converted to SM by a transfer of the head group of
PC via the action of sphingomyelin synthase (Sgms) [60]. The gene expression of the SPT isozymes,
3-ketodihydrosphingosine reductase (kdsr), CerS isozymes, and Sgms isozymes, which are involved
in regulating the de novo sphingolipid biosynthetic pathway and the levels of pro-ceramide gene
expression, including sptlc2, CerS6, and sgms1, were significantly increased in the HFD group
compared to those in the ND group (p < 0.05). Similar to our results, a previous study has reported that
sptlc2, which is responsible for the initial steps in sphingolipid biosynthesis, was significantly elevated
in HFD-induced insulin-resistant mice relative to a low-fat diet group [61]. In addition, upregulated
expression levels of ceramide synthases (CerS1, CerS2, CerS4, and CerS6) have been observed in
HFD-induced insulin resistance [61–63].

In the present study, CLE or LU treatment markedly decreased the levels of sphingolipids (CER
and SM) in plasma (Figure 5b). As a result, the hepatic mRNA expression levels of CerS4, CerS6,
Sgms1, and Sgms2 were significantly reduced after CLE or LU treatment (p < 0.05) (Figure 5b).
CER 34:1 (d18:1/16:0) synthesized by CerS6 is specifically distinguished as a key CER compared to
other CERs in obesity-related diseases, which worsens the overall health status through disruption
of insulin signaling, induction of apoptosis, and suppression of energy expenditure or fatty acid
oxidation [63–66]. Similar to our study (Figure 6), Raichur et al. also showed that treatment with
antisense oligonucleotides as a selective CerS6 inhibitor prevented the development of obesity and
T2D through improved insulin sensitivity and reduced body weight gain, together with approximately
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a 50% reduction of CER 34:1 (d18:1/16:0) levels in both the plasma and liver [64]. In addition, sgms1
gene knockout mice showed dramatic attenuation of SM levels in plasma and liver with suppression
of inflammatory cytokines [67]. Additionally, some studies reported that Sgms2 knockout could
prevent the development of liver steatosis [68,69]. These results indicated that CLE or LU treatment
ameliorated HFD-induced dyslipidemia in mice by lowering the lipotoxic intermediates (CER and SM)
in the liver and plasma through inhibition of de novo synthesis of sphingolipids.

Figure 6. Scatter plot showing significant differences in the levels of the lipid biomarkers with the
same lipid compositions among the normal diet (ND), high-fat diet (HFD), HFD plus Chrysanthemum
morifolium Ramat leaf extract 1.5% diet (HFD + CLE), and HFD plus luteolin 0.003% diet (HFD + LU)
groups. Each symbol represents an individual mouse (Circle (�): ND; Box (�): HFD; Inverted
triangle (�): CLE; Triangle (�): LU; Diamond (�): Quality control (QC)). *, # different letters
indicate significant difference compared with the normal diet (ND) group (*) and the HFD group
(#), as determined by Tukey’s multiple comparisons test. (*** p < 0.001, # p < 0.05, ## p < 0.01,
### p < 0.001). LPC: lysophosphatidylcholine; PC: phosphatidylcholine; CE: cholesteryl ester; CER:
ceramide; SM: sphingomyelin.

Taken together, our study demonstrated that treatment with CLE significantly reduced lipotoxic
intermediates, such as PC, LPC, CER, SM, and CE, in the plasma of HFD-induced obesity and
dyslipidemia model. Especially, six metabolites, LPC 18:1, LPC 22:6, PC 40:7, CE 22:6, CER 34:1,
and SM 34:1, might be used as biomarker candidates which could explain the pharmacological effects
of CLE or LU on dyslipidemic mice (Figure 6). Elevated hepatic expression levels of genes involved in
the Kennedy pathway and sphingolipid metabolism related to synthesis of lipotoxic intermediates in
the group of HFD-induced obese mice were dramatically recovered to the levels of the ND group after
CLE or LU treatment. Consequently, the supplementation of CLE and LU was shown to ameliorate
HFD-induced dyslipidemia and these lipid biomarkers can be used to better understand obesity-related
metabolic disorders and to investigate their beneficial effects associated with such disorders.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/10/2973/s1,
Figure S1: Effect of Chrysanthemum morifolium Ramat leaf extracts (CLE) and Luteolin (LU) supplements for
16 weeks on individual TAG species in the liver. *, # different letters indicate significant difference compared
with normal diet (ND) group (*) and HFD groups (#), as determined by Tukey’s multiple comparisons test
(*** p < 0.001, # p < 0.05, ## p < 0.01, ### p < 0.001). Table S1: Identified potential lipid biomarkers in plasma
indicating statistically significant difference among sampling groups.
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Abbreviations

Abbreviations Definition

BHT butylhydroxytoluene
CE cholesteryl ester
Cept ethanolamine phosphotransferase
CER ceramide
CerS ceramide synthase
Chpt choline phosphotransferase
CLE Chrysanthemum morifolium Ramat leaf extracts
CM Chrysanthemum morifolium Ramat
CVD cardiovascular disease
DAG diacylglycerol
DES1 dihydroceramide desaturase
HFD high-fat diet
HPLC high-performance liquid chromatography
IS internal standard
kdsr 3-ketodihydrosphingosine reductase
LCAT lecithin-cholesterol acyltransferase

LC-MS/MS
liquid chromatography coupled with tandem mass
spectrometry

LDL low-density lipoprotein
LPC lysophosphatidylcholine
LPE lysophosphatidylethanolamine
LU HFD plus luteolin 0.003% diet
MTBE methyl-tert-butyl ether
ND normal diet
PC phosphatidylcholine
PCA principal component analysis
PE phosphatidylethanolamine
PEMT Phosphatidylethanolamine N-methyltransferase
PLA2 phospholipase A2
PLS-DA partial least squares-discriminant analysis
PPAR peroxisome proliferator-activated receptor
QC quality control
Sgms sphingomyelin synthase
SM sphingomyelin
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SPT serine palmitoyltransferase
SRM selected reaction monitoring
TAG triacylglycerol
TNF tumor necrosis factor
T2DM type 2 diabetes mellitus
WAT white adipose tissue
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Abstract: Propolis has various pharmacological properties of clinical interest, and is also considered
a functional food. In particular, hydroalcoholic extracts of red propolis (HERP), together with
its isoflavonoid formononetin, have recognized antioxidant and anti-inflammatory properties,
with known added value against dyslipidemia. In this study, we report the gastroprotective effects
of HERP (50–500 mg/kg, p.o.) and formononetin (10 mg/kg, p.o.) in ethanol and non-steroidal
anti-inflammatory drug-induced models of rat ulcer. The volume, pH, and total acidity were the
evaluated gastric secretion parameters using the pylorus ligature model, together with the assessment
of gastric mucus contents. The anti-Helicobacter pylori activities of HERP were evaluated using the
agar-well diffusion method. In our experiments, HERP (250 and 500 mg/kg) and formononetin
(10 mg/kg) reduced (p < 0.001) total lesion areas in the ethanol-induced rat ulcer model, and reduced
(p < 0.05) ulcer indices in the indomethacin-induced rat ulcer model. Administration of HERP
and formononetin to pylorus ligature models significantly decreased (p < 0.01) gastric secretion
volumes and increased (p < 0.05) mucus production. We have also shown the antioxidant and
anti-Helicobacter pylori activities of HERP. The obtained results indicate that HERP and formononetin
are gastroprotective in acute ulcer models, suggesting a prominent role of formononetin in the effects
of HERP.

Keywords: propolis; formononetin; dyslipidemia; gastric ulcer; rats
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1. Introduction

Dyslipidaemia is a condition defined either by the high levels of total or low-density lipoprotein
(LDL) cholesterol, and/or by the low levels of high-density lipoprotein (HDL). Such lipid metabolic
dysfunction, resulting from, e.g., lipid peroxidation or oxidative stress, plays an important role in the
pathogenesis of atherosclerosis and other chronic diseases [1]. Changes in lifestyle (e.g., adoption
of a heart-healthy diet and exercise) and the use of drugs (e.g., fibrates to reduce triacylglycerols,
statins to reduce bad cholesterol (LDL), and niacin to increase the overall (HDL) cholesterol) are
commonly implemented to ameliorate these metabolic diseases. Atherogenesis results from the
imbalance between the antioxidant capacity and the activity of oxidative species (reactive oxygen,
nitrogen, and halogen). The oxidizing cellular protein, lipid, and DNA directly injure cells or these
can even die from disturbances in signaling pathways. Reactive oxygen species (ROS) participate
as signaling molecules in fundamental cellular functions in ambient conditions. Oxidative stress,
and activation of ROS, is triggered when a cell is depleted in small molecule antioxidants or when
antioxidase systems are overloaded or not operating at all.

The interest in natural products as sources of new drugs and therapeutic strategies for chronic
diseases is increasingly growing. Among those sources, natural antioxidants from different plants
(e.g., Dirmophandra mollis Benth, Ruta graveolens L., Ginkgo biloba L., Vitis vinifera L, Thymus zygis,
Croton argyrophyllus Kunth, Hordeum vulgare, Dalbergia ecastophyllum, Origanum vulgare L.) are receiving
particular attention [2–7].

Propolis (or bee glue) is a complex mixture of molecules obtained from several resinous secretions
(e.g., resins, mucilage, gums, lattices, leaf buds) collected by worker-bees from different plant species [8].
Its composition is thus strongly influenced by the diversity of local flora, harvesting place and season,
and by the genetics of the bees [9]. Briefly, these plant resinous secretions are mixed with salivary
and enzymatic secretions of honey bees, producing a cementing material, used to close open cracks
occurring in beehives. Propolis is used for sealing the spaces in beehives and to smooth their internal
walls, providing antiseptic activity, as it protects the bees’ larvae and comb from microbial invasions [8].

Among several species, red propolis obtained from Dalbergia ecastophyllum (L.) Taub. (Fabaceae, [10])
shows various pharmacological properties of clinical interest, also being considered a functional
food [11–13]. In particular, and due to its significant antioxidant activity [14–16], Brazilian red propolis
has been proposed for dermal healing [17,18], and for the treatment of cancer cells [14,15,19,20],
as an antimicrobial [16], antiproliferative [21,22], antihypertensive [23], and as a neuroprotective [11].
Several compounds have been identified in this resin, including the isoflavonoids formononetin,
biochanin A, medicarpin, and pinocembrin [24,25]. Reported biological activities of these isolated
compounds include the anti-inflammatory activities of biochanin A [26], pinocembrin [27], neovestitol,
and vestitol [28], the antioxidant activities of formononetin [29], biochanin A [30], pinocembrin [31],
the gastroprotective properties of biochanin A [32], the antifungal and dyslipidemic activities of
formononetin [33,34], and the antimicrobial actions of neovestitol and vestitol [28].

Inhibitors of the HMG-CoA (3-hydroxy-3-methyl-glutaryl-coenzyme A) reductase play an active
role in the treatment of hypercholesterolemia and have been found to play a protective role in several
bacteria-associated diseases such as Helicobacter pylori-induced gastric ulcer. Association between
Helicobacter pylori infection and dyslipidemia has been reported significantly [35]. Gastric ulcer is a
chronic disease of high worldwide prevalence, associated to unexpected complications such as bleeding,
perforation, and stenosis [36]. The imbalances of gastric mucosal defense mechanisms (prostaglandins,
mucus, mucosal blood flow, bicarbonate, nitric oxide, and sulfhydryl compounds, and ATP sensitive K+

channels) against exposure to endogenous and exogenous factors (e.g., non-steroidal anti-inflammatory
drugs (NSAIDs), pepsin, bile acids, alcohol, stress, and trauma, Helicobacter pylori infection, hemorrhagic
shock, sepsis, and burns) promote the development of gastric ulcers [36,37].

It is also known that a long-term use of NSAID, and/or the presence of Helicobacter pylori infection,
are the main causes of incidence and recurrence of gastric ulcers [38–40]. Furthermore, excessive
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alcohol consumption is an independent risk factor for the set-up of gastric ulcer, being thus a serious
public health concern [41,42].

Using a rat model of inflammatory and neurogenic pain, without emotional or motor side effects,
we have already demonstrated that hydroalcoholic extracts of red propolis (HERP) have significant
anti-inflammatory and antinociceptive activities [43]. We have also described the anti-inflammatory
activity of the dyslipidemic isoflavonoid formononetin [11,43]. In the present work, we proposed
the in vivo characterization of the gastroprotective effects of HERP and formononetin, using an
experimental rat model of gastric ulcer, as a suitable approach for phytomedical uses.

2. Materials and Methods

2.1. Drugs and Reagents

Alcian blue (Cas. No: 33864-99-2), carbenoxolone (Cas. No: 5697-56-3), cimetidine (Cas. No:
51481-61-9), formononetin (Cas. No: 485-72-3), indomethacin (Cas. No: 53-86-1), and omeprazole
(Cas. No: 73590-58-6) were obtained from Sigma Chemical Co. (St. Louis, MO, USA). All other used
reagents were of analytical grade. Test substances were dissolved in 0.9% NaCl solution containing
2% Tween 80 (polysorbate 80), while indomethacin was dissolved in 2% sodium bicarbonate, all from
Sigma-Aldrich (Darmstadt, Germany). HERP and formononetin doses were based on our preliminary
experiments [5].

2.2. Red Propolis Collection, Hydroalcoholic Extracts Preparation and Characterization

Red propolis was collected from species of Brejo Grande, Sergipe, Brazil (10◦28′25′′ S, 36◦26′12′′W).
The material was labeled, and stored in sterile and refrigerated containers. For the extraction, a volume
of 12.5 mL of ethanol (70%) was used to extract 1 g of propolis samples using an ultrasound bath for
1 h, at room temperature as described by Pinheiro et al. [22]. After extraction, the obtained mixture
was centrifuged, and the obtained supernatant evaporated under low pressure resulting in HERP,
which was stored at refrigerated temperature until further use. The obtained extraction yield was
34% (w/w). Analysis of hydroalcoholic extracts of red propolis (HERP) was performed using HPLC as
described by Cavendish et al. [43], and formononetin (ca. 2%) was confirmed as the major component.

2.3. Antioxidant Activity

The antioxidant activity of HERP was determined as the capacity of the antioxidants present in the
sample to scavenge the stable radical 2 2-diphenyl-1-picrylhydrazyl (DPPH·), applying a previously
described methodology [44,45]. A volume of 3 mL of extract, at concentrations between 2.5 and
15.0 mg/mL, was homogenized with 750 μL of DPPH solution (200 mM). After 15 min at room
temperature, the spectrophotometric reading was done at 517 nm. Ethanol 70% was used as control
and subject to the same procedure. Experiments were done in triplicate. To determine the % of free
radical inhibition (%I), the following equation was used:

%I = 100 − (AC/AA) × 100

where AC is the absorbance of the control and AA is the absorbance of the sample. The mean inhibition
index (IC50) was obtained from the %I values at each tested concentration by non-linear regression by
computing the data in Prism GraphPad software (San Diego, CA, USA).

2.4. Microorganism

Helicobacter pylori strain ATCC 43504 was obtained from the Instituto Nacional de Controle de
Qualidade em Saúde (INCQS—Fundação Oswaldo Cruz—Fiocruz/RJ, Brazil). The stock cultures were
kept in Brucella broth at −20 ◦C until further use.
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2.5. Animals

Wistar rats of both sexes, of 280–320 g mean weight, were received from the animal facilities of the
Tiradentes University biotherium (Aracaju, Brazil). Animals were housed at 21 ± 2 ◦C in plastic cages,
with free access to food (Purina®) and water ad libitum, under a 12-h light/12-h dark cycle. Twenty-four
hours prior to the experiments, rats were provided with water ad libitum. All experiments and
protocols were approved by the Institutional Ethics Committee (250608) of the Tiradentes University
(Aracaju, Brazil) and were performed according to the EEC Directive of 1986, following the principles
for laboratory animal use and care.

2.6. Antiulcerogenic Activity

2.6.1. Ethanol-Induced Ulcers

These experiments were conducted according to the method described by Robert et al. [46]. Briefly,
rats (n = 6/group) were fasted for 24 h and were then pre-treated orally with 50, 250, or 500 mg/kg
HERP, 10 mg/kg formononetin, 100 mg/kg omeprazole, or vehicle (2% Tween 80, 10 mL/kg). Thirty
minutes after treatment, all rats received 1 mL of absolute ethanol to induce gastric ulcers and were
anaesthetized (3% halothane) and one hour later were euthanized by cervical dislocation.

The stomachs of the animals were then removed and opened along the greater curvature.
To remove gastric contents and blood clots, the stomachs were gently rinsed with water. Tissues images
were recorded as described by Pinto et al. [47], and total lesion areas were measured (mm2). Stomach
samples from 50, 250, and 500 mg/kg HERP, formononetin, omeprazole, and vehicle treated animals
were cut into serial 5 μm thick sections and were stained with hematoxylin-eosin (HE) according to
laboratorial techniques.

Microscopic scores were determined for the interstitial edema and for the disruption of superficial
regions of the gastric gland with epithelial cell loss Intensities of epithelial cell loss and interstitial
edema were categorized as follows: absence (0); focal limited to the upper third (1); focal beyond
the upper third (2); and diffuse in the upper third (3). Three histological sections for each animal
(n = 6/group) were randomly analyzed (without previous knowledge of the treatments).

2.6.2. Non-Steroidal Anti-Inflammatory Drug (NSAID)-Induced Ulcers

These experiments were adopted from the method described by Djahanguiri, with a few
modifications [48]. Briefly, rats (n = 6/group) were pre-treated orally with HERP (50, 250, or 500 mg/kg),
formononetin (10 mg/kg), cimetidine (100 mg/kg), or vehicle (2% Tween 80) for 30 min, and were then
treated with indomethacin (100 mg/kg, p.o.) to induce gastric ulcers. Animals were euthanized by
cervical dislocation six hours later after anesthesia with 3% halothane. Stomachs were then removed
and opened for the scoring of ulcer index as follows: (i) score 1, standing for loss of mucosal folding,
mucosal discoloration, edema, or hemorrhage; (ii) score 2, standing for less than 10 petechiae; and (iii)
score 3, standing for more than 10 petechiae [49].

2.7. Determination of Gastric Juice Parameters Following Pyloric Ligature

For the determination of the gastric juice parameters, the methods described by Shay et al.
were followed with some modifications [50]. Animals were anaesthetized with ketamine/xylazine
(60 and 10 mg/kg, respectively, i.p.) after 24 h of fasting, followed by laparotomy and pylorus
ligation. Rats (n = 6/group) were then treated intraduodenally with HERP (50, 250, or 500 mg/kg),
formononetin (10 mg/kg), cimetidine (100 mg/kg), or vehicle (2% Tween 80). Four hours later, animals
were anesthetized with halothane (3%) and euthanized by cervical dislocation. Abdomens were then
opened, stomachs removed, and gastric contents collected and centrifuged for 10 min at 8000× g
(25 ◦C). The pH and volume of the gastric juice values were measured and total acid secretions in total
gastric juice supernatants determined by titration with 0.01 N NaOH solution using phenolphthalein
as indicator.

60



Nutrients 2020, 12, 2951

2.8. Determination of Gastric Mucus Contents

For the determination of the mucus contents the methods described by Sun et al. were followed,
with some modifications [51]. Animals were anaesthetized with ketamine/xylazine (60 and 10 mg/kg,
respectively, i.p.) after 24 h of fasting, followed by laparotomy and pylorus ligation. Rats (n = 6/group)
were immediately treated intraduodenally with HERP (50, 250, or 500 mg/kg), formononetin (10 mg/kg),
carbenoxolone (200 mg/kg), or vehicle (2% Tween 80). Four hours later, animals were anesthetized
with halothane (3%) followed euthanasia by cervical dislocation. The removed stomach contents
were immersed in 10 mL of solution containing 0.16-M sucrose, 0.02% Alcian blue, and 0.05-M
sodium acetate (pH 5.8), and were kept at room temperature for 24 h. Alcian blue binding extracts
were then centrifuged at 3000× g for 10 min and absorbances of supernatants were measured using
spectrophotometry at 620 nm. Free gastric mucus contents were calculated from quantities of bound
Alcian blue (mg/g tissue).

2.9. Agar-Well Diffusion Assays

Antibacterial activity was investigated using a modified agar-well diffusion method [52]. Wells of
8 mm in diameter were sub-cultured with blood agar (Mueller-Hinton agar with 10% sheep blood)
plates and inoculated with Helicobacter pylori suspensions of 6 × 108 CFU/mL (McFarland turbidity
standard 0.5). Wells were then filled with 80 μL of 100 mg/mL HERP and tetracycline (0.03 mg/mL) was
used as a standard compound. Plates were stored for 30 min at room temperature and then incubated
for another 48 h at 37 ◦C under microaerophilic conditions. Subsequently, growth inhibition halos
were measured using a digital pachymeter. The size of the inhibitory zones (diameter) was measured
in triplicate and mean values of ≥08 mm considered active.

2.10. Statistical Analysis

Data are presented as the mean ± standard error of the mean (SEM) of n animals per group.
Differences between the treated groups were identified using the one-way analysis of variance (ANOVA)
and Bonferroni’s test. Changes in microscopy parameters of indomethacin-induced ulcers (scores) were
analyzed using Kruskal–Wallis test followed by Dunn’s test. Differences were considered significant
when p < 0.05.

3. Results

From the in vitro antioxidant activity test against free radical DPPH, an IC50 of 294 μg/mL was
recorded for HERP. This result demonstrates the antioxidant potential of the variety of propolis used
in this study. The antioxidant activity of the extract may be related to its ability to inhibit ethanol
damage on the gastric mucosa. Ethanol is metabolized in the body, releasing superoxide anion and
hydroperoxides. Such free radicals are known to be involved in the mechanism of acute and chronic
ulceration. The sequestration of these chemical entities plays an important role in the healing process
of gastric injury [53].

Free radicals are chemical entities capable of causing irreversible damage to the cell [4,54].
The antioxidant process includes the scavenging of these radicals (preventing their propagation),
enzymatic hydrolysis of the ester linkage to remove peroxidized fatty acids from lipids, scavenging of
transition metal ions, and reduction of peroxide catalyst enzymes. The pathogenesis of peptic ulcer
is associated with endogenous and exogenous factors. Ethanol causes oxidative stress, which can
happen by decreasing the release of nitric oxide, which has an important role in the metabolism of free
radicals [55].

Following the induction of ulcers using ethanol, pre-treatments with the HERP at different doses
(50, 250, or 500 mg/kg) inhibited the total lesion areas in a dose dependently fashion, when compared
to the group treated with Tween 80 (2%) solution (p < 0.001; Figure 1). Formononetin (FOR, 10 mg/kg)
and omeprazole (OMEP, 100 mg/kg) also reduced the areas of the total lesions significantly (p < 0.001)
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(Figure 1). Table 1 depicts the quantification effects of HERP and formononetin on ethanol-induced
damage of gastric mucosa. Histopathological analyses of gastric mucosa after the administration of
absolute ethanol are shown in Figure 2.

Figure 1. Effects of hydroalcoholic extracts of red propolis (HERP) and formononetin (FOR) on the
ethanol-induced gastric damage; rats were pre-treated with a solution of 2% Tween 80 (vehicle), HERP
(50–500 mg/kg), formononetin (10 mg/kg), or omeprazole (OMEP, 100 mg/kg) for 30 min prior to one
hour treatment with absolute ethanol (1 mL). Total lesion areas were then determined and are presented
as the means ± standard errors of the mean (SEM; n = 6/group); ANOVA followed by Bonferroni’s test;
*** p < 0.001 vs. vehicle group; ## p < 0.01 and ### p < 0.001 vs. OMEP group; && p < 0.01 vs. FOR group.

Table 1. Effects of HERP and formononetin on ethanol-induced microscopic damage in gastric mucosa.

Treatment (p.o.) Dose (mg/kg) Epithelial Cell Loss (Score 0–3) Edema (Score 0–3)

Vehicle - 3.0 (2.0–3.0) 3.0 (2.0–3.0)
HERP 50 3.0 (2.0–3.0) ### 0.0 (0.0–2.0) ***

250 1.0 (0.0–2.0) *** 0.0 (0.0–1.0) ***
500 1.0 (0.0–2.0) *** 0.0 (0.0–1.0) ***

Formononetin 10 0.0 (0.0–1.0) *** 0.0 (0.0–1.0) ***
Omeprazole 100 0.0 (0.0–1.0) *** 0.0 (0.0–1.0) ***

Data are presented as medians with minimum and maximal scores in brackets; differences were identified using
Kruskal–Wallis followed by Dunn’s test; *** p < 0.001 vs. vehicle group; and ### p < 0.001 vs. HERP groups at 250
and 500 mg/kg; three histological sections from each animal, n = 6/group.

The oral administration of absolute ethanol administration (vehicle-treated group) promoted
microscopic damage, with a pronounced edema of the submucosa and a consistent epithelial cell loss,
and presence of inflammatory cells. Ethanol-induced gastric ulcer resulted from the disruption of
the vascular endothelium, increase of vascular permeability, formation of edema, and promotion of
epithelial lifting. The gastric tissue of the animals treated with HERP (250 and 500 mg/kg, p.o.) showed
less mucosal damage than those that were treated with the vehicle. The total lesion area was reduced in
a concentration dependent manner, i.e., the increase of the HERP dose promoted a significant reduction
of the total lesion area. Pre-treatment with formononetin and omeprazole also inhibited the formation
of ethanol-induced lesions (vehicle group). Omeprazole is a proton-pump inhibitor thus it reduces
the acid produced in the stomach. It is commonly used to promote the healing of erosive esophagitis
and for the treatment of other gastrointestinal conditions (e.g., gastroesophageal reflux disease, peptic
ulcer). Omeprazole treatment (OMEP, 100 mg/kg) for 30 min resulted in a total lesion area close to
zero (mm2).
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The macroscopic effects of HERP shown in Figure 2 clearly demonstrate a significant tissue recovery
in the animals treated with HERP (250 and 500 mg/kg, p < 0.05) and formononetin (10 mg/kg, p < 0.001),
against the positive control (vehicle). Pre-treatments with HERP doses (250 and 500 mg/kg, p < 0.05)
and formononetin (10 mg/kg, p < 0.001) significantly reduced ulcer indices of indomethacin-induced
ulcers in comparison with the those of the vehicle-treated group (Table 2). Cimetidine (100 mg/kg) also
significantly reduced ulcer indices (p < 0.01, Table 2). Indomethacin is an indol derivative that is the
first-choice approach for gastric-ulcer induction in laboratory. Cimetidine belongs to the histamine H2
receptor antagonists and acts by inhibiting the production of acid in the stomach. It is commonly used
to treat and prevent certain types of stomach ulcer.

 

Figure 2. (A) Macroscopic effects of HERP, formononetin, and omeprazole in ethanol-induced gastric
ulcers; (B) hematoxylin/eosin-stained histological sections of gastric mucosa specimens from ethanol
treated rats; representative photomicrographs were generated from the same areas and were quantified
(Table 1).
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Table 2. Effects of HERP and formononetin on indomethacin-induced ulcers in rats.

Treatment (p.o.) Dose (mg/kg) Ulcer Index Inhibition (%)

Vehicle - 2.29 ± 0.18 -
HERP 50 1.86 ± 0.14 ## 18.78

250 0.29 ± 0.18 * 87.34
500 0.00 ± 0.00 *** 100.00

Formononetin 10 0.00 ± 0.00 ***&& 100.00
Cimetidine 100 0.29 ± 0.29 **& 87.34

Results are presented as means ± SEM (n = 6/group). Differences were identified using Kruskal–Wallis test followed
by Dunn’s test; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. vehicle group; ## p < 0.01 vs. 500-mg/kg HERP group;
& p < 0.05 and && p < 0.01 vs. 50-mg/kg HERP group.

The treatment with 50 and 250 mg/kg HERP in the pylorus ligature model of gastric secretion
significantly reduced secretion volumes (p < 0.01) and increased H+ concentrations (50 mg/kg, p < 0.01)
(Table 3). Similarly, treatments with formononetin (10 mg/kg) significantly reduced secretion volumes
(p < 0.01). However, HERP and formononetin treatments both did not succeed in significantly
increasing the pH values compared to those in the group treated with the vehicle. In contrast,
cimetidine affected all gastric juice parameters significantly (p < 0.01).

Table 3. Effects of intraduodenal treatments with HERP and formononetin on the biochemical
parameters of gastric juice collected from the pylorus ligature rats.

Treatment Dose (mg/kg) Volume (mL) pH [H+]mEq/L/4 h

Vehicle - 1.20 ± 0.04 3.36 ± 0.05 46.8 ± 2.85
HERP 50 0.70 ± 0.08 ***# 3.40 ± 0.12 65.9 ± 2.69 **###

250 0.80 ± 0.08 ** 3.40 ± 0.12 56.0 ± 3.35 ##

500 1.00 ± 0.08 3.30 ± 0.00 36.3 ± 3.55
Formononetin 10 0.82 ± 0.05 ** 3.14 ± 0.14 42.7 ± 3.78

Cimetidine 100 0.80 ± 0.04 ** 6.10 ± 0.45 *** 27.5 ± 3.14 **

Results are presented as means ± SEM (n = 6/group) and differences between treatment groups were identified
using ANOVA followed by Bonferroni’s test; ** p < 0.01 and *** p < 0.001 vs. vehicle group; # p < 0.05, ## p < 0.01,
and ### p < 0.001 vs. 500-mg/kg HERP group.

Compared to the vehicle treated controls (Table 4), the production of mucus was significantly
increased with HERP (500 mg/kg) treatment (p < 0.05). Treatments with formononetin (FOR, 10 mg/kg)
and carbenoxolone (200 mg/kg) also increased the production of mucus (p < 0.05 and p < 0.001,
respectively, when compared to the control).

Table 4. Effects of intraduodenal treatments with HERP and formononetin on Alcian blue binding to
free gastric mucus from pylorus ligatures in rats.

Treatment Dose (mg/kg) Alcian Blue Bound (mg/g Tissue)

Vehicle - 1.14 ± 0.03
HERP 50 1.21 ± 0.02

250 1.25 ± 0.02
500 1.30 ± 0.02 *

Formononetin 10 1.34 ± 0.07 *
Carbenoxolone 200 1.53 ± 0.03 ***

Results are presented as means ± SEM (n = 6/group) and differences were identified using ANOVA followed by the
Bonferroni’s test; * p < 0.05 and *** p < 0.001 vs. vehicle group.

In assessments of anti-H. Pylori activity, HERP treatments reduced the diameter of the inhibitory
zone to 13.0 ± 2.0 mm at 100 mg/mL, whereas inhibition halos were 35.0 ± 0.5 mm in the presence of
the standard tetracycline (0.03 mg/mL).
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4. Discussion

Propolis is a product obtained from honey bee hives, characterized chiefly by a beeswax and
a resin (obtained from apical buds, young leaves and exudates) [56]. Red propolis is ranked as the
second most produced type of Brazilian propolis. Its characteristics (e.g., texture, odor, color) vary
according to the source and type, but also harvesting season. The interest in Brazilian red propolis
is attributed to its several beneficial effects for a range of health conditions, due to the presence of
phytoestrogens. Phytoestrogens are naturally occurring compounds with a chemical structure similar
to 17-β-estradiol, the mammalian estrogen. These compounds show the capacity to bind to estrogen
receptors, either as agonists or antagonist, to promote, respectively, estrogenic or antiestrogenic
activity [57]. They have been recommended for the treatment of estrogen-related diseases, as happens
with dyslipidemia resulting from the high levels of estrogen in post-menopause women. On the
other hand, during physiologic menstrual cycle bicarbonate secretion increases with estrogenic levels,
which may contribute to reduce the risk of gastric ulcer.

In our study, two rat ulcer models were used (ethanol-induced and indomethacin-induced ulcers)
and tested for the potential of hydroalcoholic extracts of red propolis (HERP), and its isoflavonoid
formononetin, for gastric protection. The phytoestrogen formononetin is an O-methylated isoflavone
(Figure 3) that was found to be present in hydroalcoholic extract of Brazilian red propolis.

Figure 3. Chemical structure of formononetin (C16H12O4, molecular weight 268.26 g/mol).

Our results demonstrate that HERP in the tested concentrations of 50, 250, and 500 mg/kg exhibited
acute gastroprotective effects against ethanol- and indomethacin-induced ulcers, in a concentration
dependent manner, with the highest dose increasing the mucus production significantly (Table 4).
HERP and its major isoflavonoid formononetin (10 mg/kg) decreased gastric secretion volumes and
increased mucus production in the present pylorus ligature model, while HERP depicted anti-H. Pylori
activity. Oral administration of HERP decreased the total lesion areas (Figure 1) induced by absolute
ethanol in a dose dependent fashion, and reduced the associated macroscopic and microscopic damage
to mucosa (Figure 2), at doses which were considered safe, according to the toxicological study
described by Silva et al. [58]. Similar reductions were also observed after formononetin treatment
when compared to the vehicle-treated animals, which showed severe ulceration of gastric mucosa
(vehicle group).

Ethanol has been previously used to induce ulcers in rodents, leading to gastric mucosal injury
through the direct and indirect effects of reactive oxygen species (ROS) and cytokines [34]. Moreover,
this process is reportedly mediated by activated neutrophils, and is associated with cellular lipid
and protein peroxidation [59]. However, several studies have shown that natural products with
antioxidant activity protect gastric mucosa against damage [60–63]. The advantages of HERP for
human use have been extensively discussed in the literature, relying on the many identified beneficial
effects, mostly attributed to its antioxidant properties [5,64–67]. Various phenolic antioxidants, such as
flavonoids, coumarins, tannins, procyanidins, and xanthenes, act as radical scavengers, neutralizing
ROS, inhibiting lipid peroxidation and other free radical-mediated pathologies, in a dose-dependent
fashion. Plants enriched with antioxidants, such as isoflavonoid, may thus be considered as an
alternative approach for the management and treatment of the chronic diseases related to oxidative
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stress. Among flavonoids present in HERP, biochanin A has demonstrated gastroprotective effects
by a strong induction of superoxide dismutase (SOD) and nitric oxide enzymes, and reduced release
of malondialdehyde [32]. Asif et al. have reported a strong correlation between the antioxidant and
antiglycation activities of biochanin A present in organic fractions of Hordeum vulgare [6].

The therapeutic potential of biochanin-A against myocardial infarction has also been proposed,
and attributed to its capacity in compromising lipid peroxidation. Male Wistar rats were first subjected
to isoproterenol-induced myocardial infarction [68], resulting in a significant increase of creatine
kinase-MB and cardiac troponin, serum glutamic oxaloacetic transaminase, serum glutamic pyruvic
transaminase, and lactate dehydrogenase, and reduction of the activity of antioxidant enzymes
(i.e., SOD, catalase, glutathione peroxidase, glutathione-S-transferase, and glutathione reductase) in
the heart. Such antioxidant enzymes catalyze reactions to counterbalance free radicals and ROS,
thus forming endogenous defense mechanisms. The authors reported the cardioprotective effects of
biochanin-A by modulation of lipid peroxidation, through enhancing antioxidants and detoxifying
enzyme systems [68]. The effect of biochanin-A on a high-fat diet-induced hyperlipidemia in mice
has been studied by Xue et al. [69]. The authors have demonstrated the capacity of biochanin A
in decreasing the LDL-cholesterol in about 85% and total cholesterol ca. 39% in a moderate dose,
increasing the activity of lipoprotein lipase in 96% and of hepatic triglyceride lipase in 78%. The results
also showed the increase of fecal lipid levels and decrease of epididymal fat index in hyperlipidemic
mice in comparison to the control mice. Jia et al. demonstrated that formononetin attenuates hydrogen
peroxide-induced apoptosis and nuclear factor-kappa B (NF-κB) activation in retinal ganglion cells,
exposed to oxidative stress over a period of 24 h [70].

The abovementioned beneficial effects of flavonoids (biochanin-A, formononetin) identified in
HERP, substantiate the rationale for exploiting additional biological activities related to their antioxidant
properties. Fukai et al. anticipated the potential use of these compounds as chemopreventive agents
for peptic ulcer or gastric cancer in Helicobacter pylori-infected individuals [71].

Helicobacter pylori infections are associated with dyslipidemia. Epidemiologic and clinical data
suggest that such an infection can be a contributing factor in the progression of atherosclerosis [35].
In 2010, Satoh et al. reported that Helicobacter pylori infection was significantly associated with high
LDL-cholesteremia and low HDL-cholesteremia in Japanese male subjects [72]. The association of this
infection with metabolic syndrome in the Japanese population, has also been reported in the past [73].
Thus, treating Helicobacter pylori infections and protecting gastric mucosa from ulceration may have a
synergistic effect in prophylaxis of dyslipidemia as well.

From our results, the histological analyses obtained from ethanol-induced ulcers show that HERP
and formononetin attenuate lymphocytic infiltration, suggesting immunomodulatory effects on the
release of cytokines (Figure 2). Furthermore, bioactive fractions of geopropolis that were collected from
the same region reportedly decreased neutrophil migration and reduced NO-related inflammatory
interactions between leukocytes and endothelial cells [74].

Numerous studies have demonstrated enhanced immune responses in the presence of
propolis [75–78]. Moreover, the isoflavonoid biochanin A inhibited lipopolysaccharide (LPS)-induced
activation of microglia, and production of tumor necrosis factor (TNF)-α, NO, and SOD in mesencephalic
neuron-glia cultures and microglia-enriched cultures [79]. Formononetin also inhibited TNF-α and
interleukin (IL)-6 expression, and improved SOD activity in traumatic brain injury [29] and LPS-induced
acute lung injury models [80]. These studies suggest that the gastroprotective properties of HERP are
mediated, at least partially, by formononetin.

NSAIDs are the most commonly used treatment for inflammatory diseases, but are proven to
cause gastric and duodenal ulcers in rats and humans [81]. The potent NSAID indomethacin causes
gastric legions by inhibiting cyclo-oxygenase (COX), resulting in decreased prostaglandin synthesis [82].
The ensuing injury is characterized by reduced bicarbonate and mucus secretion and blood flow,
increased acid back-diffusion, and inhibition of repair. In the present study, HERP and its flavonoid
formononetin inhibited the formation of indomethacin-induced gastric lesions. Flavonoids were
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previously shown to inhibit COX-1 and COX-2 enzymes [83], and the isoflavonoids genistein and
daidzein significantly reduced COX activity [84]. Hence, the present observations of increased mucus
production in the presence of HERP or formononetin were attributed to COX inhibition.

Flavonoid treatments reportedly increased the production of mucus and bicarbonate, and affected
proton pump activities in parietal cells [85]. Hence, the present effects of HERP likely reflect
formononetin contents. Hajrezaie et al. showed that biochanin A increases mucus secretion in
ethanol-induced ulcer models [32], and De Barros et al. showed that quercitrin and afzelin increase the
secretion of mucus and reduce H+- and K+-ATPase activity in vitro [86].

In further experiments, HERP and formononetin decreased gastric secretion volumes after
pylorus ligature. As HERP and formononetin treatments were administered via a intraduodenal
route, systemic effects are likely not to be related to the local neutralization of gastric acid or physical
barriers. Moreover, physiological gastric acid secretion by parietal cells is activated by several stimuli.
These include acetylcholine, which acts directly via M3 receptors and indirectly by M2 and M4 receptors,
and is associated with the inhibition of somatostatin secretion, histamine, which acts directly via H2

receptors, and gastrin, which predominantly acts indirectly via cholecystokinin-2 (CCK-2) receptors on
enterochromaffin-like cells and is associated with histamine release [87]. Flavonoids have been shown
to induce the expression of acetylcholinesterase, which hydrolyzes acetylcholine in cultured osteoblast
synapses [88]. Additionally, flavonoids reportedly increase mucosal prostaglandin levels and reduce
histamine production by mast cells by inhibiting histidine decarboxylase [89].

Herein, we showed increased H+ concentrations following treatments with HERP, likely reflecting
the presence of acid phenolic compounds [16]. However, no significant changes in pH were observed
under these conditions, whereas cimetidine treatment modified all biochemical parameters of gastric
mucosa, suggesting distinct mechanisms of action. Similarly, formononetin treatments reduced gastric
secretion volumes, but had no significant effects on pH or total acid secretion, indicating that changes
in gastric acid secretions do not play an important role in the gastroprotective mechanisms of this
compound. H. Pylori is associated with various gastric diseases and is a frequently encountered
human pathogen [90]. In our study, we demonstrated that HERP treatment (100 mg/mL) inhibited the
growth of H. Pylori in vitro, highlighted by the identification of an inhibitory zone of 13.0 ± 2.0 mm,
in comparison to the 35.0± 0.5 mm inhibition halos in the presence of standard tetracycline (0.03 mg/mL).
The anti-H. Pylori effect has been demonstrated for several propolis varieties. Using the same agar-well
diffusion method, Boyanova et al. (2003) reported the increase of mean diameters of H. Pylori growth
inhibition from 17.8, 21.2, 28.2 mm when treated, respectively, by 30, 60, and 90 mL of ethanolic propolis
extract (30%), whereas the treatment with of ethanol alone (30 mL) resulted in a mean diameter of
8.5 mm [91]. More recently, Baltas et al. (2016) reported inhibition diameters ranging from 31.0 to
47.0 mm from 15 different ethanolic propolis extracts tested at 75μg/mL [92]. The authors found a
significant positive correlation between the reported anti-H. Pylori activity of the extracts and the total
phenolic content.

5. Conclusions

In this work, we reported the gastroprotective effect of HERP, and its predominant isoflavonoid
formononetin, known for its hypolipidemia effects. Our results demonstrated that treating animals with
HERP resulted in the reduction of mucosal damage, in particular with doses as high as 200 and 500 mg/kg
(p.o.), with a significant reduction in the loss of epithelial cells and on edema. The macroscopic effects
of sample-treated rats corroborate these results. The treatment with HERP increased H+ concentration,
as well as the mucus production, both contributing to enhance the protection of gastrointestinal
mucosa, and to reducing the aggressive effects in gastric mucosa, thus reducing the risk of ulcers.
The antioxidant activity of HERP was also shown, reporting a IC50 of 294 μg/mL. Together with the
prophylactic role in reducing the lipid accumulation, formononetin was shown to have a prominent
role in increased mucus production. HERP can be further exploited as an alternative phytomedicine
for the treatment of ulcers with hypolipidemic profile. HERP and formononetin have recognized
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gastroprotective properties, as they significantly inhibit the development of acute ulcers in the presence
of ethanol and indomethacin, ameliorated inflammatory cell infiltration and edema, reducing gastric
secretion volumes, and increasing gastric mucus contents.
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Abstract: Choline is converted to trimethylamine by gut microbiota and further oxidized to
trimethylamine-N-oxide (TMAO) by hepatic flavin monooxygenases. Positive correlation between
TMAO and chronic diseases has been reported. Polyphenols in black raspberry (BR), especially
anthocyanins, possess various biological activities. The objective of this study was to determine the
effects of BR extract on the level of choline-derived metabolites, serum lipid profile, and inflammation
markers in rats fed high-fat and high-choline diets. Forty female Sprague-Dawley (SD) rats were
randomly divided into four groups and fed for 8 weeks as follows: CON (AIN-93G diet), HF
(high-fat diet), HFC (HF + 1.5% choline water), and HFCB (HFC + 0.6% BR extract). Serum levels of
TMAO, total cholesterol, and low-density lipoprotein (LDL)-cholesterol and cecal trimethylamine
(TMA) level were significantly higher in the HFC than in the HFCB. BR extract decreased mRNA
expression of pro-inflammatory genes including nuclear factor-κB (NF-κB), interleukin (IL)-1β, IL-6,
and cyclooxygenase-2 (COX-2), and protein expression of NF-κB and COX-2 in liver tissue. These
results suggest that consistent intake of BR extract might alleviate hypercholesterolemia and hepatic
inflammation induced by excessive choline with a high-fat diet via lowering elevated levels of cecal
TMA and serum TMAO in rats.

Keywords: black raspberry; excessive choline; TMAO; hypercholesterolemia; hepatic inflammation

1. Introduction

Choline, one of the components of phospholipids in cell membrane and neurotransmitter, is
regarded as an essential nutrient [1]. However, choline is also a precursor of trimethylamine-N-oxide
(TMAO), which has been reported to act as a putative promoter of chronic diseases in human [2–6]. A
part of excessive dietary choline is metabolized by gut microbiota to produce trimethylamine (TMA).
Once TMA is absorbed from intestine, it is transported to liver via portal circulation and further
oxidized to TMAO by hepatic flavin monooxygenases [2].

Since various epidemiological studies revealed connection between TMAO and cardiovascular
diseases (CVD) [5,7,8], studies on TMAO and its precursors, such as choline, lecithin, and L-carnitine,
have focused on vascular inflammation, endothelial dysfunction, and cholesterol homeostasis [3–5,9–12].
In addition, the effects of TMAO and its precursors on glucose intolerance [6] and hepatotoxicity [9,12]
have been investigated. Taken together, it would likely be possible that TMAO can act in various
organs throughout the body. More recently, TMAO has been demonstrated to induce expressions of
cytokines and adhesion molecules in primary human aortic endothelial cells and vascular smooth
muscle cells [3]. These inflammatory responses were also reported to be mediated via activation of
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nuclear factor-κB (NF-κB) signaling pathway, which is pivotal in inflammation, immunity, and cell
death of various cell types [3].

Both epidemiological and experimental studies have revealed positive correlation between
TMAO and chronic diseases such as CVD, renal disease, and diabetes [5–8,13–16]. Besides, evidences
that TMAO might be able to cause hepatotoxicity or inflammation in adipose tissue have been
provided [6,9,12]. However, consumption of fruits and vegetables has been widely known to be able to
prevent incidence of chronic diseases. Phytochemicals, bioactive compounds in plants, contribute to
reduce risks of those diseases mostly by their anti-oxidant activity [17].

Black raspberry (Rubus occidentalis; BR) is relatively high in anthocyanins among Rubus
fruits [18]. It has been found that the major bioactive compounds in BR were anthocyanins,
mainly cyanidin-3-rutinoside (C3R), cyanidin-3-glucoside (C3G), and cyanidin-3-xylosylrutinoside
(C3XR) [19,20]. BR has been known to possess anti-oxidative, anti-inflammatory, and anti-cancer
activities [21]. Especially, C3R and C3G were demonstrated to have anti-inflammatory activity
through down-regulating NF-κB expression and inhibiting inhibitory κB (I-κB) degradation in
lipopolysaccharide (LPS)-treated murine macrophages [19]. However, to the best of our knowledge,
protective effects of polyphenols in BR on inflammation induced by excessive choline intake have not
been reported.

The aims of this study were to investigate the effect of excessive choline intake on serum lipid
profile and inflammation in rats fed high-fat diet and to evaluate the effect of polyphenols including
anthocyanins in BR on choline-induced inflammation of the rats.

2. Materials and Methods

2.1. Materials and Chemicals

BR (Rubus occidentalis) fruits harvested in 2017 were purchased from Gochang, Korea. C3G, C3R,
TMA, TMAO, and Folin-Ciocalteu reagent were the products of Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). Choline chloride was obtained from Jinan Pengbo Biotechnology Co., Ltd. (Jinan, China).
Trizol reagent was purchased from Invitrogen (Carlsbad, CA, USA). Radioimmune precipitation assay
(RIPA) buffer and protease inhibitor cocktail (PIC) #6 were purchased from Biosesang Inc. (Seongnam,
Korea). Anti-I-κB, anti-NF-κB, and horseradish peroxidase (HRP)-linked anti-rabbit immunoglobulin
G (IgG) were purchased from Cell Signaling Technology (Danvers, MA, USA); anti-COX-2 from Novus
Biologicals (Littleton, CO, USA); and anti-β-actin from Abcam (Cambridge, England). Enhanced
chemiluminescence (ECL) solution was obtained from GenDEPOT (Katy, TX, USA).

2.2. Preparation of BR Extract

BR fruits (60 g) were crushed by hand and mixed with 80% (v/v) ethanol solution (300 mL) for 1 h
by an overhead stirrer (WiseStir HS-30D, Daihan Scientific, Wonju, Korea). The extract was filtered
with Whatman No. 2 filter paper (Whatman International Ltd., Maidstone, UK). The filtrate was
concentrated using a vacuum rotary evaporator (A-10005, Eyela Co., Tokyo, Japan). The concentrate
was freeze-dried using a freeze dryer (FDI06-85, Soritech, Hwaseong, Korea) to obtain powder form of
the extract and stored at −20 ◦C for further studies.

2.3. Determination of Total Phenolic Content (TPC)

TPC in the BR extract was determined according to the method of Singleton et al. with a slight
modification [22]. The BR extract (10 mg) was dissolved in 1 mL water followed by addition of 100 μL
Folin-Ciocalteu reagent. After 3 min, 300 μL 20% (w/v) sodium bicarbonate solution was added to the
mixture. The mixture was incubated at 40 ◦C for 30 min and then absorbance was measured at 765 nm
by a spectrophotometer (Spectramax190, Molecular Devices, San Jose, CA, USA). TPC was presented
as gallic acid equivalent (GAE).
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2.4. HPLC-UV Analysis of Anthocyanins in BR Extract

The BR extract powder (100 mg) was dissolved in 10 mL methanol containing 0.01% (v/v)
hydrochloric acid. To separate anthocyanin fraction, 3 mL of the dissolved BR extract was injected into
a Sep-Pak Plus C-18 cartridge (Waters Co., Milford, MA, USA), and the eluate was filtered using a 0.22
μm syringe filter (Pall Co., Port Washington, NY, USA). Composition and content of anthocyanins in
the fraction were analyzed using a reversed-phase HPLC (Waters 2996 Separation Module, Waters Co.,
Milford, MA, USA) equipped with an XBridge C18 column (4.6 × 250 mm, 5 μm, Waters Co., Milford,
MA, USA). Mobile phase was 5% (v/v) formic acid aqueous solution (A) and acetonitrile (B) with a
gradient as follows: 0–1 min, 2% B; 1–2 min, 2–10% B; 2–15.5 min, 10–12.5% B; 15.5–21 min, 12.5–60% B;
21–26 min, 60–2% B; and 26–30 min, 2% B. Flow rate and column temperature were 1 mL min−1 and 30
◦C. Anthocyanins were identified and quantified matching retention times of C3R and C3G standards
at 520 nm.

2.5. Animals and Diets

Forty female Sprague-Dawley (SD) rats (5 weeks old) were purchased from Koatech (Pyeongtaek,
Korea). Female rats were selected since hepatic activity of flavin monoxygenase 3 is relatively higher
in females than in males; therefore, they are prone to accumulation of TMAO in blood [5,23]. The
rats were acclimatized to laboratory environment for 1 week under controlled temperature (23 ± 3
◦C), humidity (50 ± 10%), and 12/12 h light-dark cycle. All the rats had free access to autoclaved
tap water and normal chow diet during acclimation period of 1 week. After acclimated, they were
randomly divided into 4 groups. Compositions of control AIN (American Institute of Nutrition)-93G
diet and high-fat diet were shown in Table S1. High-fat diet supplemented with 0.6% BR extract was
customized by Raonbio (Yongin, Korea). Treated groups were as follows: CON (AIN-93G diet (16%
calories from fat)), HF (high-fat diet (45% calories from fat)), HFC (high-fat diet with 1.5% (w/w) choline
water), and HFCB (high-fat diet with 1.5% (w/w) choline water and 0.6% BR extract). The CON and HF
groups were given autoclaved tap water. All the animals were allowed free access to diet and water for
8 weeks and the water was replaced every two days. All protocols for animal experiment used in this
study were conducted in accordance with institutional policies for animal health and well-being and
approved by the Institutional Animal Care and Use Committee of Seoul National University (Approval
No.: SNU-171103-1-5).

2.6. Blood and Tissue Collection

At the end of the experiment, all the rats were fasted for 6 h but allowed free access to water. All
the animals were euthanized by asphyxiation with CO2. Blood was collected by cardiac puncture and
centrifuged to get serum at 3000× g at 4 ◦C for 20 min after coagulation. Liver and adipose tissue were
isolated and washed with saline. All the tissues were immediately stored at −80 ◦C until analysis.

2.7. Quantification of Choline, TMA, and TMAO

To determine the effect of choline intake on the production of choline-derived metabolites, cecal
choline, TMA, and TMAO and serum TMAO were measured. To analyze the levels of choline-derived
metabolites in cecum, cecal content was mixed with 80% (v/v) ice-cold methanol solution, vortexed for
5 min, and then centrifuged at 12,000× g for 5 min at 4 ◦C. The supernatant was filtered using a 0.22
μm syringe filter (Pall Co.) and the filtrate was concentrated by centrifugation (15,000× g, 25 min, 4
◦C) in a Vivaspin centrifugal concentrator (Vivaspin 500, MWCO 3000, VS0192; Sartorius Stedim Lab,
Stonehouse, UK). The concentrate was used for further analysis. Serum samples were mixed with 80%
(v/v) ice-cold methanol solution, vortexed for 1 min, and then centrifuged at 12,000× g for 5 min at 4
◦C. The supernatant was filtered using a 0.22 μm syringe filter (Pall Co.) and the filtrate was used for
further analysis.
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All the analytes were separated on an Acquity UPLC (Waters Co., Milford, MA, USA) equipped
with Acquity UPLC BEH amide column (2.1 mm × 100 mm, 1.7 μm, Waters Co., Milford, MA, USA)
heated at 50 ◦C. Mobile phase consisted of two eluents: (A) 0.5 mM ammonium formate (pH 8.1) in
water and (B) acetonitrile. The gradient program was: 0–2.5 min, 95–5% B; 2.5–5 min, 5–95% B; 5–6 min,
95% B. Flow rate was 0.6 mL min−1. The ion transitions (m/z 104.08→ 60.08 for choline; m/z 60.08→
44.05 for TMA; and m/z 76.07→ 59.07 for TMAO) were used for quantitation. Samples were analyzed
by SYNAPT G2-Si mass spectrometer (Waters Co., Milford, MA, USA) in positive ion electrospray
mode. Capillary voltage and sampling cone voltage were set at 0.5 kV and 15 V, respectively. Flow
rates of desolvation gas and cone gas were 650 L/h and 250 L/h, respectively. Desolvation temperature
was 150 ◦C. Data acquisition and quantitation were carried out using MassLynx software 4.1 (Waters
Co., Milford, MA, USA).

2.8. Serum Lipid Profile

Serum triglyceride (TG), total cholesterol (TC), and high-density lipoprotein-cholesterol (HDL-C)
concentrations were determined with commercially available kits (Asan Pharmaceutical Co., Ltd.,
Seoul, Korea) according to the manufacturer’s instructions which are based on enzymatic colorimetric
methods. Absorbance was measured by a spectrophotometer (Spectramax190, Molecular Devices).
Serum low-density lipoprotein-cholesterol (LDL-C) level was calculated from Friedewald formula [24].

2.9. Total RNA Extraction, cDNA Synthesis, and Real-Time Quantitative Polymerase Chain Reaction (qPCR)

Total RNA were extracted from liver and adipose tissue using Trizol reagent according
to the manufacturer’s instruction. Purity and quantity of RNA were evaluated by a
NanoDrop spectrophotometer (NANO-200, Allsheng, Hangzhou, China). The RNA samples were
reverse-transcribed using a GoScript Reverse Transcription kit (Promega, Madison, WI, USA) with
random primers. qPCR was carried out with SYBR Green PCR Master mix (Applied Biosystems, Foster
City, CA, USA) using Applied Biosystems StepOne Real-Time PCR system (Applied Biosystems, Foster
City, CA, USA) under following conditions: 2 min at 95 ◦C for initiation, 15 s at 95 ◦C for denaturation,
and 60 s at 60 ◦C for annealing up to 40 cycles. All qPCR primer sequences used in this study are
listed in Table 1. All the relative expressions of genes were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression and quantified using 2−ΔΔCt method [25].

Table 1. Primer sequences used in real-time quantitative PCR.

Gene Sequence

GAPDH
Forward (5′-3′): ACCACAGTCCATGCCATCAC
Reverse (5′-3′): TCCACCACCCTGTTGCTGTA

NF-κB
Forward (5′-3′): TGGACGATCTGTTTCCCCTC
Reverse (5′-3′): CCCTCGCACTTGTAACGGAA

TNF-α
Forward (5′-3′): GTAGCCCACGTCGTAGCAAAC
Reverse (5′-3′): ACCACCAGTTGGTTGTCTTTGA

IL-6
Forward (5′-3′): TCCTACCCCAACTTCCAATGCTC
Reverse (5′-3′): TTGGATGGTCTTGGTCCTTAGCC

IL-1β Forward (5′-3′): GACTTCACCATGGAACCCGT
Reverse (5′-3′): CAGGGAGGGAAACACACGTT

IL-10
Forward (5′-3′): GCTAACGGGAGCAACTCCTT

Reverse (5′-3′): ATGTCCCCTATGGAAACAGCTT

COX-2
Forward (5′–3′): TGTATGCTACCATCTGGCTTCGG
Reverse (5′-3′): GTTTGGAACAGTCGCTCGTCATC

iNOS
Forward (5′-3′): GCCATCCCGCTGCTCTAATA
Reverse (5′-3′): GTTGGGAGTGGACGAAGGTA

GAPDH (glyceraldehyde-3-phosphate dehydrogenase), NF-κB (nuclear factor-κB), TNF-α (tumor necrosis factor-α),
IL (interleukin), COX-2 (cyclooxygenase-2), and iNOS (inducible nitric oxide synthase).
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2.10. Western Blot Analysis

Liver tissue (100 mg) was homogenized with the mixture of RIPA buffer and PIC #6 at a ratio of
100:1 (1 mL) using a Tissuelyser (DE/85220, Qiazen, Hilden, Germany). The homogenized sample was
agitated at 4 ◦C for 1 h and centrifuged at 12,000× g at 4 ◦C for 30 min (Smart R17, Hanil Scientific Inc.,
Gimpo, Korea). The supernatant was used to determine protein concentration using a modified Lowry
protein assay kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the manufacturer’s
instruction. The protein samples were loaded at 10 μL per well into 10% sodium dodecyl sulfate
polyacrylamide gel and separated out at 60 V for 20 min and then at 120 V for 80 min. After the
electrophoresis, proteins were transferred to nitrocellulose membrane (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) at 370 mA for 100 min. Membranes were washed with Tris-buffered saline
containing 0.1% (v/v) Tween 20 (TBST) and then blocked in blocking buffer (TBST containing 5% skim
milk) for 1 h.

Each of primary antibodies, anti-NF-κB, anti-COX-2, and anti-β-actin, was diluted to 1:500 in
blocking buffer. Anti-I-κB was diluted to 1:250 in blocking buffer. Secondary antibody, HRP-linked
anti-rabbit IgG, was diluted to 1:1000 in blocking buffer. After blocking, the membranes were incubated
with primary antibodies on a shaker for 2 h. In turn, the membranes were washed 4 times for 5 min
each using TBST and incubated with secondary antibody for 1 h. The membranes were then washed
4 times for 5 min each with TBST. Protein bands were visualized by ECL followed by densitometric
analysis using Chemidoc XRS+ (Bio-Rad Laboratories Inc., Hercules, CA, USA).

2.11. Statistical Analysis

Results were expressed as means ± standard deviations. All statistical analyses were performed
using SPSS program (version 23.0, SPSS, Chicago, IL, USA). Data were evaluated for normal distribution
by means of Shapiro-Wilk test. Thereafter, either one-way analysis of variance (ANOVA) with Duncan’s
multiple range test or Kruskal-Wallis test with Mann-Whitney U test was performed where applicable
for analysis of differences among mean values at p < 0.05.

3. Results and Discussion

3.1. Chemical Properties of the BR Extract

A previous study reported that the major component of the BR extract using ethanol solution
was carbohydrates (approximately 70% of the BR extract, wet basis) and small amounts of soluble
proteins, ash, and anthocyanins [26]. Since biological properties of BR and its extract have been largely
related to their phenolic-type phytochemicals [27,28], bioactive compounds in the BR extract used in
this study would most likely be polyphenols.

In the present study, TPC in the BR extract was 42.7 ± 6.9 mg GAE g−1. Since C3XR standard
was not commercially available, it was identified by comparison with chromatograms from Jung
et al. [19] and presented as C3R equivalent (C3RE). The contents of C3XR, C3G, and C3R in the
anthocyanin fraction were 0.83 ± 0.02 mg C3RE g−1, 0.50 ± 0.01 mg g−1, and 2.08 ± 0.08 mg g−1 (dry
basis), respectively. C3R was the major anthocyanin accounting for 60% of total anthocyanins, which
agrees with a previous study [19].

3.2. Body Weights and Food and Water Intakes

At the end of the experimental period, body weight and daily food intake were significantly
higher in the CON and HF groups than in the HFC and HFCB (Table 2). This result might be due to
the difference in food intake. Although notable difference was not observed between the body weights
of the CON and HF, the HF group showed a significant increase in food efficiency ratio. In addition,
no matter which became obese or not, hyperlipidemia, oxidative stress, and inflammation could be
induced in high-fat diet-fed SD rats [29,30]. Meanwhile, supplementation of black raspberry resulted
in a significant reduction in food efficiency ratio.
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Table 2. Body weights, weight gain, food and water intakes, and food efficiency ratio (FER) of rats.

Group

CON HF HFC HFCB

Initial body weight (g) 135.3 ± 8.9 137.1 ± 6.1 137.5 ± 7.5 137.0 ± 7.9

Final body weight (g) 249.2 ± 25.5 a 255.5 ± 19.3 a 214.0 ± 22.1 b 207.6 ± 22.7 b

Weight gain (g·d−1) 2.0 ± 0.3 a 2.1 ± 0.3 a 1.4 ± 0.4 b 1.3 ± 0.4 b

Food intake (g·d−1) * 26.5 ± 2.3 a 24.7 ± 4.3 a 18.3 ± 2.3 b 17.6 ± 2.7 b

Water intake (mL·d−1) * 40.2 ± 4.3 41.7 ± 4.0 43.4 ± 1.9 39.3 ± 8.3

FER * 0.15 ± 0.01 a,b 0.17 ± 0.01 a 0.15 ± 0.01 a,b 0.14 ± 0.02 b

FER =weight gain (g·d−1)/food intake (g·d−1). Values represent means and standard deviations (n = 10). * n = 5.
Values with different superscripts within each row are significantly different among the groups (p < 0.05; one-way
ANOVA and Duncan’s multiple range test). CON (AIN-93G diet), HF (45% high-fat diet), HFC (HF + 1.5% choline
water), and HFCB (HFC + 0.6% black raspberry extract).

3.3. Serum TMAO Level and Cecal Choline, TMA, and TMAO Levels

The groups fed choline water showed significant higher level of choline in cecal content of the
rats compared to the group fed autoclaved tap water (Figure 1A). The HFC group showed the highest
level of TMA in cecum and supplementation of BR extract decreased the choline-induced elevated
cecal TMA level. Likewise, serum TMAO level was significantly higher in the HFC group, while
lower in the HFCB (Figure 1B). However, cecal TMAO levels were not significantly different when
compared between the HFC and HFCB (Figure 1A). Dietary choline can be transformed into TMA by
gut bacteria having TMA lyase (CutC) activity [31]. TMA produced once in the gut is absorbed from
intestine and further oxidized to TMAO in liver. Therefore, it is necessary to reduce cecal TMA level
for reduction of circulating plasma TMAO level. Some researchers reported that polyphenols, such as
resveratrol, and probiotics, such as Lactobacillus plantarum, Bifidobacterium animalis, and Enterobacter
aerogenes could be good sources to reduce elevated level of TMAO in blood by reduction of microbial
TMA production [4,32–34]. There are also several studies showing that polyphenol-rich extract from
various natural sources could have a prebiotic-like activity [35,36]. Therefore, the result suggests that
BR extract rich in polyphenols, especially anthocyanins, might have potent to reduce cecal TMA level
via modulation of gut bacteria.

Figure 1. Effect of excessive choline intake on choline-derived metabolites in Sprague-Dawley rats.
(A) Choline, trimethylamine (TMA), and trimethylamine-N-oxide (TMAO) in cecal content of the rats.
(B) Serum TMAO level in the rats. All data represent the means and standard deviations (n = 8). Within
the same metabolite, different small letters above bars indicate significant differences among the groups
(p < 0.05; one-way ANOVA and Duncan’s multiple range test). CON (AIN-93G diet), HF (45% high-fat
diet), HFC (HF + 1.5% choline water), and HFCB (HFC + 0.6% black raspberry extract).

3.4. Serum Lipid Profile

Serum TG level of the HFC group was 27.9% and 16.1% higher than those of the CON and HF,
respectively, with no significant difference (Figure 2A). Serum TG level of the HFCB group was 21.6%
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and 34.3% lower than those of the HF and HFC, respectively, with no significant difference. It has been
reported that intake of 3% choline water could elevate serum TG level in male Kunming mice [9,12].
However, in female LDL-receptor−/− C57BL/6J mice, intake of 1.3% choline water did not change
plasma TG level compared to control group [3]. It remains unclear whether and how excessive choline
or TMAO intake affect blood TG level.

Serum levels of TC and LDL-C in the HFC group were higher than those in the CON, HF,
and HFCB (p < 0.05), while these three groups had no significant difference (Figure 2B,D). There
was no significant difference in serum HDL-C level among the groups (Figure 2C). The elevated
serum TC level in the HFC group is in agreement with the results of Chen et al. [4] and Ren et
al. [12], who reported that diet containing 1% choline and water containing 3% choline could raise
serum TC in apolipoprotein E (ApoE)−/− mice and healthy mice, respectively. It was suggested that
the choline-induced elevation of serum TC might be because TMAO down-regulates expression of
hepatic cholesterol 7 alpha-hydroxylase (CYP7A1), which is a key enzyme in bile acid synthesis from
cholesterol [4].

In the present study, when the rats were fed both excessive choline and BR extract, serum TC level
was significantly lower than the ones fed excessive choline alone. It was demonstrated that C3G intake
could lower serum TC via up-regulating hepatic CYP7A1 expression in ApoE−/− mice [37]. Therefore,
BR extract rich in anthocyanins might lower choline-induced elevation of serum TC.

Figure 2. Serum triglycerides (A), total cholesterol (B), high-density lipoprotein (HDL)-cholesterol
(C), and low-density lipoprotein (LDL)-cholesterol (D) in Sprague-Dawley rats. All data represent
the means and standard deviations (n = 7–8). Different small letters above bars indicate significant
differences among the groups (p < 0.05; one-way ANOVA and Duncan’s multiple range test). CON
(AIN-93G diet), HF (45% high-fat diet), HFC (HF + 1.5% choline water), and HFCB (HFC + 0.6% black
raspberry extract).

3.5. Relative mRNA Expression of Genes Involved in Inflammatory Response in the Liver and Adipose Tissue

The mRNA expressions of NF-κB, interleukin (IL)-1β, IL-6, IL-10, tumor necrosis factor (TNF)-α,
cyclooxygenase (COX)-2, and inducible nitric oxide synthase (iNOS) in liver and adipose tissue were
determined by qPCR. NF-κB plays an important role in an inflammation response via regulating the
expression of pro-inflammatory genes of cytokines, chemokines, and adhesion molecules [38]. In this
study, the HFC group showed higher hepatic mRNA expression of NF-κB than the CON and HF (p >
0.05) (Figure 3). Although precise mechanism regarding effects of TMAO on NF-κB signaling pathway
has not been clarified, trace amine-associated receptor (TAAR) 5, which is activated by TMA, has been
suggested to be a possible mediator of TMAO activation due to the structural similarity between TMA
and TMAO [3]. Also, another possible molecular mechanism has been suggested that uptake of TMAO
into cells would mediate activation of NF-κB through collaborating with protein kinase C activator [11].
Despite these hypotheses, the exact mechanism of TMAO activity is still unclear. However, it might be
able to regulate NF-κB expression in some ways. In the present study, NF-κB mRNA expression of the
HFCB group was significantly lower than that of the HFC. Similar to this result, it was reported that
anthocyanins from mulberry and sweet cherry (mainly C3G and C3R, respectively) down-regulate
hepatic mRNA expression of NF-κB in diet-induced obese mice [39].
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Figure 3. Relative mRNA level of genes involved in pro- and anti-inflammation in the
liver of Sprague-Dawley rats. All the relative expressions of genes were normalized to
glyceraldehyde-3-phosphate dehydrogenase expression. All data represent the means and standard
deviations (n = 7–8). Different small letters above bars indicate significant differences among the groups
(p < 0.05; one-way ANOVA and Duncan’s multiple range test). CON (AIN-93G diet), HF (45% high-fat
diet), HFC (HF + 1.5% choline water), and HFCB (HFC + 0.6% black raspberry extract).

Once NF-κB is activated, it starts to induce inflammatory cytokines that can regulate immune
response, such as IL-1β, IL-6, and TNF-α [38]. In the present study, hepatic mRNA expressions of IL-1β
and IL-6 in the HF group were higher than in the CON (p > 0.05) and those in the HFC group were even
higher than in the HF (p > 0.05) (Figure 3). Gao et al. [6] reported that mice fed high-fat diet containing
0.2% TMAO had higher mRNA expressions of those genes in epididymal adipose tissue than mice fed
high-fat diet alone. In the present study, mRNA expressions of IL-1β and IL-6 in the HFCB group were
markedly suppressed compared to the HFC. Likewise, intake of C3G-rich jaboticaba peel powder was
able to suppress the expressions of IL-1β and IL-6 genes via decreasing phosphorylation of I-κB in liver
of high-fat diet-fed mice [40]. IL-10 is known to be an anti-inflammatory cytokine inhibiting synthesis
of pro-inflammatory cytokines such as IL-1, TNF-α, and interferon-γ secreted from macrophages
and monocytes [41]. The mRNA expression level of IL-10 did not differ among all the groups in this
study. In contrast to this result, intake of high-fat diet containing 0.2% TMAO decreased IL-10 mRNA
expression in the epididymal adipose tissue of mice [6]. In the present study, there was no significant
difference in mRNA level of TNF-α among all the groups. Effect of choline or TMAO intake on TNF-α
mRNA expression has been reported to vary from organ to organ [3,6,10].

COX-2 and iNOS are highly inducible enzymes in specific circumstances associated with
pro-oxidant and pro-inflammatory responses under regulation of NF-κB [42]. iNOS is regarded
as a biomarker of inflammatory response because it can induce overexpression of nitric oxide, which
can react with superoxide and further cause cytotoxicity [43]. In the present study, mRNA expression
of COX-2 in the HFC group was higher than that in the HF (p > 0.05) and HFCB (p < 0.05) (Figure 3).
However, there was no significant difference in mRNA expression of iNOS among all the groups.
According to Seldin et al. [3], chronic intake of choline could up-regulate mRNA expression of COX-2
in aorta of atherosclerosis-prone LDLR−/− mice.

In the adipose tissue, mRNA expressions of IL-6 and COX-2 in the HFC group tended to be higher
than in the CON and HF, and those in the HFCB group tended to be lower than those of the HFC (p
> 0.05) (Figure 4). The mRNA levels of NF-κB, IL-1β, IL-10, TNF-α, and iNOS did not significantly
differ among the groups. It was reported that the mRNA expressions of inflammatory cytokines such
as IL-6 and IL-1β in epididymal adipose tissue were upregulated when the mice were fed high-fat
diet containing 0.2% TMAO for 12 weeks [6]. Thus, previous studies have reported that inflammatory
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responses of macrophages in adipose tissue only occurred in prolonged (≥8 weeks) high-fat feeding in
the rat [44–46]. Accordingly, long-term (≥8 weeks) experiment should be needed to evaluate the effect
of excessive choline and BR extract on adipose tissue of rats fed high-fat diet.

Figure 4. Relative mRNA levels involved in pro- and anti-inflammation in the adipose
tissue of Sprague-Dawley rats. All the relative expressions of genes were normalized to
glyceraldehyde-3-phosphate dehydrogenase expression. All data represent the means and standard
deviations (n = 4–6). CON (AIN-93G diet), HF (45% high-fat diet), HFC (HF + 1.5% choline water), and
HFCB (HFC + 0.6% black raspberry extract).

Collectively, excessive dietary choline might exacerbate hepatic inflammation in rats fed high-fat
diet via up-regulating mRNA expressions of NF-κB, IL-6, IL-1β, and COX-2. BR extract could ameliorate
choline-induced inflammation via down-regulating those genes. However, eight weeks of experiment
might not be enough to change the expressions of genes related to inflammatory response in adipose
tissue of the rats fed high-fat diet with or without BR extract and choline.

3.6. Protein Expression of NF-κB, I-κB, and COX-2 in the Liver

NF-κB dimer exists in the cytoplasm as an inactivated complex combined with I-κB. When cells
are stimulated by specific stimuli such as antigen receptors, cytokines, reactive oxygen, and LPS,
phosphorylation of I-κB occurs and then phosphorylated I-κB is degraded by protesome, releasing
NF-κB dimer. NF-κB dimer then translocates into nucleus and binds to κB site of target genes [47].
In the present study, protein expression of NF-κB and COX-2 were significantly higher in the HFC
group than in the CON, HF, and HFCB (Figure 5A–C,E). Similarly, it was reported that intake of
C3R-rich black currant extract suppressed the hepatic protein expressions of NF-κB and COX-2 in
diethylnitrosamine-initiated hepatocarcinogenesis of SD rats, as C3G-rich riceberry bran extract also
did in gentamicin-induced liver damage [48,49]. Meanwhile, there was no effect of excessive choline or
BR extract intake on the hepatic protein expression of I-κB (Figure 5A,D). In contrast to Jung et al. [19],
who reported anthocyanins of BR could protect I-κB from LPS-induced degradation in macrophages,
neither excessive choline nor BR extract affects protein expression of I-κB in this study.
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Figure 5. Protein expressions of NF-κB (A,C), I-κB (A,D), and COX-2 (B,E) in the liver of Sprague-Dawley
rats. All data represent the means and standard deviations (n = 6–8). Different small letters above bars
indicate significant differences among the groups (p < 0.05; one-way ANOVA and Duncan’s multiple
range test). CON (AIN-93G diet), HF (45% high-fat diet), HFC (HF + 1.5% choline water), and HFCB
(HFC + 0.6% black raspberry extract).

4. Conclusions

Excessive choline can cause hypercholesterolemia and induce hepatic inflammation via, in part,
NF-κB signaling pathway in rats fed high-fat diet. It might be due to elevated levels of cecal TMA and
serum TMAO. Consistent intake of BR extract could lower the levels of cecal TMA and serum TMAO,
which might result in the improvement of serum lipid profile in diet-induced hypercholesterolemia in
rats. The result that BR could alter cecal TMA level suggests that BR polyphenols may act as a prebiotic
in human gut as well. It could also alleviate hepatic inflammation via down-regulating the mRNA and
protein expressions of genes related to inflammation. Further study, such as microbiome analysis, may
be needed to elucidate the role of BR polyphenols, which seem to have a potent activity in reduction of
cecal TMA level via modulation of gut bacteria.
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Abstract: Estrogen is involved in lipid metabolism. Menopausal women with low estrogen secretion
usually gain weight and develop steatosis associated with abnormal lipid metabolism. A previous
study showed that blackcurrant (Ribes nigrum L.) extract (BCE) had phytoestrogen activity. In this
study, we examined whether BCE improved lipid metabolism abnormalities and reduced liver
steatosis in ovariectomized rats, as a menopausal animal model. Twelve-week-old ovariectomized
(OVX) rats were fed a regular diet (Ctrl) or a 3% BCE supplemented diet while sham rats were fed a
regular diet for three months. Body weight, visceral fat weight, levels of serum triglycerides, total
cholesterol, and LDL cholesterol decreased in the BCE-treated OVX and sham rats, but not in OVX
Ctrl rats. The results of hematoxylin and eosin staining revealed that BCE decreased the diameters of
adipocytes and the nonalcoholic fatty liver disease activity score. Furthermore, quantitative RT-PCR
indicated a decreased expression of hepatitis-related genes, such as tumor necrosis factor-α, IL-6, and
IL-1β in OVX rats after BCE treatment. This is the first study that reported improvement of lipid
metabolism abnormalities in OVX rats by BCE administration. These results suggest that the intake
of BCE alleviated dyslipidemia and prevented nonalcoholic steatohepatitis during menopause in this
animal model.

Keywords: blackcurrant; dyslipidemia; liver steatosis; ovariectomized; phytoestrogen

1. Introduction

Estrogen is directly related to lipid metabolism. After menopause, estrogen levels suddenly
decrease. Previous studies found that menopausal women and mice with decreased estrogen secretion
experience an increase in weight and symptoms of menopause, such as abnormal lipid metabolism and
hepatic steatosis [1–3]. In postmenopausal women, total cholesterol (TC), LDL cholesterol (LDL-C),
and triglyceride (TG) contents are increased [4], and these changes promote arteriosclerosis and
adversely affect the heart and blood vessels [5,6]. Furthermore, dyslipidemia or hepatic steatosis
induces nonalcoholic fatty liver disease (NAFLD) or nonalcoholic steatohepatitis (NASH) [7], leading
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to diseases that are major threats to public health, such as cirrhosis and hepatocellular carcinoma [8].
Estrogen plays an important role in liver lipid metabolism, and its deficiency increases the risk of
NAFLD and NASH with menopausal dyslipidemia [2,9]. Thus, decreased estrogen secretion adversely
affects menopausal women.

Phytoestrogens are a chemically diverse group of plant compounds with estrogenic effects in
animals. Phytoestrogens, which include isoflavones, lignans, coumestans, flavonoids, and resveratrol,
are present in several foods [10–13]. More importantly, some reports indicated that daily intake
of phytoestrogen reduced climacteric symptoms [14]. Recently, we reported that blackcurrant
(Ribes nigrum L.) extract (BCE) had phytoestrogen activity by signaling through both estrogen receptors
α and β [15,16].

Blackcurrant contains high levels of polyphenols, especially four anthocyanins, cyanidin-3-glucoside,
cyanidin-3-rutinoside, delphinidin-3-glucoside, and delphinidin-3-rutinoside [17]. These compounds
elicited health beneficial effects, such as blood flow improvement and cancer suppression effects.
Furthermore, previous studies showed that BCE had a cosmetic effect on the skin [18], alleviated
hair loss [19], and improved vascular endothelium function in menopausal model rats [20]. A few
studies have reported the effectiveness of BCE in alleviating dyslipidemia and NASH caused by
the consumption of a high-fat diet [21,22]. However, there are no reports on whether BCE affects
dyslipidemia in menopausal women or animals. Therefore, this study aimed to investigate whether
BCE reduced dyslipidemia. Ovariectomized (OVX) rats were used as the menopausal animal model
to examine whether BCE was effective in reducing dyslipidemia and associated hepatic steatosis
during menopause. This is the first study that reports the effects of BCE treatment on lipid metabolism
abnormalities in OVX rats.

2. Materials and Methods

2.1. Animals and Diets

OVX female Sprague-Dawley and sham surgery rats (12 weeks of age; weight 249.7 ± 10.2 g) were
purchased from CLEA Japan Inc. (Tokyo, Japan). The rats were housed in air-conditioned rooms, with
a 12 h light/dark cycle and with free access to water and food, at the Institute for Animal Experiments
of Hirosaki University Graduate School of Medicine.

The BCE powder, CaNZac-35, was purchased from Koyo Mercantile Co. (Tokyo, Japan). BCE
contains high concentrations of polyphenols (37.6 g/100 g BCE) and anthocyanins (38 g/100 g BCE) [16].
Since our previous studies showed that 3% BCE elicited phytoestrogen effects in the skin and vascular
endothelium of rats [18–20], all rats in this study received an AIN-93M diet, with or without 3%
BCE, and were assigned into three groups (n = 9–10 rats/group): 1) OVX rats treated with 3% BCE
for 3 months (OVX BCE group), 2) OVX control rats without BCE treatment (OVX Ctrl group), and
3) sham surgery rats without BCE treatment (sham group). Blood, uterus, visceral fat, and liver
tissues were collected from euthanized animals after 3 months, and the body, uterus, and liver weights
were measured. This experiment was approved by the Animal Research Committee of Hirosaki
University (permission number: G16004) and was conducted in accordance with the rules for Animal
Experimentation of Hirosaki University.
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2.2. Biochemical Analysis of Serum

Serum TG, glucose, AST (aspartate transaminase), ALT (alanine transaminase), and γ-GT
(γ-glutamyl transferase) levels were examined using SPOTCHEM EZ SP-4430 (ARKRAY, Inc., Kyoto,
Japan), while TC, HDL-C, and LDL-C contents were measured using the EnzyChrom HDL and
LDL/VLDL Assay Kit (BioAssay Systems, CA, USA). Adiponectin and leptin concentrations were
determined using CircuLex Rat Adiponectin ELISA Kit (Circulex, CycLex Co. Ltd., Nagano, Japan)
and Rat Leptin ELISA Kit (Yanaihara Institute Co. Ltd., Shizuoka, Japan), respectively.

2.3. Histological Analysis of Liver and Adipose Tissues

Each tissue was fixed in 10% formaldehyde and embedded in paraffin for histological examination.
Liver and adipose tissue sections (4μm thick) were mounted onto silane-coated slides. The sections were
deparaffinized by passing through xylene and a graded alcohol series before staining with hematoxylin
and eosin. Digital images were acquired using a fluorescence microscope (FSX100; Olympus, Tokyo,
Japan). Adipocyte diameters were measured, and liver steatosis grades were estimated using NAFLD
activity score: steatosis (0–3), lobular inflammation foci (0–2), and hepatocellular ballooning (0–2),
quantified according to the criteria proposed by Kleiner et al. [23]

2.4. RT-qPCR Analysis

Total RNA was prepared using an RNeasy mini kit (Qiagen ,Valencia, CA, USA) according
to the manufacturer’s instructions. RNA was reverse-transcribed into cDNA using PrimeScript
RT Master Mix (TaKaRa, Tokyo, Japan). Levels of TNF-α, IL-6, and IL-1β mRNAs were quantified
by qPCR using TB Green Premix Ex Taq II (Tli RNaseH Plus; TaKaRa). The PCR amplification
protocol consisted of 30 s at 94 ◦C, 30 s at 58 ◦C, and 30 s at 72 ◦C for 40 cycles. Transcript levels
were normalized to those of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA. The
primer sequences were as follows (5′→3′) [24]: TNF-α, forward ACCACGCTCTTCTGTCTACTG
and reverse CTTGGTGGTTTGCTACGAC; IL-6, forward TCTCTCCGCAAGAGACTTCCA and
reverse ATACTGGTCTGTTGTGGGTGG; IL-1β, forward GCAATGGTCGGGACATAGTT and reverse
AGACCTGACTTGGCAGAGGA; and GAPDH, forward TGAGAACGGGAAGTCTGTCA and reverse
TCTCCATGGTGGTGAAGACG. PCR specificity was checked using a melting curve analysis. All
samples were analyzed in duplicates, and relative gene expression was calculated according to the
2-ΔΔCt method [25].

2.5. Statistical Analysis

Results are expressed as the mean ± standard deviation. Graphs were generated using the Graph
Pad Prism 7.0 ver. 7.03 software (Graph Pad Prism, San Diego, CA, USA). Statistically significant
differences were determined using Kruskal–Wallis analysis with the Steel post hoc test using the bell
curve for Excel ver. 3.2 software (Social Survey Research Information Co., Ltd., Tokyo, Japan). Results
with p-values <0.05 were considered statistically significant.

3. Results and Discussion

3.1. Weight of Body, Visceral Fat, Uterine and Volume of Food Intake

Before the experiment, the rats were grown up to 12 weeks old, and there was no significant
difference in body weight (data not shown) among the rats. After three months, rats in the OVX Ctrl
group increased in body weight compared to those in the sham group. However, BCE intake alleviated
weight gain in OVX rats by 14%, comparable to sham rats (15%) (Figure 1A). By examining the food
intake, it was 18.9 ± 1.0 g/rat/day in the OVX control group compared to the sham group, but decreased
to 15.4 ± 1.2 g/rat/day in the sham group. However, the food intake in the OVX BCE group was 18.9 ±
2.9 g/rat/day, which was not different from that in the OVX control group (Figure 1B). Therefore, in this
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study, the food intake was the same between OVX control rats and OVX BCE rats. It is known that food
intake increases with reduced estrogen levels, but in this research, the food intake of OVX BCE rats
was not decreased [26]. Therefore, we concluded that phytoestrogen did not have the same strength as
estrogen. It was also suggested that the decrease in the body weights of OVX BCE rats was not due to
a decrease in food intake. The amount of BCE employed in the present animal study is equivalent to a
daily dose of 1.9 g polyphenols [27], for a 60 kg human. This phenolic intake is considered realistic,
and it could be provided by 5.1 g of BCE.

Figure 1. Effect of blackcurrant (Ribes nigrum L.) extract (BCE) on (A) body weight, (B) food intake,
and (C) uterine weight of rats. Ovariectomized (OVX) rats treated with 3% BCE for 3 months (OVX
BCE, n = 9), OVX rats without BCE treatment (OVX Ctrl, n = 10), and sham surgery rats without BCE
treatment (sham, n = 9). Data represent the means ± SD. * p < 0.05 vs. Ctrl.

In addition, uterine weight increased with BCE intake (Figure 1C). Estrogens and phytoestrogens
enlarge the uterus and promote the thickening of the endometrium. In our previous study, oral
administration of 1000 mg/kg BCE to four-week-old young rats for three days without estrogen
secretion did not increase the weight of the uterus, but the endometrium was partially thickened. In
this study, as BCE was administered for three months, the weight of the uterus may have been affected.
Thus, this result confirmed that BCE functioned as a phytoestrogen.

3.2. Visceral Adipose Tissue Mass and Adipocyte Sizes

OVX rats had a greater visceral adipose tissue mass (34.3 ± 10.9 g) than did sham (17.3 ± 8.8 g)
rats (p = 0.023). However, OVX BCE rats did not increase in adipose tissue mass (24.3 ± 18.8 g) as
much as did OVX Ctrl rats. (Figure 2A). As shown in Figure 2B,C, the average adipocyte diameter
also increased in OVX Ctrl rats (172.3 ± 23.1 μm) compared to sham rats (117.2 ± 29.4 μm, p < 0.001).
However, BCE treatment reduced adipocyte diameters to the levels observed in OVX Ctrl rats (136 ±
24 μm, p < 0.001).

Estrogens are known to play an important role in energy control and lipid metabolism, and
menopausal women are at an increased risk of lifestyle-related diseases due to their decreased
metabolism [28]. Several phytoestrogens have been previously reported to be effective in reducing
these risks in OVX rats, but BCE has been shown to have similar effects [29,30].
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Figure 2. Effect of BCE on visceral adipose tissue mass and size. (A) Visceral fat mass, (B) images of
paraffin-embedded adipocyte hematoxylin and eosin-stained sections of OVX rats treated with 3% BCE
for 3 months (OVX BCE, n = 9), OVX rats without BCE treatment (OVX Ctrl, n = 10), and sham surgery
rats without BCE treatment (sham, n = 9). Scale bar = 100 μm. (C) Average adipocyte diameters were
measured in each of the three fields. Data represent the means ± SD. * p < 0.05 vs. Ctrl.

3.3. Serum Lipid Profiles

We investigated whether BCE intake affected serum lipids. TG, TC, and LDL-C levels increased in
OVX Ctrl rats compared to sham rats. However, BCE intake reduced these serum lipids. There was no
difference in HDL-C (Table 1). These results suggested that abnormal lipid metabolism occurred in OVX
Ctrl rats. Serum lipid abnormalities frequently occur in menopausal women and OVX rodents [31,32].
Therefore, our results suggested that BCE alleviated menopausal lipid metabolism abnormality. TG,
TC, and LDL-C are risk factors of dyslipidemia, arteriosclerosis, and cardiovascular disease. Moreover,
it is known that serum glucose level rises due to a decrease in estrogen levels, causing diabetes and
insulin resistance in menopausal women and OVX animals [33,34]. In this study, the serum glucose
levels in OVX Ctrl rats were higher than those of sham rats, but BCE intake slightly decreased them;
however, there was no significant difference between them (Supplementary Table S1).
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Table 1. Serum lipid profile in OVX Ctrl (OVX Ctrl) and sham (sham) rats fed with regular diet and
OVX rats treated with BCE diet (OVX BCE) after 3 months.

OVX Ctrl OVX BCE Sham

TG (mg/dL) 269.8 ± 57 151.4 ± 64.6 * 212.3 ± 40.2 *
TC (mg/dL) 213.4 ± 98.8 140.5 ± 12.6 * 98.2 ± 53.3 *

LDL-C (mg/dL) 43 ± 5.8 31.7 ± 7.7 * 26.2 ± 14.8 *
HDL-C (mg/dL) 66.2 ± 28 53.1 ± 26.9 65.7 ± 15.5

Data represent the means ± SD of 9–10 animals. * p < 0.05 vs. Ctrl.

3.4. Serum Leptin and Adiponectin Levels

Adipocytokine is a general term for cytokines, such as adiponectin and leptin, secreted from
adipose tissues. Levels of these adipocytokines increased in OVX rats more than in sham rats, but
decreased with BCE intake (Table 2). Adiponectin can prevent arteriosclerosis, enhance the action of
insulin, and lower blood pressure, while leptin reduces the appetite; these adipocytokines are effective
in treating lifestyle-related diseases [35,36]. Adiponectin and leptin concentrations increase due to late
postmenopause in women and estrogen deficiency in animals, such as OVX mice [37–39]. The results
of this study were consistent with these previous reports, suggesting that this is a compensatory effect
due to weight gain and adipocyte growth.

Table 2. Serum adipocytokine levels in OVX Ctrl (OVX Ctrl) and sham (sham) rats, and OVX rats
treated with BCE diet (OVX BCE) after 3 months.

OVX Ctrl OVX BCE sham

Adiponectin (μg/mL) 21.2 ± 4.3 16.1 ± 3.4 ** 12.0 ± 4.9 **
Leptin (ng/mL) 1.96 ± 0.56 1.29 ± 0.37 * 1.23 ± 0.41 *

Data represent the means ± SD of 9–10 animals. * p < 0.05 and ** p < 0.01 vs. Ctrl.

3.5. Evaluation of Hepatic Steatosis and Inflammation

Menopausal women and OVX animals may develop NAFLD from dyslipidemia. In this study, we
examined whether BCE was effective in preventing NAFLD onset by analyzing the liver of OVX rats.
Hematoxylin and eosin staining revealed no steatosis in sham rats, but marked steatosis in OVX Ctrl
rats; ingestion of BCE decreased the degree of steatosis (Figure 3A). Inflammatory foci and balloons in
the liver were not observed, but mild inflammation such as lymphocyte infiltration was detected in
OVX Ctrl rats (Figure 3B, black arrow). In contrast, no inflammation was observed in the OVX BCE or
sham groups. The NAFLD activity score in the sham group was 0.3 ± 0.5, and it increased to 2.6 ± 0.9
(p = 0.0016) in the OVX Ctrl group. However, it decreased to 1.3 ± 0.5 (p = 0.006, Figure 3C) in the OVX
BCE group. Furthermore, in the livers of OVX Ctrl rats, the expression of hepatic inflammatory marker
genes such as TNF-α, IL-6, and IL-1β was higher than that in sham rats, but their levels decreased after
BCE intake (Figure 3D).
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Figure 3. Effects of BCE on liver steatosis. Images of paraffin-embedded hematoxylin and eosin-stained
liver sections of OVX rats treated with 3% BCE for 3 months (OVX BCE, n = 9), OVX rats without
BCE treatment (OVX Ctrl, n = 10), and sham surgery rats without BCE treatment (sham, n = 9).
Magnifications of the upper and lower images are (A) 200× and (C) 400×, respectively, and scale bars
are 40 μm and 20 μm, respectively. (B) Nonalcoholic fatty liver disease (NAFLD) activity scores in the
liver were estimated in each of the three fields. Data represent the means ± SD. * p < 0.05 vs. Ctrl.
(D) Effects of BCE on mRNA levels of liver inflammatory marker genes. Total mRNA levels in liver
tissues from rats of each treatment group were quantified by RT-qPCR. Relative expression of TNF-α,
IL-6, and IL-1βwas normalized with that of GAPDH. Data represent the means ± SD of the means from
three rats. * p < 0.05 vs. Ctrl.

Feeding OVX mice with a high-fat diet causes liver damage, indicated by an increase in the level
of liver damage markers such as serum AST and ALT [30]. In this study, the serum AST and ALT
levels increased in the OVX Ctrl rats compared to sham rats and decreased after BCE intake; however,
the differences were not significant. Furthermore, there was no change in the serum level of the liver
damage marker γ-GT (Supplementary Table S1).

Fat accumulation is known to cause liver fibrosis and weight increase, and blackcurrant was
effective in preventing obesity-induced NASH caused by high-fat diet consumption in a previous
study [21]. However, severe fibrosis progression (Figure 3A,C) and an increase in liver weight
(Supplementary Figure S1) in the OVX Ctrl rats was not observed in this study. Only mild liver
inflammation was observed because no high-fat diet was fed. However, BCE intake alleviated liver
steatosis progression and the expression of inflammatory genes such as TNF-α, IL-6, and IL-1β in the

95



Nutrients 2020, 12, 1541

OVX rats, speculating that daily intake of BCE was effective in preventing NAFLD and NASH in this
non-high-fat diet menopausal model rat.

This study used OVX rats as a menopausal dyslipidemia model, and BCE reduced this dyslipidemia.
Since we have previously found that BCE has an effect of phytoestrogens [15,16,18–20], it is speculated
that BCE may alleviate menopausal dyslipidemia via estrogen signaling. On the other hand, the
ingestion of a high-fat food promotes oxidative stress [40,41] and induces dyslipidemia, and it is
known that anthocyanins [42,43] and polyphenols [44] have antioxidant potentials and have an effect
of reducing dyslipidemia. Polyphenols, such as flavanone [45] and resveratrol [46], as activators of
the nuclear receptor, peroxisome proliferator-activated receptor γ, are known to promote adipocyte
differentiation. Anthocyanins are also known to bind to some nuclear receptors [47]. Therefore, BCE
may function in this menopausal dyslipidemia in addition to its effect as a phytoestrogen, and it is
necessary to study this further.

4. Conclusions

So far, it has been known that BCE has a phytoestrogen effect, but it is unknown whether it has
an effect on menopausal lipid abnormalities. In this study, increased body weights, fat weights, and
adipocyte diameters in OVX rats were reduced by the ingestion of BCE. In addition, serum lipids,
such as triglyceride and cholesterol, were also reduced. Furthermore, hepatic steatosis and levels of
TNF-α, IL-6, IL-1β inflammatory genes increased in OVX rats, but were reduced after BCE intake. This
is the first report to show that BCE intake is effective in preventing lipid metabolism abnormality and
liver steatosis in menopausal model rats. The results of this study suggest that daily BCE intake is
effective in preventing lipid metabolism abnormalities in rats with low estrogen secretion; however,
these results should be confirmed in studies with menopausal women to warrant its future use in
clinical settings.
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Abstract: Genetic, epidemiological and pharmacological data have led to the conclusion
that antagonizing or inhibiting Proprotein convertase subtilisin/kexin type 9 (PCSK9) reduces
cardiovascular events. This clinical outcome is mainly related to the pivotal role of PCSK9 in
controlling low-density lipoprotein (LDL) cholesterol levels. The absence of oral and affordable
anti-PCSK9 medications has limited the beneficial effects of this new therapeutic option. A possible
breakthrough in this field may come from the discovery of new naturally occurring PCSK9 inhibitors
as a starting point for the development of oral, small molecules, to be used in combination with statins
in order to increase the percentage of patients reaching their LDL-cholesterol target levels. In the
present review, we have summarized the current knowledge on natural compounds or extracts that
have shown an inhibitory effect on PCSK9, either in experimental or clinical settings. When available,
the pharmacodynamic and pharmacokinetic profiles of the listed compounds are described.

Keywords: nutraceuticals; PCSK9; SREBP; HNF1α; berberine; cholesterol

1. Introduction

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a pivotal regulator of low-density
lipoprotein (LDL) receptor, and thus of LDL-cholesterol levels [1]. PCSK9 is mainly synthesized by the
hepatocytes, where it undergoes an autocatalytic cleavage in the endoplasmic reticulum (ER) that allows
the release of the mature PCSK9 from the endoplasmic reticulum (ER) to the Golgi [2–5]. PCSK9 is one
of the 33 genes regulated by the sterol regulatory element (SRE) binding protein (SREBP) family of
transcription factors [6]. When cell cholesterol depletion or inhibition of intracellular synthesis occurs,
PCSK9 promoter activity is raised, leading to an increased transcription [7]. A second transcription
factor involved in regulation of PCSK9 is the hepatocyte nuclear factor 1α (HNF1α) [8,9]. Once secreted,
PCSK9 binds the epidermal growth factor-like repeat homology domain A (EGFA-like) of the LDL
receptor (LDLR) through its catalytic domain. This phenomenon fosters the degradation of LDLR
in lysosomes, instead of allowing it to recycle on the cell surface. This degrading activity reduces
the number of LDLR on hepatocytes, and thus the uptake of circulating LDL particles by the liver.
For this reason, PCSK9 genetic gain-of-function (GOF) mutations are associated to hypercholesterolemic
conditions, and its pharmacological inhibition has been considered as a new line of intervention for
preventing cardiovascular diseases [10–12].

At least two strategies have been developed to reduce PCSK9 plasma levels or to inhibit its binding
to the LDLR, i.e., monoclonal antibodies and antisense oligonucleotides [5]. However, an optimal
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pharmacological strategy to inhibit PCSK9 may involve the identification and development of orally
absorbed small molecules with anti-PCSK9 activity. The history of pharmacology has provided
compelling evidence of the importance of identifying naturally occurring chemical entities with
potential therapeutic activities. For this reason, in the present review, we summarized the current
knowledge on natural compounds or extracts that have shown significant PCSK9 inhibitory activity.

2. Berberine

Plants belonging to the genus Berberis (Family: Berberidaceae) are widely distributed worldwide,
with nearly 550 species. Several studies have reported traditional uses Berberis for the treatment of
metabolic diseases (e.g., diabetes and hyperlipidemia). Various bioactive compounds, such as alkaloids,
polyphenols, flavonoids, anthocyanins, etc., have been found in Berberis species.

Berberine, originally isolated from Huanglian (Coptis chinensis, Franch. ranunculaceae), is a
quaternary ammonium salt belonging to a group of benzylisoquinoline alkaloids (Table 1). The chemical
name of berberine is 5,6-dihydro-9,10-dimethoxybenzo[g]-1,3-benzodioxolo[5,6-α]quinolizinium.
Berberine is the most active compound reported from Berberis species, and it is considered to be
highly effective against diabetes and other metabolic diseases [13–15]. Berberine is present in roots,
rhizomes, and stem bark of Berberis, and in other species of flowering plants like Coptis rhizomes and
Hydrastis Canadensis [16].

The mechanism of action of the lipid-lowering effect of berberine was identified by screening
700 Chinese herbs with potential induction effect on LDLR expression [17]. Among different compounds
tested, berberine showed the highest activity in increasing LDLR expression, suggesting a mechanism
similar to hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors, statins. However,
berberine increases messenger ribonucleic acid (mRNA) and protein, as well as the function of hepatic
LDLR, independently from the intracellular cholesterol levels. Thus, the upregulation of the LDLR,
that is mediated by the activation of the transcription factor sterol regulatory element binding proteins
(SREBPs) [18], is not involved in the action of berberine. Further investigation of the biological action
of berberine led to the discovery that this natural compound prolongs the mRNA stability of LDLR
approximately threefold (from 64 to 198 min).

After the discovery of the role of PCSK9 on LDLR, experimental studies were carried out in
order to investigate if PCSK9 was involved in the mechanism of action of berberine. As previously
described, the gene transcription of PCSK9 is mainly regulated by SREBP. However, key SRE motifs
are usually adjacent to Sp1 (specific protein 1) or NF-Y (nuclear transcription factor Y) binding sites,
and SREBPs work in concert with these coactivators to induce full transactivation. In this regard,
the PCSK9 promoter has a unique sequence, with an HNF1 binding site, adjacent to SRE, as a critical
regulatory sequence motif. HNF1α is, indeed, the predominant working partner for SREBP2 in the
regulation of PCSK9 gene.

Starting from these relevant structural differences between the promoters of LDLR and PCSK9,
berberine was shown to strongly reduce the PCSK9 mRNA levels in a time- and concentration-dependent
manner [19]. This inhibitory effect is also independent from the SREBP pathway but related to HNF1α [9].
More interestingly, berberine inhibits PCSK9 protein expression and counteracts the inducing effect
of various statins [9]. Indeed, berberine significantly reduced the expression of HNF1α (−60%),
and only slightly of SREBP2 [9]. This effect is sufficient to block PCSK9 transcription without affecting
LDLR expression. The synergy between SREBP2 and HNF1α is beneficial for LDLR expression,
because SREBP2 is absolutely required for LDLR transcription. The fact that berberine increases
LDLR protein level, both in vitro and in vivo [17,20,21], suggests that the balanced effects are in
favor of LDLR mRNA stability. A more detailed study was conducted to investigate the mechanism
underlying the inhibitory effect of berberine on HNF1α-mediated PCSK9 transcription. By using the
proteasome inhibitor bortezomib, Dong et al. demonstrated that berberine accelerates the degradation
of HNF1α by proteasome pathway. Thus, by blocking proteasome, the effect of berberine is antagonized,
determining an increase of PCSK9 levels and a reduction of LDLR expression [22].
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Finally, results from hamster experiments suggest that the effect of berberine on LDLR and
plasma cholesterol is mainly derived from a systemic action, rather than an inhibition of gastrointestinal
cholesterol absorption. These conclusions derive from the observation that intraperitoneal administration
of berberine (20 mg/kg) has a stronger lipid-lowering effect than oral administration (100 mg/kg), and that
oral berberine did not increase fecal lipids [21]. These results are particularly important considering
that oral bioavailability of berberine is estimated to be around 0.37% [23]. In humans, the maximum
concentration (Cmax) of berberine in plasma was measured at 0.4 ng/mL, after a single oral dose of
400 mg [24]. Intestinal first-pass elimination of berberine is considered the major barrier of its oral
bioavailability, and that its high extraction and distribution in the liver could be other important factors
that lead to its low plasma levels in rats. After intragastric dosing, berberine is widely distributed into
various tissues, including liver, heart, kidney, spleen, lung, and even brain, with the liver being the most
predominant organ, in which the mean level of berberine was approximately 70-fold greater than that
in plasma [23].

Beyond the unfavorable physicochemical properties, a second factor that may negatively impact
on the oral bioavailability of berberine is the fact that this compound is a substrate of some membrane
transporters, including the P-glycoprotein (P-gp) and multidrug resistance protein 1 (MRP1) [25].
These transporters may limit berberine absorption by extruding it from the enterocytes.

At least four metabolites of berberine have been identified. Berberine phase I metabolites M1
via demethylation, M2 via demethylenation, and M3 (jatrorrhizine), from which derive phase II
metabolites that are the corresponding glucuronide conjugates of M1, M2, and M3, respectively [23].
The unconjugated metabolites are the major forms present in tissues, including liver, heart, and kidney;
however, glucuronides of phase I metabolites of berberine were the major forms in plasma after
oral intake.

2.1. In Vitro Studies

The in vitro model utilized to predict the hypocholesterolemic action of nutraceuticals mainly
involve the use of hepatoma cell line HepG2 or Huh7. The first report showing the effect of berberine
on PCSK9 demonstrated that berberine, at concentration of 15 μg/mL (44 μM), reduced the amount
of PCSK9 mRNA by 77%. Time course experiments demonstrated that berberine reduced PCSK9
mRNA within 8 h of incubation and reached a significant reduction at 12 h and 24 h (65% and 61%,
respectively). The amount of PCSK9 secreted into the media of HepG2 cells treated with 15 μg/mL
was reduced by 87% [19]. Under the same experimental condition, berberine increased the LDLR
mRNA expression after 12 h and 24 h 1.9-fold and 2.1-fold, respectively [19]. Very similar results were
observed by Li et al., with a significant reduction of PCSK9 levels at 12 h (−30%) in berberine-treated
cells down to 23% after 48 h at the concentration of 20 μM (6.7 μg/mL) [9]. These studies also confirmed
the antagonist effect of berberine on statin-induced PCSK9 mRNA levels [19].

When the analysis was extended to other genes involved in cholesterol homeostasis, berberine was
shown to reduce the level of HMG-CoA reductase mRNA by 39%, without any significant effect
on farnesyl-diphosphate synthase (FDPS) and 7-dehydrocholesterol reductase (DHCR7) mRNA,
two enzymes involved in the synthesis of cholesterol. The same analysis conducted on non-SRE
containing genes involved in lipid metabolism demonstrated that berberine increased the amounts
of peroxisome proliferator-activated receptors alpha (PPARα) mRNA by 39% (p < 0.05), and SREBP2
mRNA by 74% (p < 0.05). These data demonstrated that there are no consistent effects of berberine on
mRNA expression of genes with or without an SRE. Thus, berberine-mediated reduction in PCSK9
mRNA level does not involve the SREBP pathway. In addition, by using actinomycin D, berberine was
shown to not alter the mRNA stability of PCSK9 while reducing its promoter activity [19].

Berberine metabolites can exert an extracellular signal-regulated kinase (ERK)-dependent
PCSK9-lowering action, with berberrubine (M1) and its analogs being the most powerful [26].
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2.2. In Vivo Studies

The first in vivo evidence of a lipid-lowering effect by berberine was reported in 2004 in hamsters
fed high-fat and high-cholesterol diet (10% lard, 10% egg yolk powder and 1% cholesterol) [17].
This animal model was chosen since the kinetics of hepatic LDLR-mediated LDL clearance have been
well characterized [27]. Treatment of these hyperlipidemic animals with berberine determined a time
and dose-dependent reduction of total and LDL-cholesterol levels. According to the LDL kinetics,
the effect on LDL-cholesterol was observed after 7 days of treatment, and at day 10 berberine reduced
LDL-cholesterol by 26% and 42%, at a dose of 50 and 100 mg/kg/d, respectively. This effect was
associated with increased LDLR mRNA (3.5-fold) and protein (2.6-fold) expressions in the liver [17].
However, the first in vivo report on the effect of berberine on PCSK9 derives from the analysis conducted
in dyslipidemic C57BL/6 mice, in response to LPS-induced inflammation [28]. Berberine was given
by oral gavage at the dose of 10 or 30 mg/kg per day and showed a significant and dose-dependent
reduction of PCSK9 mRNA levels, induced by LPS, in the liver. This effect was associated with a
significant increase of the LDLR mRNA [28]. Thus, although the animal model utilized cannot be
consider optimal for studying the lipid-lowering properties of new agents, the data confirmed the
in vitro analysis and reinforced the concept that berberine reduces PCSK9 transcription.

In contrast, different results were reported in a second study conducted in rats fed a high-fat diet
(47% calories from fat, 20% calories from protein, 33% calories from carbohydrate) for 6 weeks [29].
400 mg/kg/day of oral berberine significantly reduced LDL-cholesterol (−45%) and increased
high-density lipoprotein (HDL) cholesterol (+45%), resulting in unchanged total cholesterol (TC)
levels. Surprisingly, in response to high-fat diet, a significant increase of plasma levels of PCSK9 was
observed, values that were further augmented in response to berberine (almost twofold higher) [29].
Similar trend was observed with simvastatin, utilized as control treated group.

To further investigate the effect of berberine on PCSK9, a third study was conducted in a similar
model of hypercholesterolemic rats [30]. Rats were fed a high-fat diet (20% lard, 5% egg yolk powder,
2% cholesterol, 0.3% bile salts, and 0.2% Prothiucil) for 4 weeks, and then treated with berberine, at the
dose of 156 mg/kg/day, by oral gavage once a day for 8 weeks. Berberine reduced TC, triglycerides
(TG) and LDL-cholesterol by 68%, 66% and 83%, respectively. Interestingly, a berberine derivative,
8-hydroxydihydroberberine, considered to have a higher bioavailability than berberine, produced the
same lipid-lowering effect when used at one fourth of the dose of berberine [30]. In this experimental
model, a significant reduction of PCSK9 in the liver was found in berberine-treated animals compared
to hypercholesterolemic controls [30].

Thus, it is possible to conclude that the animal models utilized had contrasting results, and are
potentially not predictive of the human situation, where substantial differences on lipid metabolism
are recognized.

2.3. Cilinical Studies

The first study that evaluated the effect of berberine in a Chinese population of
hypercholesterolemic patients reported a significant cholesterol-lowering effect, with a 25% reduction
of LDL-cholesterol and 35% of TG [17]; these effects were more evident in subjects that were not under
therapy with other lipid-lowering drugs. The lipid-lowering effect of berberine was then evaluated in
at least three meta-analyses [13,14,31]. The dose of berberine utilized in these studies was between
0.5 g and 1.5 g/day. The results clearly demonstrated that berberine reduces the LDL-cholesterol
by approximately 25 mg/deciliter (dL) in patients with hypercholesterolemia and/or type 2 diabetes
mellitus (T2DM). This variation was accompanied by a significant reduction in TG levels and a modest
increase, albeit significant, of HDL-cholesterol levels [13,14,31].

Clinical evidence of the effect of berberine on circulating PCSK9 levels derives exclusively from
studies conducted with combinations of nutraceuticals. For instance, the treatment of dyslipidemic
subjects for 4 weeks with a nutraceutical formulation containing red yeast rice (monacolin K 3.3 mg),
berberine 531.25 mg and leaf extract of Morus alba 200 mg, did not modify PCSK9 plasma levels [32].
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The authors speculated that monacolin K, the statin produced by Monascus purpureus present in this
combination, should increase plasma PCSK9 [33], and this effect may have been counteracted by the
presence of berberine, a well-known negative modulator of PCSK9, as well as potentially by leaf extract
of Morus alba [34]. Very similar results were observed in a double blind, randomized, placebo-controlled
study that investigated the lipid-lowering effect of 12 weeks treatment with a nutraceutical containing
chitosan, red yeast rice, and berberine, in individuals with hypercholesterolemia [35]. As expected,
the treatment significantly reduced non-HDL-cholesterol and LDL-cholesterol compared to the placebo,
while no changes were observed in PCSK9 plasma levels [35], further supporting the counteracting
effect of berberine on monacolin K. On the contrary, the treatment of hypercholesterolemic patients
with a nutraceutical combination of monacolin K, berberine, and silymarin determined a significant
increase of PCSK9 plasma levels after 8 weeks [36]. This effect is likely due to the use of a different
ratio of the monacolin and berberine doses, resulting in the increasing effect on PCSK9.

In an additional study, conducted in genotype-confirmed heterozygous familial
hypercholesterolemic (HeFH) patients treated with statins or statins/ezetimibe combination,
the supplementation with a nutraceutical containing berberine induced a further 10.5% reduction
of plasma LDL-cholesterol level [37]. The mechanisms underlying this effect might consist of:
(i) an increased expression of LDLR, encoded by the wild-type allele, coupled with their prolonged
half-life; and/or (ii) a reduced expression of PCSK9. Unfortunately, in this study the levels of PCSK9
were not measured. However, the authors observed an inverse correlation between the reduction of
LDL-cholesterol levels obtained with statins or statins/ezetimibe and the additional decrease induced
by berberine [37]. Interestingly, a direct relationship between the hypolipidemic effect of statins and
increased levels of PCSK9 has been observed [38,39], and the above-mentioned inverse correlation
might be explained by the berberine-mediated inhibition of PCSK9.

Although berberine is usually very well tolerated at doses up to 1 mg per day, among its possible
side effects are constipation, diarrhea, abdominal distension, and bitter taste. However, these effects
were observed mainly in trials conducted with the highest doses [31]. It is also important to know
that long-term administration of berberine was shown to reduce the activity of CYP2D6, CYP2D9 and
CYP3A4 in healthy subjects [40], effects potentially associated with drug—drug interactions.

Another aspect needing further investigation is related to the bioavailability of different berberine
preparations. Although it seems clear that berberine supplementation produces favorable effects on
lipid metabolism, it is equally true that absorption of intestinal berberine is often minor and has a wide
inter-individual variability [23,24]. This aspect could determine a high variability of the efficacy of
the nutraceutical.

In this regard, several attempts have been pursued in order to improve the bioavailability
of berberine, including the synthesis of non-natural derivatives [30,41], as well as drug delivery
nanotechnology [42,43]. For instance, the synthetic derivative 8-hydroxy-dihydroberberine can
produce similar lipid-lowering effects to berberine when only a quarter of the original dosage of
berberine is administered, thus suggesting a better pharmacokinetic profile [30]. A second approach was
based on the synthesis of a new series of indole-containing tetrahydroprotoberberine [41]. This study
led to the identification of a new compound with potent inhibitory PCSK9 activity, that promoted
LDL-cholesterol uptake in HepG2 cells and had an oral bioavailability of 21.9% [41]. This compound also
showed a significant in vivo hypolipidemic potency in hamsters fed a high fat diet (0.5% cholesterol),
when administered at the daily dose of 30 mg/kg [41].

To improve berberine bioavailability, Ochin and Garelnabi developed a new formulation consisting
of the encapsulation of the compound within PLGA-PEG nanoparticles to negatively modulate
PCSK9 [42]. Although this formulation was shown to be active in reducing PCSK9 expression in vitro,
a direct comparison to berberine with in vivo evidence of a better oral bioavailability is still missing.
Moreover, in vivo evidence of improved activity of berberine was recently reported with rational
designed micelle (CTA-Mic) developed for an effective liver deposition of berberine. This new
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formulation has excellent in vivo lipid-lowering activity, although the authors did not provide data on
PCSK9 levels [43].

3. Sterol/Stanols and Vegetable Proteins

Among available dietary supplements/substituents for cholesterol reduction, plant sterols/stanols
have one of the widest uses [44]. There are, however, no clear data on these compounds,
essentially showing no activity on PCSK9 levels and, in any case, they are not conclusive.
Two groups have investigated the involvement of PCSK9 in the LDL-C lowering effect of plant
stanols intake [45]. Simonen et al., in a randomized controlled double-blind trial in normal and
hypercholesterolemic subjects, evaluated the effect of a 6 months consumption of vegetable-oil spread
(20 g/day), enriched (plant stanol group) or not (control group) with plant stanols (3 g/day) as ester.
The long-term intake of plant stanol esters reduced LDL-C by 7–10%, without affecting either PCSK9
plasma concentrations or the hepatic LDLR levels, indicating that plant stanol esters can lower LDL-C
through inhibition of cholesterol absorption, without interfering with PCSK9 metabolism [46]. De Smet
et al. showed that an acute intake of plant stanol esters (0.25 mg cholesterol + 50 mg plant stanol esters
dissolved in olive oil) in mice up-regulated mRNA expression of intestinal PCSK9 and LDLR, and their
main transcription factor SREBP-2, whereas hepatic expression of these genes was down-regulated
after 15 min following oral intake. In parallel, reduced intestinal cholesterol absorption and decreased
plasma LDL-C levels occurred [47].

Several food peptides from vegetable sources exert instead a cholesterol-lowering activity by a
physical interaction with bile acid micelles [48]. These again show, however, no activity on PCSK9.
A more interesting case is instead that of food peptides lowering LDL-cholesterol by statin-like
mechanisms. This is the case of both soy and lupin peptide mixtures, achieving inhibition of HMG-CoA
reductase activity of > 50% at 0.5 mg/mL levels [49]. A similar mechanism has been reported for soy
β-conglycinin [50]. In addition, hempseed peptides (from Cannabis sativa L. Cannabaceae) appear to
exert a hypocholesterolemic activity by a statin-like mechanism [51]. The mechanism of the HMG-CoA
reductase inhibition was postulated for some peptides (TPMASD, HFKW and PMAS), based on
molecular docking studies and enzyme assays, consistent with 3-dimensional similarity to statins [52];
the inhibitory activity was however far lower than the nanomolar IC50 values of known statins.

3.1. Lupin

Lupin is a protein-rich grain legume, is commonly represented by four domestic species,
i.e., Lupinus albus (white lupin), L. luteus (yellow lupin), L. mutabilis (pearl lupin) and L. angustifolius
(sweet leaf lupin; Fabaceae). Lupin proteins have been studied for a number of years mainly for their
activity on plasma cholesterol reduction, attributable in large part to an LDLR-activating mechanism [53].
In animal models, lupin proteins have displayed hypolipidemic and a remarkable antiatherosclerotic
effect [54]. Clinically, lupin proteins have been tested predominantly in hypercholesterolemic patients,
with a positive effect on LDL-cholesterol and on the LDL:HDL cholesterol ratio shown in two studies,
one with supplementation [55] and the other with diet enrichment [56]. Conversely, lupin protein
combinations with cellulose led to a remarkable hypocholesterolemic effect [57], with a concomitant
reduction of PCSK9 plasma levels (−8.5% vs. control) [58]. This trend was further confirmed in another
randomized trial, on metabolic syndrome patients, in whom the dietary intervention with lupin proteins
led to an 8% drop in LDL-cholesterol, with a decrease of 12.7% (vs. baseline) of PCSK9 levels [59].
Very recently, a mechanism has been hypothesized, i.e., in HepG2 cells, lupin proteins decrease
both PCSK9 and HNF1α protein levels (Figure 1) [60]. In addition, lupin protein-derived peptides
were found to inhibit the interaction between PCSK9 and LDLR, with the peptide LILPKHSDAD
generated from lupin β-2 conglutin being the best candidate (Figure 1 and Table 1). This peptide
dose-dependently inhibits PCSK9-LDLR binding, thus increasing LDL-uptake in HepG2 cells [61].
Besides inhibiting this interaction, these peptides have been found to lower the expression level of
PCSK9 protein, thus reducing circulating enzyme levels. Thus, two main hypotheses could explain the
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activity of lupin proteins on PCSK9: (i) inhibition of protein–protein interaction between PCSK9 and
the LDLR [61]; and (ii) reduced protein expression of HNF1α [58], at least in HepG2 cells (Figure 1).

Figure 1. Schematic representation of the to-date-known mechanism of action of natural Proprotein
convertase subtilisin/kexin type 9 (PCSK9) inhibitors.

This novel inhibitory pathway of functional foods, related to both the LDLR upregulation and
possible PCSK9 antagonism, are of major interest these days, and may lead to new approaches to
cardiovascular prevention.

3.2. Soy Proteins

Soy proteins are the most widely evaluated dietary proteins for metabolic control [62]. Proteins from
Glycine max are the prototype plant proteins and, as such, have reached the attention, as reported in a
recent position paper [63], on the effects of plant vs. animal protein sources on cholesterol reduction.
The intake of active daily soy doses, in a range of 30 g, leads to an LDL-cholesterol reduction between
3% and 10%, an effect not associated with changes in PCSK9 circulating levels [64].

4. Polyphenols

Polyphenols are plant-derived secondary metabolites found in fruits, vegetables, nuts, seeds,
herbs, spices, stems and flowers, as well as in tea and red wine. This class includes a huge
number of different molecules such as flavonoids, lignans, stilbenes, and condensed (flavan-3-ol
polymers known as proanthocyanidins) or hydrolyzable (such as tannic acid) phenolic polymers [65].
Several epidemiological studies, as well as clinical trials, have reported many cardiovascular
benefits of polyphenols, occurring through multiple mechanisms of action, including plasma
LDL-cholesterol-lowering activity [66–68]. From the mechanistic side, most of these molecules
act by upregulating the LDLR at the hepatic surface, as described for berberine in the above section.
This evidence led researchers to investigate the potential influence of polyphenols on PSCK9.

Although some data is available on the effect of polyphenols on PCSK9, it must be remembered
that the main problem related to research on polyphenols in vitro is that concentrations of tested
compounds are often higher than those detected in vivo, limiting the physiological relevance of
these observations. In addition, the extensive metabolism that polyphenols undergo by intestinal
microbiota in vivo may generate bioactive compounds, making it very hard to traverse the in vitro
findings to the in vivo situation. We critically discussed these aspects that have been deeply reviewed
elsewhere [69,70].
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4.1. Quercetin

Quercetin [2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one] is a flavonoid ubiquitous
in fruit and vegetables (Table 1). Quercetin strongly upregulates the LDLR gene expression in hepatic
cells, resulting in increased LDL uptake. This effect seems to be mediated by the activation of the
transcription factor SREBP2 [71].

In vitro studies revealed that quercetin in its glicosidated form, incubated with HepG-2 cells
at a concentration range from 1 to 10 μM, reduced PCSK9 mRNA levels by 20–30%. In addition,
authors observed a 20–90% increase in intracellular PCSK9 levels and a 30–35% reduction in PCSK9
secretion in the culture medium [72]. The latter effect occurred through a negative modulation of sortilin,
a protein inducing the cellular secretion of PCSK9 from the trans-Golgi network to the plasma membrane
(Figure 1) [73]. Interestingly, quercetin 20 μM affects the expression of PCSK9 not only in hepatic
cells, but also in a foam cell macrophages model [74]. This may unravel a direct antiatherogenic
and LDL-cholesterol-independent effect of quercetin, since PCSK9 negatively modulates cholesterol
metabolism and inflammation in macrophages [75,76]. Differently from hepatic cells and macrophages,
quercetin 3-glucoside increased both PCSK9 and LDLR expression in mouse pancreatic cells. However,
this was interpreted as a beneficial effect. In fact, the greater increase of PCSK9 relative to LDLR induced
by quercetin may prevent cholesterol uptake, thus avoiding cholesterol-dependent dysfunction in
these cells [77].

It should be noted that the high concentration of quercetin, and the use of its glicosidated form
instead of the free aglycone, the active component, strongly limits the relevance of the above in vitro
works. However, similar effects on PCSK9 were also observed in vivo, in which the enzymatic cleavage
by the microbiota releases aglycon, which could undergo absorption. In fact, the supplementation
with quercetin-3-gucoside (0.05 and 0.1% w/w) in high-cholesterol diet-fed mice reduced PCSK9
circulating levels, leading to increased LDLR expression at the hepatocyte surface. As observed in vitro,
the supplementation significantly increased the amount of pancreatic PCSK9 [77]. A reduction of
PCSK9 expression, both in liver and aorta, has also been observed after supplementation for 12 weeks
with 12.5 mg/kg of quercetin, in apoE−/− mice fed with a high-fat diet, suggesting a anti-atherogenic
effect occurring at multiple levels (Figure 1 and Table 1) [78].

Specific clinical evidence of the effect of quercetin on circulating PCSK9 levels is still missing.
However, several studies in humans undoubtedly highlighted the cholesterol-lowering properties of
this flavonoid. As example, quercetin supplementation has shown to reduce by approximately 12%
LDL-C levels, as emerged from a recent meta-analysis of randomized controlled trials [79].

From the pharmacokinetic side, like the most of polyphenols, quercetin is characterized by
a poor solubility and low oral absorption, leading to physiological plasma concentrations lower
than micromolar levels [80]. Moreover, quercetin is known to be a substrate and inhibitor of the
P-gp and of breast cancer resistance protein (BCRP), and this further reduces its bioavailability
(Table 1) [81–84]. Quercetin glycosides, the major form present in nature, undergo deglycosylation
in the intestine, generating the quercetin-free form that successively is a substrate of liver
enzymes [85], responsible for the production of the metabolites quercetin-3-sulfate, quercetin
-3′-sulfate, and quercetin-3-glucuronide [86]. Quercetin is also metabolized by gut microbiota into
3,4-dihydroxyphenylacetic acid, 3-(3-hydroxyphenyl) propionic acid, 3,4-dihydroxybenzoic acid and
4-hydroxybenzoic acid [85].

Several formulations have been made to improve polyphenol bioavailability, by enhancing their
solubility or preventing their degradation or metabolism [87]. Among them, a novel lecithin-based
formulation of quercetin has been tested in healthy volunteers, showing a significant improvement in
solubility, and consequently bioavailability [88].

4.2. Epigallocatechin Gallate

Epigallocatechin gallate (EGCG), the most active catechin found in green tea, has shown
hypocholesterolemic activity occurring by an increase of LDLR mRNA levels and protein expression in
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human hepatoma cells line, in an ERK-signaling pathway-dependent manner. Moreover, EGCG reduced
the production of apolipoprotein B (apoB), the main protein component of LDL [89]. This effect was
shown to be independent of the 67 kDa laminin receptor, the main receptor described for EGCG [90].
Other evidence of the mechanism of action of EGCG is provided by Li and colleagues, who demonstrated
EGCG’s capacity to inhibit the endogenous cholesterol synthesis via the suppression of SREBP2 with a
sirtuin 1/forkhead box protein O1 (SIRT1/FOXO1) signaling pathway-dependent mechanism [91].

A marked reduced secretion of PCSK9 was observed in hepatic cells treated with 25 μM EGCG,
with a maximum effect already evident after 3 h of incubation. In the same study, EGCG was able
to counteract the inducing effect of lovastatin on PCSK9 secretion (Table 1). These effects were not
accompanied by changes in PCSK9 mRNA, or in the intracellular precursor/mature protein level
(Figure 1) [92].

Direct evidence of EGCG’s effect on circulating PCSK9 in humans is not yet available. However,
several studies found a significant association between green tea drinking and lower plasma levels of
total and LDL-cholesterol. For instance, the isolated EGCG has shown hypocholesterolemic effects
(LDL-cholesterol −9.29%) in healthy subjects [93]. Similarly, the administration for 6 weeks of green
tea extract lowered, by about 5%, LDL-cholesterol in overweight and obese women [94].

As discussed for quercetin, the oral bioavailability of EGCG is also low in humans (Table 1) [95].
The administration of 300 mg/day for 4 days, followed by an extra 150 mg the fifth day, led to a
mean Cmax of 275.4 μg/mL, with more than sixfold variability among individuals. The reason for
such variability is the high rate of metabolism: ECGC is mainly biotransformed in the liver and
in the small intestine, leading to methylated, sulfated and glucuronidated metabolites, as well as
phenylvalerolactones and phenylvaleric acids, that successively undergo glucuronidation [85,96,97].
The bioavailability of EGCG is also influenced by polymorphism in genes coding for multidrug
resistance-associated protein 2 (MRP2) and organic anion transporter polypeptide 1 B1 (OATP1B1),
transporters involved in the excretion and uptake of these molecules [98].

4.3. Resveratrol

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a non-flavonoid polyphenol first isolated and
identified from the roots of Veratrum grandiflorum (Maxim. ex Miq), O. Loes (Melanthiaceae), and it
is found in red wine, grapes, and peanuts (Table 1). It was previously demonstrated that red wine
polyphenols upregulated LDLR expression and activity, and suppressed the secretion of apolipoprotein
B-100 from human HepG2 cells. After this discovery, researchers specifically focused on the mechanism
of action of resveratrol, the main bioactive polyphenol, finding a remarkable effect in inducing the
transcription of the LDLR gene in hepatic cells, specifically occurring through the processing of SREBP,
but independently of the adenosine monophosphate-activated protein (AMP) kinase (AMPK)-mediated
signaling pathway [99]. Resveratrol also induced LDLR mRNA levels and protein expression in steatotic
hepatic cells, by acting on the PCSK9 promoter with a mechanism involving SREBP1c [100]. In the same
cells, 20 μM resveratrol reduced the expression of PCSK9 and promoted LDL uptake, with important
implications for the pathogenesis of non-alcoholic fatty liver disease (NAFLD), the leading cause
of liver damage [100]. The upregulating action on LDLR has been also seen for polydatin (piceid),
the resveratrol natural precursor [101]. Indeed, polydatin has shown a potential interfering action on
the PCSK9/LDLR interaction, as suggested by an in vitro screening work (Figure 1) [102]. The direct
binding of polydatin to the active pocket of PCSK9 has been further highlighted, demonstrating that
this interaction occurs through several hydrogen bonds. In the same study, authors found that the
treatment with 20 μM of polydatin abrogated the inducing effect of palmitic acid on PCSK9 protein
levels in an insulin-resistant hepatic cell model, suggesting a potential beneficial effect of polydatin
on T2DM [101]. As discussed for quercetin, a strong limitation of these studies relates to the use of
glucosides instead of free aglycone.

The beneficial effect of polydatin in the context of glucose intolerance and diabetes emerged also
from in vivo studies: gene and protein expression of PCSK9 was found reduced in the liver and serum
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of diabetes (db/db) C57BL/6 mice treated with polydatin 100 mg/Kg, 6 d/week for 4 weeks. This effect
was accompanied by an improvement in glucose metabolism, by a PCSK9-dependent upregulation of
glucokinase (GCK) [101].

Concerning humans, no data are available so far on the effect of resveratrol on PCSK9, and even
its efficacy on the lipid profile itself is still debated. The results of a recent metanalysis of 20 studies
did not find an association between the administration of resveratrol and the LDL-cholesterol plasma
levels, suggesting that the described cardioprotective effects of resveratrol may occur through an
influence on other factors beyond lipids [103]. On the other hand, the results of another metanalysis
concluded that longer resveratrol intervention trials (≥3 months) led to a significant reduction of
plasma LDL-cholesterol [104]. Based on these available data, wider and longer studies are still needed
to unequivocally determine the hypocholesterolemic effects of resveratrol.

Resveratrol demonstrates photosensitivity, poor solubility, and rapid metabolism, with negative
consequences on bioavailability and bioactivity. The administration of an oral dose of 25 mg of
resveratrol in humans resulted in plasma concentration from 1 to 5 nanograms (ng)/mL [105]. Due to
its lipophilic nature, resveratrol may accumulate in several tissues and organs such as the brain,
liver, and the intestine. About 20 resveratrol-derived metabolites have been reported in human plasma,
urine, and human tissues. Among these, resveratrol-3-O-sulfate is reported as the most abundant
liver-derived circulating metabolite [106]. Resveratrol and its metabolites may also be biotransformed
in the colon by the gut microbiota, leading to generation of dihydroresveratrol [107].

4.4. Other Polyphenols

Few other polyphenolic compounds have demonstrated an influence on PCSK9 from preliminary
data obtained in vivo or in vitro. However, data are too scarce and further investigations are needed
to better characterize the bioactivity of these compounds with respect to PCSK9. For instance,
silibinin A, a flavonolignan, has emerged as a repressor of PCSK9 promoter activity from the results of
a drug-screening assay (Figure 1 and Table 1) [108]. In HepG2, increasing concentrations of silibinin A,
from 10 to 100 μM, reduced PCSK9 mRNA levels and protein expression in a dose-dependent
manner. This activity was dependent on the suppression of the p38 mitogen-activated protein kinase
(MAPK) pathway. Importantly, silibinin A was able to attenuate the atorvastatin-induced PCSK9,
with a complete counteracting effect observed at 50 μM, suggesting silibinin A as promising agent
to abrogate the negative effect of statin on PCSK9 [108,109]. Silibin can be metabolized by both the
liver, generating sulfate and glucuronide derivatives [109], and by the gut microbiota, leading to
demethylated compounds, as highlighted by an ex vivo study [110].

Naringin, a flavanone-7-O-glycoside (naringenin 7-O-neohesperidoside), isolated from grapefruit
and other citrus (Rutaceae), administered at doses of 25, 50 or 100 mg/kg/day for 8 weeks,
reduced the hepatic expression of PCSK9, SREBP1 and SREBP2 in obese mice, and the LDLR was
consequently induced (Figure 1 and Table 1). Plasma levels of PCSK9 and LDL-cholesterol were
also measured and they have been found to both be dose-dependently reduced by naringenin [111].
When orally administrated, naringin is hydrolyzed to its aglycon naringenin by hydrolase and
intestinal microflora [112]. Naringenin is partly absorbed and then engaged in both phase I and phase
II metabolism. Meanwhile, unabsorbed naringenin and the metabolites excreted by the enterohepatic
circulation are further degraded into phenolic catabolites by intestinal microbiota [112].

Finally, pinostrobin, a flavanone found in honey and in other plants [Pinus strobus L. Pinaceae,
Cajanus cajan (L.) Millsp., Fabaceae, Boesenbergia rotunda (L.) Mansf., and Boesenbergia pandurata (Roxb.)
Schltr., Zingiberaceae], was studied with respect of its potential influence on PCSK9. The treatment of
HepG2 with 20 and 40 μM of pinostrobin led to a dose-dependent reduction of mRNA and protein
expression of PCSK9, and a reduction of its catalytic activity, resulting in increased LDLR expression and
LDL uptake by the cells [113]. Stereospecific differences in the pharmacokinetic profile of pinostrobin
have been observed in rats after iv and oral administrations (Figure 1 and Table 1) [114].
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4.5. Eugenol

Eugenol (4-allyl-2-methoxyphenol), a major component of the essential oil of clove
[Syzygium aromaticum (L.)], is a phenolic nutraceutical with known hypocholesterolemic activities
(Table 1). It has been considered as a safe nutrient, with the acceptable daily intake of up to 2.5 mg/kg
body weight in humans. Animal studies have shown that eugenol lowers serum cholesterol levels
and inhibits lipogenesis in the liver, thus suggesting a protective effect on atherosclerosis and fatty
liver disease [115,116]. More recently, a molecular docking analysis revealed hydrophobic interactions
between ligand eugenol and PCSK9 (Figure 1) [117]. In addition, eugenol was found to reduce
the expression of PCSK9 in Jurkat cells [117]. This effect can be the result of a physical interaction
between the two molecules, or an indirect inhibitory effect of eugenol on the SREBP pathway
(Figure 1) [115]. The pharmacokinetic profile of eugenol has only been investigated in experimental
models (Table 1) [118].

5. Nutrients

5.1. Curcumin

Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione] is one of the main
bioactive polyphenolic components of the spice turmeric, prepared from the rhizome of Curcuma longa L.
(Zingiberaceae) (Table 1).

Curcumin increased the expression of the LDLR and LDL uptake in HepG2 in a dose- and
time-dependent manner. This activity occurred through the activation of the SREBP pathway [119],
although this result was not confirmed in other studies [120,121]. More recently, the stimulating
effect of curcumin on LDLR expression and activity was further observed, but this increase was not
accompanied by changes in LDLR transcription and mRNA stability, suggesting a regulation at the
transcriptional level [122]. Indeed curcumin 10 and 20 μM for 24 h markedly reduced PCSK9 mRNA
and protein expression in hepatic cells. In this work, the transcription factor HNF1α, but not SREBP,
was involved in the curcumin-mediated effect on PCSK9. Interestingly, curcumin almost completely
abrogated the PCSK9-inducing effect of lovastatin, suggesting that curcumin could counteract the
effect of statin on circulating PCSK9 [123] and opening new perspectives on novel nutraceutical
cholesterol-lowering combination approaches (Figure 1). However, the higher concentrations of
curcumin, although widely used in cell culture system, are higher than what can be achieved in vivo,
reducing the relevance of these findings.

The only evidence of curcumin influence on PCSK9 in vivo was reported in 2017. The authors
suggest an anti-endotoxemic action of curcumin, that would be able to improve LPS detoxification via
the LDLR. In detail, authors observed that treatment of cirrhotic rats with curcumin 200 mg/kg/day for
12 weeks, despite no change in mRNA, induced an increase in LDLR protein expression in their liver.
This occurred because of a curcumin-inhibition effect on PCSK9 mRNA and protein level [124].

Although no report is so far available on the influence of curcumin on PCSK9 in humans,
several studies have examined the effect on LDL-cholesterol levels. Results of these investigations are
controversial [125], reporting weak effect or no change, as suggested by the results of a metanalysis of
randomized controlled trials [126]. The reason for this discrepancy may be related to the population
studied, to the length of treatment and the type of formulation that can lead to different bioavailability.

Indeed, low poor aqueous solubility, bioavailability, and an unfavorable pharmacokinetic
profile, limits curcumin’s therapeutic use. In particular, curcumin presents a poor stability under
physiological conditions, with a t1/2 of less than 10 min [127]. Curcumin and its hepatic-derived
metabolites, mainly conjugated with glucuronide, sulfate and glutathione, are further transformed
by the gut microbiota, generating more than 10 different molecules, including tetrahydrocurcumin,
demethylcurcumin, bisdemethylcurcumin, etc. [128,129]. To overcame curcumin pharmacokinetic
issues, several formulation approaches have been proposed, that will need to be tested in appropriate
pharmacological studies [130].
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5.2. Welsh Onion

Welsh onion (Allium fistulosum L., Amaryllidaceae) is a perennial plant that is widely cultivated
throughout the world, especially in Asia. The ethanol extract of welsh onion contains 0.5 g/100 g of
total fat, and is rich in vitamins B2 (riboflavin, 1.3 mg/100 g), B3 (niacin, 284.3 mg/100 g), B6 (pyridoxine,
5.4 mg/100 g), and B9 (folic acid, 2.2 mg/100 g), and mineral iron (20.8 mg/100 g). In addition,
welsh onion contains 0.53 ± 0.02 mg/g of ferulic acid and 0.61 ± 0.01 mg/g of quercetin [131]. A second
study confirmed that ferulic acid is the most abundant phenolic compound present in welsh onion
extract (0.16 ± 0.01 mg/g of extract), followed by p-coumaric acid and kaempferol (0.11 ± 0.01 and
0.10 ± 0.01 mg/g of extract, respectively) [132]. Quercetin was also found in the extract, but the amount
was negligible (0.04 ± 0.01 mg/g extract).

In HepG2 cells, welsh onion ethanol extract was shown to control the induction of different genes
involved in lipid and cholesterol metabolism in response to lipid-deprived serum [132]. The extract was
active at 50 μg/mL up to 200 μg/mL concentration, and effectively controlled LDLR protein expression.
Importantly, at the same concentrations, a significant reduction of PCSK9 mRNA levels were also
observed [132], suggesting a negative impact on gene transcription. In accordance with this hypothesis,
the authors observed a strong reduction of both SREBP2 and HNF1α [132]. Welsh onion ethanol extract
also reduced PCSK9 protein expression, determined by western blot analysis of total protein extracts,
without any significant changes in the LDLR levels. These data suggest that, despite a significant
inhibitory effect on PCSK9, welsh onion did not increase LDLR expression [132].

The ethanol extract was also shown to counteract the induction of PCSK9 by statins, further
supporting a negative effect on SREBP or HNF1α-dependent regulation of PCSK9 transcription [132].

Among the active components identified in the extract, kaempferol, quercetin, and p-coumaric
acid significantly reduced the PCSK9 level under lipid depletion conditions in HepG2 cells, albeit this
effect was observed at considerably high in vitro concentrations (40 μM). On the contrary, ferulic acid
did not show any significant effect (Figure 1 and Table 1) [132].

The hypolipidemic effect of welsh onion ethanol extract was investigated in C57BL6/J mice fed a
high-fat diet (60% of energy as fat, 20% as protein and 20% as carbohydrates) [133]. Welsh onion extract
was dissolved in normal saline and was orally administered to the mice at a dose of 400 mg/kg/day
for 6.5 weeks. This supplementation lead to a significant reduction of body weight and food intake,
with a significant reduction of TG (−46%), TC (−11%) and LDL-cholesterol (−24%) [133]. Interestingly,
the authors also observed a reduction in the expression of SREBP1c in the liver, confirming the data
obtained in vitro [133] and suggesting a possible effect on PCSK9, although this analysis has not been
performed [132].

5.3. Cashew Nuts (Anacardium Occidentale L., Anacardiaceae)

The last guidelines of European Atherosclerosis Society (EAS) and European Society of Cardiology
(ESC) clearly state that higher consumption of fruit, non-starchy vegetables, nuts, legumes, fish,
vegetable oils, yoghurt and wholegrains, along with a lower intake of red and processed meats,
foods higher in refined carbohydrates, and salt, is associated with a lower incidence of cardiovascular
(CV) events [134]. These data indicate that the replacement of animal fats with vegetable sources of
fats and polyunsaturated fatty acids (PUFAs) may decrease the risk of CV disease (CVD). However,
clinical trials relating cashew nuts to cardiovascular disease risk factors, including LDL-cholesterol,
are limited to four conflicting studies [135–138]. In one controlled-feeding study conducted on a total
of 42 adults as a randomized crossover trial, the addition of 42 g of cashews/day was associated with a
significant reduction of PCSK9 plasma levels (270.8 ng/mL vs. 252.6 ng/mL) [135]. This effect was not
associated to any significant change of the LDL-cholesterol, and the active component responsible for
the inhibition of PCSK9 is still unknown.
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5.4. Kenaf

Kenaf (Hibiscus cannabinus L., Malvaceae) and defatted kenaf seed meal (DKSM) is a low-cost
agricultural waste, but potentially a value-added functional food ingredient with hypocholesterolemic
properties [139]. Phenolics and saponins are two major bioactive classes in DKSM that confer
superior antioxidant properties compared to common edible flours, i.e., wheat, rice and sweet potato
flours [139]. The hypocholesterolemic effect of DKSM was recently tested in rats fed high-fat and
cholesterol-containing atherogenic diet, containing either 15% or 30% DKSM. Alternatively, rats were
fed with the same diet but supplemented with 2.3% or 4.6% of phenolic-saponin rich extract (PSRE) of
DKSM. The main active components detected in DKSM or PSRE were p-coumaric acid, caffeic acid,
(+)-catechin and gallic acid [139].

Supplementation with DKSM, and the equivalent levels of PSRE, in hypercholesteremic rats
for 10 weeks, exhibited substantial atherogenic risk reduction, with reduced levels of total and
LDL-cholesterol and increased HDL-cholesterol [139]. DKSM and PSRE reduced HMG-CoA reductase
in the liver, and more importantly serum PCSK9 levels. These effects are probably to be attributed to
phenolic and saponin components. p-Coumaric acid, caffeic acid, (+)-catechin and gallic acid have
been reported to exhibit anti-hypercholesterolemic properties in different animal models [140–142].
In particular, saponins appear to interfere with SREBP transcription factor, and are the most likely
components that affected PCSK9 expression (Figure 1 and Table 1) [143].

5.5. Vitamin MK7

Vitamin K occurs in two dietary forms, i.e., vitamin K1 (phylloquinone) and vitamin K2
(menaquinones, MK). Vitamin K2 is mainly found in fermented foods such as cheese and “natto”,
a Japanese soybean product [144]. More than 12 different types of MK-n have been identified,
from MK-4 to MK-15, where “n” indicates the number of unsaturated isoprenoid residues linked to the
menaquinone (Table 1). MK-7 is produced mainly by submerged fermentation using Bacillus subtilis
and shows a more favorable pharmacokinetic profile compared to MK-4, including a longer half-life
time and higher bioavailability [145]. After its intestinal absorption, vitamin K is solubilized by bile
salts and pancreatic juice and packaged into chylomicrons [146]. European experts suggested that the
Recommended Daily Intake (RDI) of vitamin K, preferably in the form of vitamin K2, is 200–500 μg/day
(200 μg/day for MK7), which is required for optimal carboxylation of extrahepatic γ-carboxyglutamic
acid (GLA)-proteins.

The hypocholesterolemic action of vitamin K derives from an old study conducted on chronic renal
failure patients treated with continuous ambulatory peritoneal dialysis. Vitamin K2 was administered
at very high dose (45 mg daily) for several months, and the biochemical analysis showed that TC
concentrations at 3 months were significantly higher than those at 7 months or later. Similar effects
were observed on LDL-cholesterol [147].

More recently, we have observed a reduction of TC levels in uremic rats after the administration of a
nutraceutical combination named RenaTris®, containing MK-7, magnesium carbonate, and Sucrosomial®

Iron [148]. By in vitro experiments conducted in hepatoma cells, it was found that MK7 alone reduces the
cholesterol biosynthesis, by potentially affecting an enzymatic step of the mevalonate pathway upstream
of the squalene synthase [148]. In response to the inhibition of cholesterol synthesis, MK7 induces LDLR,
similarly to statins, and this effect was prevented by the co-incubation with squalene [148]. However,
differently from statin, which induces PCSK9 expression, MK7 was shown to suppress PCSK9 synthesis
and secretion by hepatoma cells [148]. This is thus very similar to what is observed with berberine,
although the mechanism of action of MK7 is still unknown (Table 1).

5.6. Lycopene

Lycopene belongs to the family of the lipid-soluble antioxidants called carotenoids, which are
found in fruits and vegetables [149,150] but mainly present in tomatoes, or tomato-containing products,
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which account for about 80% of total lycopene ingestion (Table 1). Growing evidence points to
several beneficial effects of lycopene in the maintenance of CV function and health. Among the
carotenoids, lycopene exhibits the highest potent antioxidant activity, but it seems to exert additional
cardioprotective functions, such as anti-inflammatory properties, platelet aggregation inhibition and
endothelial protection [151]. In a recent in vivo study, it was shown for the first time that lycopene
administration in hypertriglyceridemic rats (5, 10 and 50 mg/kg body weigth/day) suppressed the
hepatic PCSK9 mRNA expression two- and threefold through the ubiquitin-induced proteasomal
degradation of HNF1α [152]. This effect partly explains the reduced plasma levels of atherogenic
lipoproteins in lycopene-treated rats, as treatment with lycopene significantly decreased the level of
plasma LDL-cholesterol and very low-density lipoprotein (VLDL)-cholesterol, as well as TG, with the
maximum effect reached at the highest dose (−85.3%, −55.5% and 55.5%, respectively). In light of the
reported reciprocal regulation between PCSK9 and inflammatory cytokines [153], the authors [152]
hypothesized that the lycopene-induced inhibition of PCSK9 expression in hypercholesterolemic rats
might be related to the suppression of inflammatory markers mediated by lycopene, as treatment
induced a significant decrease, of 45, 39.3%, 29.8% and 47.8%, respectively, in the concentrations
of circulating interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α and C-reactive protein (CRP),
with maximum effect at the highest dose of lycopene. Finally, from in-silico molecular modelling
studies, the authors demonstrated that lycopene reduces the affinity of PCSK9 with the complex EGFA
(epidimal growth factor-A) of LDLR (Figure 1). In another study, the same group also showed that
lycopene, through inhibition of HNF1α expression and possibly through the upregulation of farnesoid
X receptor (FXR) and/or PPARα, reduces twofold the LPS-induced hepatic upregulation of PCSK9
in rats [154]. Again, the observed restoration of the inflammatory cascades in LPS-treated mice by
lycopene treatment (−64.1%, −25.7%, 20% and −27.4% on circulating TNF-α, IL-1β, IL-6 and CRP,
respectively, when compared to the LPS control group) is likely related to the suppression of PCSK9
expression (Figure 1).

The main problem is related to lycopene’s low bioavailability; in the human organism only 10–30%
of the lycopene in trans-isomeric form is absorbed from the alimentary sources [155]. Its bioavailability
depends on several factors, such as the different lycopene biochemical isoforms, the lycopene sources,
doses, food co-ingestion, and genetic factors. Indeed, lycopene bioavailability and metabolism is
strongly influenced by genetic variability, being described as at least 28 single nucleotide polymorphisms
in 16 genes, among which are those coding for the cholesterol membrane transporter scavenger
receptor class B, member 1 (SCARB1), the molecular guidance cue slit homolog 3 gene (SLIT3),
and the steroid-breakdown enzyme dehydrogenase/reductase (SDR family) member 2 (DHRS2).
New technologies to overcome bioavailability problems have been recently investigated, by testing
nanodrugs in a nano-emulsion composed of lycopene as anti-inflammatory agent in an animal model
of rheumatoid arthritis [156]. With respect to lycopene metabolites, it has been reported that the
enzyme b,b-carotene 9′,10′-dioxygenase (BCO2) may catalyze the eccentric cleavage of both provitamin
and non–provitamin A carotenoids to form apo-10′-carotenoids, including apo-10′-lycopenoids
from lycopene [157], which have been demonstrated to mediate some of the biological activities of
lycopene [158].

5.7. Omega 3

Omega-3 (ω-3 or n-3) polyunsaturated fatty acids (PUFA) are characterized by having the last
double bond between carbon numbers 3 and 4 in the hydrocarbon (acyl) chain, counting the terminal
methyl carbon as number one. Longer chain n-3 fatty acids include eicosapentaenoic acid (EPA; 20:5n-3),
docosapentaenoic acid (DPA; 22:5n-3) and docosahexaenoic acid (DHA; 22:6n-3), found in significant
amounts in fatty fish, fish oil and in other seafood. These exert a number of cardioprotective effects by
favorably modulating several risk factors for CVD, such as blood lipids, blood pressure, heart rate and
heart rate variability, platelet aggregation, endothelial function and inflammation [159]. With respect
to cholesterol metabolism, EPA and DHA have been shown to reduce production, and may induce a
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faster clearance of triglyceride-rich lipoproteins (TGRL), with a paralleled more rapid clearance of
LDL particles and slower production of VLDL particles [160]. These effects seem to be mediated by
the inhibition of the SREBP1 mediated pathways, including the activation of the nuclear transcription
factors, hepatocyte nuclear factor-4 alpha (HNF4), FXR, liver X receptor (LXR), and PPARs [161,162].
Studies conducted in animal models showed that long term intake of n-3 PUFA-enriched fish oil
(10% in diet) reduces hepatic PCSK9 expression, with a consequent significant 84% reduction of
LDL-cholesterol plasma levels [163], and that an omega-3 fatty acid-rich diet reduced PCSK9 plasma
levels in association with 40% less plasma VLDL- and LDL-cholesterol [164]. Consistently, in subjects
with at least one of the metabolic syndrome risk factors, a diet supplemented with canola oil enriched
with DHA (by 6%) lowered circulating PCSK9 and TG levels compared to canola and canola oleic diets.
In the same study, circulating PCSK9 levels were found to be significantly and positively associated
with LDL-cholesterol, TG and apoB levels [165]. Moreover, daily consumption of marine n-3 PUFAs
(containing 38.5% EPA, 25.9% DHA and 6.0% DPA) decreased circulating PCSK9 levels by 11.4%
and 9.8% in premenopausal and postmenopausal women, respectively, without affecting plasma
LDL-cholesterol levels [166].

Despite the several beneficial effects of long-chain omega-3 PUFA supplementation, DHA and
EPA have been shown to also increase LDL-cholesterol levels [167], with DHA being more potent than
EPA [168]. Consistently, in a recent study in men and women at high risk of cardiovascular disease,
it has been observed that, compared with EPA, supplementation with DHA increased LDL-cholesterol
concentrations (+3.3%; p = 0.038) and the mean LDL particle size, and reduced the proportion of small
LDL (23.2%; p = 0.01) [169]. Despite the increase in LDL-cholesterol, compared to control both DHA
and EPA reduced PCSK9 concentrations in a similar manner (DHA, −225.0 ng/mL; EPA, −218.2 ng/mL).
Moreover, changes in PCSK9 correlated positively with changes in the LDL apoB-100 concentrations,
and negatively with changes in LDL apoB-100 fractional catabolic rate, after DHA but not after EPA,
suggesting a partial role of PCSK9 in the differential effects of DHA and EPA supplementation on
LDL metabolism. Allaire et al. also observed that the responders to DHA or to EPA, in terms of TG
reduction, had greater serum PCSK9 concentration at baseline than non-responders, suggesting a
modulatory role of this protein in the n-3 PUFA-mediated effects [170]. With respect to the mechanism
underlying the relationship between omega-3 and PCSK9, it has been hypothesized to be a modulation
of SREBP2-mediated pathways [171]. In the context of the reciprocal regulating relation between long
chain n-3 PUFAs and PCSK9, there has recently observed a significant interaction between the common
PCSK9 variant rs11206510 located in the promoter region of the PCSK9 gene, identified for early onset
myocardial infarction (MI) through a genome-wide association study (GWAS) [172], and long chain
n-3 PUFA intake in Costa Rican Hispanics. Carriers of this variant reported a lower risk of nonfatal MI
as compared to non–carriers [173].

Several omega-3 formulations naturally concentrated or purified from fish oil have been approved
by the US Food and Drug Administration (FDA) for the treatment of severe hypertriglyceridemia.
Some of these formulations provide EPA and/or DHA in either ethyl ester (EE), that requires digestion
with carboxyl ester lipase (bile salt-dependent lipase). Therefore, the bioavailability of EPA and DHA
from n-3 EE products is strictly dependent on their consumption with a fat meal to stimulate the release
of bile salts. In this regard, technologies have been developed to enhance EPA and DHA absorption
and to facilitate bioavailability [174]. A very recent study in humans showed that pre-digested
omega-3-sn-1(3)-monoacylglycerol lipid structure (OM3-MAG) has a significantly greater absorption
at high therapeutic doses (2.9 g/day) than the most common omega-3-EE (3.1 g/day) forms used in
hypertriglyceridemia, suggesting the use of the pre-digested OM3-MAG as a more efficacious therapy
in severe CV conditions, where high doses of omega-3 are required and a low-fat diet is indicated [175].
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6. Other Inhibitors

6.1. Probiotics

Gut microbiota has a relevant impact on cholesterol metabolism, and thus on the pathogenesis of
atherosclerosis [176]. For this reason, the use of selected probiotics with specific biological properties
has been proposed as a new therapeutic approach for controlling hypercholesterolemia. Within this
context, only one study reported data on PCSK9 levels [177]. This clinical trial evaluated the efficacy
and safety of a nutraceutical combination containing Bifidobacterium longum BB536, red yeast rice extract,
niacin and coenzyme Q10, on the improvement of LDL-cholesterol level, as well as the efficacy and
safety of a set of clinical and experimental markers of cardiovascular risk. The results of this randomized,
double-blind, placebo-controlled study demonstrated that 12 week-treatment significantly reduced
TC (−16.7%), LDL-cholesterol (−25.7%) and apoB (−17%), without any changes in PCSK9 plasma
levels. From the analysis of the circulating levels of lathosterol, markers of cholesterol synthesis, and
campesterol, markers of intestinal cholesterol absorption, it was concluded that Bifidobacterium longum
BB536 may counteract increased cholesterol absorption potentially induced by monacolin K present
in the red yeast rice. On the same line, Bifidobacterium longum BB536 might dampen the induction of
PCSK9 plasma levels observed in statin-treated patients. However, how Bifidobacterium longum BB536
may regulate PCSK9 expression is not known.

6.2. Dioscorea

The aqueous extracts from the root of the Dioscorea zingiberensis C.H. Wright, and from rhizome
of Dioscorea nipponica Makino (Dioscoreaceae), have been used in the prevention and treatment of
atherosclerotic CVD for nearly 30 years in China. In 2012, these products were also approved in the
Netherlands. Several clinical reports have shown that Dioscorea nipponica can decrease the levels of
TC, LDL-cholesterol and TG [178,179]. More recently, in a classical mouse model of atherosclerosis,
involving apoE−/− mice fed a high-fat diet for 18 weeks, dioscorea showed potent lipid-lowering and
anti-atherosclerotic effects [179]. More importantly, dioscorea downregulated hepatic PCSK9 mRNA
and reduced circulating PCSK9. The analysis of the composition of the extract of Dioscorea nipponica
rhizome revealed the presence of protodioscin, pseudoprodioscin and dioscin. These steroidal saponins
are considered the main active components. However, some dioscin terpenoids are conjugated with a
polysaccharide and cannot be absorbed at gastrointestinal level, while their respective aglycones may
be bioavailable. Interestingly, protodioscin, pseudoprotodioscin and methylprotodioscin have been
shown to suppress PCSK9 expression (Figure 1 and Table 1) [180]. This effect was associated with the
inhibition of SREBP transcription factors and was responsible of the induction of the LDLR protein in
HepG2 cells [180]. It is still unclear whether the aglycone of protodioscin and pseudoprotodioscin
is released under in vitro conditions, and thus the active component on PCSK9 is unknown. Indeed,
HepG2 cells are known to show extremely low activity of numerous xenobiotic metabolizing enzymes,
which could provide misleading results in pharmacological tests with compounds that require
biotransformation [181–183]. This is particularly true for natural compounds that need to be activated
by enzymes of gut microbiota that are not present in cultured cells.

6.3. Emodin

Emodin (6-methyl-1,3,8-trihydroxyanthraquinone) is one of the active anthraquinone derivatives
from Rheum palmatum L. (Polygonaceae) and some other Chinese herbs (Table 1) [184]. In C57BL6/J mice
fed high-fat diets for 12 weeks, emodin supplementation at the dose of 40 and 80 mg/kg/day showed
an improvement of lipid levels associated with a reduction of SREBP expression [185]. In addition,
in rats fed high-fat diets, emodin was shown to prevent hypercholesterolemic status through the
bile acids-CYP7A1 pathway. Emodin binds and reduces the reabsorption of bile acids, leading to
cholesterol being shunted into bile acid production, which determines its lipid-lowering effects [186].
More recently, 100 mg/kg per day of aloe, which also contains emodin, was shown to reduce TC and
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LDL-cholesterol levels in diet-induced hypercholesterolemic rats. Interestingly, aloe ameliorates the
liver fat content, and in vitro studies on HepG2 cells show a negative effect on SREBP and HNF1α.
As expected, the inhibition of both transcription factors determined a downregulation of PCSK9,
associated with increased expression of LDLR and LDL uptake (Figure 1) [187].
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Most of the individualized compounds have been shown to inhibit PCSK9 transcription factors,
such as SREBP and HNF1α. However, there is evidence that compounds with different mechanisms of
PCSK9 inhibition also exist, including: Epigallocatechin gallate (EGCG), which affects PCSK9 secretion;
soy peptides, resveratrol, eugenol and lycopene, which inhibit the interaction of PCSK9 with the LDL
receptor (LDLR); and finally, quercetin and pinostrobin, which impair the autocatalytic processing and
maturation of PCSK9 in the endoplasmic reticulum. Today there is no evidence of natural compounds
affecting PCSK9 at the translational level and by epigenetic mechanisms.

7. Conclusions

The relevance of PCSK9 as a new molecular target for treating hypercholesterolemia and associated
cardiovascular diseases is demonstrated by the clinical efficacy of two FDA/EMA-approved monoclonal
antibodies: alirocumab and evolocumab [5]. However, these monoclonal antibodies, the only currently
available anti-PCSK9 therapies, have several drawbacks: (i) very high costs; (ii) subcutaneous
administration (poor compliance and convenience); (iii) potential immunogenicity with long term
treatment. A more recent alternative to anti-PCSK9 antibodies is represented by Inclisiran, a short
interfering RNA (siRNA) designed to target hepatic PCSK9 mRNA. However, this approach still has
some drawbacks, such as the long pharmacokinetic profile, parenteral administration, and an as yet
undefined safety profile [193]. Thus, cheaper, orally administrable, small-molecule drugs are greatly
needed. The response to this issue can potentially come from the identification of natural compounds
with lipid-lowering activity associated with anti-PCSK9 inhibitory action. In the present review,
we identified many compounds with effective anti-PCSK9 inhibitory activity, mainly by acting at the
transcriptional levels, and only few examples of the autocatalytic secretion step or PCSK9 interaction
with the LDL receptor. A critical aspect of all these potentially valid PCSK9 inhibitors is represented
by their limited oral bioavailability, and the restricted evidence of their efficacy only in in vivo
experimental models. Nevertheless, a number of drug delivery approaches and chemical derivatives
of natural compounds, aiming to improve the oral bioavailability, are emerging. In addition, it must
be recognized that, as elsewhere reviewed [194], when assessing the efficacy of a nutraceutical, the
following key aspects are worth of consideration: (i) to identify differences in purity and origin between
products on the market [195]; (ii) to find evidence of clinical efficacy evaluated via placebo-controlled,
double-blind studies [196]; (iii) to evaluate the effects of combining active ingredients. Finally, evidence
has to be grounded on the mechanisms of action of active ingredients in vitro, followed by pre-clinical
studies in experimental animals, to finally explore safety and efficacy in humans [194]. All these
aspects have not always been provided for the natural compounds described in the present review.
Thus, the selected molecules can only be considered as starting points for the eventual development of
oral PCSK9 inhibitors.
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Abstract: Metabolic syndrome (MetS) represents a set of clinical findings that include visceral adiposity,
insulin-resistance, high triglycerides (TG), low high-density lipoprotein cholesterol (HDL-C) levels
and hypertension, which is linked to an increased risk of developing type 2 diabetes mellitus (T2DM)
and atherosclerotic cardiovascular disease (ASCVD). The pathogenesis of MetS involves both genetic
and acquired factors triggering oxidative stress, cellular dysfunction and systemic inflammation
process mainly responsible for the pathophysiological mechanism. In recent years, MetS has gained
importance due to the exponential increase in obesity worldwide. However, at present, it remains
underdiagnosed and undertreated. The present review will summarize the pathogenesis of MetS and
the existing pharmacological therapies currently used and focus attention on the beneficial effects of
natural compounds to reduce the risk and progression of MetS. In this regard, emerging evidence
suggests a potential protective role of bergamot extracts, in particular bergamot flavonoids, in the
management of different features of MetS, due to their pleiotropic anti-oxidative, anti-inflammatory
and lipid-lowering effects.

Keywords: metabolic syndrome; plant extracts; natural antioxidant; polyphenols; bergamot

1. Introduction

Among the so called non-communicable diseases, which represent the major cause of morbidity
and mortality worldwide, Metabolic syndrome (MetS) can be considered the real scourge globally [1].
It is variously known as Raven syndrome, insulin resistance syndrome, plurimetabolic syndrome
and some others. MetS has been increasingly recognized as one of the important contributors to the
pandemic of ASCVD and T2DM, which represent a serious clinical and public health problem [2].
Through the years, several definitions of MetS have been suggested. In the United States, the National
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Cholesterol Treatment Program Adult Treatment Panel III (NCEP–ATP III) published a clinically
applicable definition for MetS in 2001, which was revised in 2005 establishing lower waist circumference
thresholds and fasting blood glucose levels [3]. According to the NCEP ATP III definition, which is the
most widely applied criteria to date, MetS is identified if three or more of the following five criteria
are present: waist circumference over 40 inches (men) or 35 inches (women), blood pressure over
130/85 mmHg, fasting TG level over 150 mg/dL, fasting HDL-C level less than 40 mg/dL (men) or
50 mg/dL (women) and fasting blood sugar over 100 mg/dL (Table 1). The distinctive features of MetS
included abdominal obesity, atherogenic dyslipidemia (elevated TG, small low-density lipoprotein–LDL
particles, low HDL-C), elevated blood pressure, insulin resistance (with or without glucose intolerance),
endothelial dysfunction and pro-thrombotic and pro-inflammatory states [4]. Often, the incidence
of MetS parallels the incidence of obesity and/or T2DM. MetS is also associated with non-alcoholic
fatty liver disease state (NAFLD), which has been defined as the hepatic manifestation of MetS. It was
observed that MetS and NAFLD often coexist and about 90% of NAFLD patients show more than one
component of MetS [5]. Indeed, some common pathophysiological features, such as increased TG,
blood pressure, glucose and lower HDL levels underlying the development of NAFLD and MetS have
been identified [6]. Moreover, several scientific reports have clearly recognized insulin resistance as
a key factor in the pathophysiology of both diseases [5,7]. The incidence of MetS varies according to
age, gender, socioeconomic status, ethnic background and criteria used for diagnosis. Several studies
published in the past years reported that about one-quarter of adult manifest MetS criteria in multiple
ethnic backgrounds [8]. Hence, considering the origin of Mets as a cluster of individual risk factors
for disease and its spread worldwide, an accurate diagnosis to forecast the risk is crucial. The main
purpose is to counteract the different components of MetS with therapeutic lifestyle changes (TLCs)
and pharmacologic therapies to prevent disease, above all CVD and diabetes. In addition, there is
growing interest in the use of naturally occurring compounds to reduce the risk and progression of
MetS. In particular, in the last decade, interesting studies highlighted the beneficial effects of various
natural antioxidants and their possible mechanisms of action for managing MetS.

Among these, bergamot has recently been studied. Bergamot (Citrus bergamia Risso et Poiteau) is
an endemic plant growing in Calabria (Southern Italy). Already around 1660, the essence of bergamot
was used as a pain reliever and, a little later, as fragrance. Bergamot has always played an important
role in Calabrian economy as the main source for the production of the essential oil used in the
cosmetic industry. It has been also traditionally used in the gastronomic field and in the pre-operative
natural disinfection. Bergamot possesses a profile of flavonoids and glycosides, such as neoeriocitrin,
neohesperidin, naringin, rutin and poncirin, which can be considered unique in its various forms
(essential oil, hydro-alcoholic extract and fruit juice), and it differs from other citrus fruits not only for
the composition of its flavonoids but also for their particularly high juice content [9,10]. Recent scientific
data well identified the strong anti-oxidative and anti-inflammatory effects as well as interestingly
hypolipidemic and hypocholesterolemic properties shedding a new light on its use as nutraceutical.
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2. Pathogenesis of Metabolic Syndrome

Several theories have been put forward to describe a common underlying mechanistic pathway for
MetS. Whether the distinct features of MetS can be considered as distinct pathologies or are expression
of a common disease is still under debate. Among the main factors contributing to the onset of
MetS, lifestyle factors such as overeating and lack of physical activity have been identified. It has
been suggested that visceral adiposity represents the main pathological condition that leads to the
activation of most of the pathways involved in MetS [11,12]. According to this hypothesis, the high
caloric intake could be considered one of the casual factors in the progression of MetS. Among the
studied mechanisms involved in the development of MetS and in its transition to ASCVD and/or
T2DM, insulin resistance, neurohumoral activation and chronic inflammation have been reported
(Figure 1). Visceral fat has a gene expression pattern associated with higher risk of developing insulin
resistance and producing smaller low-density lipoprotein cholesterol (LDL-C) size, increased LDL-C
and very low–density lipoprotein (VLDL) and reduced HDL particle numbers [13]. In predisposed
individuals, insulin-resistance condition leads to hyperinsulinemia, enhancing the hormone-sensitive
lipase activity [14]. This condition triggers an additional lipolysis of stored TG from adipocytes raising
the release of free fatty acids (FFAs) [14]. Circulating FFAs, in turn, inhibit the anti-lipolytic effect of
insulin, creating a vicious cycle [15]. The increased amount of FFAs to the liver enhance their hepatic
esterification to TG resulting in increased VLDL production, hypertriglyceridemia and reduction in
plasma HDL-C [16]. Additional TG are further transferred to LDL, which become the main substrate for
hepatic lipase resulting in more atherogenic small dense LDL (sdLDL) particles more prone to oxidation
and uptake into the arterial wall [17]. With an impaired hepatic metabolism of cholesterol and excess
circulating FFAs, gluconeogenesis is increased leading to hyperglycemia [18]. Several studies identified
the mechanism of action underlying FFAs accumulation and muscle insulin resistance. Indeed, FFAs,
converted to diacylglycerides (DAGs) and ceramides in the liver, trigger protein kinase C (PKC)
activity and inhibit the protein kinase B (PKB or Akt) leading to insulin resistance [19]. This clinical
condition often leads to the onset of T2DM since pancreatic β-cell function collapses trying to overcome
resistance [20]. Moreover, insulin resistance is involved in the development of hypertension through
different mechanisms of action. Partially, the increased circulating FFAs enhance reactive oxygen
species (ROS) production, which in turn reduce the bioavailability of nitric oxide (NO) leading to
increased vascular tone, vasoconstriction and elevated blood pressure [21]. Additional mechanisms
involved in the development of hypertension include the effect of adipose tissue–derived cytokines [22]
and hyperactivity of the renin-angiotensin-aldosterone system (RAAS) as it was observed in obese
patients [23]. Visceral adipose tissue, which is considered as an active endocrine organ, synthesizes
significantly high amounts of bioactive molecules, adipocytokines, which regulate inflammation
process, immune function and also insulin sensitivity, blood pressure homeostasis, glucose and lipid
metabolism [24]. It is well known that adipocyte products secrete monocyte chemoattractant protein-1
(MCP-1), tumor necrosis factor (TNF)-α and interleukin (IL)-6, which cause infiltration of macrophages
into adipose tissue contributing to the onset of MetS [25]. In turn, TNF-α signaling activates intracellular
kinases, such as c-Jun N-terminal kinase (JNK) and inhibitor of kappa B kinase (IKK), which increase
serine phosphorylation of insulin receptor substrate-1 (IRS-1) impairing insulin-induced glucose
uptake [26]. In an insulin resistance condition, the inhibition of Akt, due to phosphoinositide 3-kinase
(PI3K) downregulation, leads to disruption of glucose transporter type 4 (GLUT-4) translocation to the
surface membrane of skeletal muscle cells inhibiting glucose uptake [26]. Moreover, Akt inhibition
triggers the activation of the transcription factor forkhead box protein O1 (Foxo1), which increases the
expression of key enzymes of gluconeogenesis, leading to hyperglycemia [14]. Furthermore, high levels
of TNF-α and IL-6 exacerbate inflammation through activation of the pro-inflammatory transcription
factor nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) [25]. NF-κB increases the
release of cytokines and chemokines, the recruitment of monocytes and neutrophils to the tissues [27]
and upregulates vascular cell adhesion molecules (VCAM) on endothelial cells, which leads to foam
cell formation and atherosclerosis [28].
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Figure 1. Pathogenesis of Metabolic syndrome. Pathophysiological mechanisms in metabolic syndrome.
ASCVD, Atherosclerotic Cardiovascular Disease; FFAs, Free Fatty Acids; HDL, High Density Lipoprotein;
sdLDL, small dense low-density Lipoprotein; TG, Triglycerides; T2DM, Type 2 Diabetes Mellitus; VLDL,
very-low-density Lipoprotein.

Clinical Management of MetS components

The treatment of patients with MetS includes different approaches that involve lifestyle and
dietary changes for weight loss and pharmacological interventions to treat atherogenic dyslipidemia
and hypertension in order to decrease ASCVD and T2DM events. As described, many patients with
MetS are obese because of high-calorie intake and unnecessary amount of calories. In these patients,
weight loss through lifestyle modification and physical activity represent a key strategy. In a recent
review, 11 randomized controlled studies of lifestyle interventions showed that the rate of patients
recovered from MetS was approximately 2-fold over controls with a reduction in blood pressure, TG,
waist circumference, and fasting glucose levels [29]. Dietary recommendations have been published in
the American Heart Association/National Heart, Lung and Blood Institute (AHA/NHLBI) update on
the NCEP criteria. According to it, fat intake should be 25% or less of calories, with reduced levels of
saturated and trans fats, cholesterol intake, sodium and simple sugars [20]. A lifestyle consisting in both
balanced diet and exercise is recommended as the first line treatment for MetS [30]. Weight reduction
and maintenance of weight are essential and helpful in improving all the components of MetS.
The Mediterranean and DASH (Dietary Approaches to Stop Hypertension) diets have demonstrated
to be successful in reducing weight and improving MetS components [31,32]. Mediterranean diet,
mainly based on the consumption of monounsaturated fatty acids from olives and olive oil, wholegrain
cereals, fruits, vegetables, low-fat dairy, fish and nuts, has been associated with an improvement of
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cardiovascular outcomes decreasing oxidative stress and inflammation and improving endothelial
function [33]. In addition, the Prevención con Dieta Mediterránea trial (Predimed) reported interesting
results supporting the beneficial effects of Mediterranean diet in preventing diabetes and MetS [34].
It was shown that just an ounce of extra virgin olive oil added to the usual western type diet reduced
the incidence of MetS and hypertension [34]. Interestingly, it was also observed that the molecular
mechanisms underlying the beneficial effects involve the polyphenols contained in the Mediterranean
diet, which cause the reduction of ROS-mediated activation of NF-κB, matrix metalloproteinases
(MMPs) and cyclooxygenase-2 (COX-2) [21].

Beyond the application of these strategies, pharmacological interventions are used. Major traditional
drugs include the use of metformin, which is, to date, the most effective and sole antidiabetic drug whose
mechanism of action seems to mimic the effect of exercise [35]. Another widely used traditional drug is
statin (3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitor), a potent cholesterol
lowering drug with a strong effect mediated by the inhibition of the rate limiting step in the mevalonate
synthesis. Statin is often used as a monotherapy or in association with other drugs targeted to decrease
LDL-C levels [36]. Moreover, fibrates (a class of synthetic peroxisome proliferator-activated receptors
(PPARs) agonists) are considered one of the main choice drugs in the treatment of patients with atherogenic
dyslipidemia. Indeed, fibrates are effective in reducing TG levels more than 50% and increasing total
HDL-C levels up to 25-30% [37]. Their different pharmacological properties have also been observed
in several clinical trials carried out on patients with combined hyperlipidemia, diabetic dyslipidemia
and NAFLD as well in combination therapy with statins [38–40]. Antiplatelet therapy is frequently
used to reduce prothrombotic risk, and insulin sensitizers are administered to decrease the risk of
diabetes [36]. Obese patients are treated with angiotensin converting enzyme inhibitor or angiotensin
receptor blocker in presence of an increased RAAS activity [23]. To counteract salt sensitivity, the use
of diuretics is acknowledged and, in some cases, recommended [23]. Although the available drugs are
both safe and very effective in the treatment of the individual features of MetS, the prolonged use of
more concurrent drugs could lead to serious side effects such as myopathy, pancreatitis, and thrombotic
events [37,41]. However, the description of each individual therapy is beyond the scope of this review.
Instead, in addition to approved pharmacological therapies, there is growing interest in the use of
naturally occurring compounds as alternative strategies that could be effective in counteracting multiple
components of MetS maybe avoiding the onset of side effects. Here, we describe some natural remedies
useful in the management of subjects with MetS.

3. Natural remedies in the management of Metabolic Syndrome

Many natural remedies, which include plant extracts, spices, herbs and essential oils, have interesting
therapeutic potential in the treatment of patients with MetS, which could be harnessed to create newer
therapeutic modalities. Among the many existing so-called functional foods, effective in preventing MetS,
berberine is of particular importance. It is a benzylisoquinoline alkaloid of the protoberberine type found
in an array of plants (es. Rhizoma coptidis). Berberine is widely used in traditional Chinese medicine for its
anti-microbial properties and has shown pharmacological biocompounds that include anti-inflammatory
and antioxidant activities [42]. From twenty-seven randomized controlled clinical trials, it was reported
that berberine treatment has significant therapeutic effects on patients with T2DM, hyperlipidemia
and hypertension [43] In these patients, berberine reduces fasting blood glucose, postprandial plasma
glucose and systolic blood pressure [43]. Furthermore, lower TG, total cholesterol (TC) and LDL-C levels
were observed together with higher HDL-C levels [43]. Some recent studies have confirmed that the
application of berberine effectively regulates blood glucose and lipids, ameliorates insulin resistance,
inhibits inflammatory response [44] as well as reduces waist circumference, TG levels and systolic blood
pressure in patients with MetS [45]. Moreover, berberine treatment results in the inhibition of human
preadipocyte differentiation and leptin and adiponectin secretion. These processes are accompanied by
downregulation of PPARγ2, CCAAT-enhancer-binding proteins (C/EBPα), adiponectin and leptin mRNA
expression [46]. Interestingly, Jiayu Lin et al. have shown that berberine improves metabolic function
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in a mouse model fed with high fat diet (HFD) [47]. Indeed, in the animals treated with berberine,
an increased energy metabolism and glucose tolerance was observed. In addition, the up-regulation
of thermogenesis genes (uncoupling protein 1-UCP1, and phosphor signal transducer and activator
of transcription 3-p-STAT3) and the reduction of pro-inflammatory cytokines (IL-6, TNFα and MCP1)
and macrophages were observed in the white adipose tissue leading to a reduction of apoptotic gene
expression [47]. Berberine also exerts an insulin sensitizing action, similar to that of metformin and
thiazolidinediones, in obese and diabetic C57BLKS/J-Leprdb/Leprdb male mice and in Wistar rats fed with
HFD, which is mediated, at least in part, by AMP associated protein kinase activity [48]. One of the
main drawbacks of berberine is its poor oral bioavailability, considered to be less than 1%, due to its low
aqueous solubility [49]. In this regard, different pharmaceutical formulations such as microemulsion [50]
and anhydrous reverse micelle system [51] have been developed to enhance its bioavailability. Despite low
bioavailability and low plasma levels, high tissue distribution of berberine and its active metabolites has
been observed [52]. Berberine mainly accumulates in the liver, followed by distribution in several other
organs and finally in fat where it remains relatively stable for 48h [52]. Several studies performed on
animal models and humans have shown that berberine undergoes demethylation in the phase I of liver
metabolism followed by conjugation with glucuronic acid or sulfuric acid in phase II [53]. After oral
administration, berberine and its metabolites are excreted in bile, urine and feces [54]. The safety profile of
berberine has been widely studied in several human reports [55,56]. Some interactions of berberine with
traditional drugs have been identified. Among others, clear synergistic effects between berberine and
doxorubicin [57] or fluconazole [58] have been documented. Moreover, berberine when co-administered
with L-DOPA exerts an antagonist action [59], while the concomitant use of tetradine enhances its
hypoglycemic effect [60].

In recent years, another extensively studied natural antioxidant compound was curcumin
[1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione]. It is the principal curcuminoid
present in the Curcuma longa, a plant traditionally used in Asia as a natural remedy for several
pathologies [61]. Much scientific evidence has been collected about curcumin including clinical
trials of patients with MetS and in-depth studies on experimental models of obesity. A randomized,
double-blind, placebo-controlled trial evaluated the lipid-lowering effects of curcumin in patients with
MetS [62]. The study has shown that the intake of curcumin extract is associated with increased levels of
HDL-C and reduced levels of LDL-C and TG. Moreover, in a subgroup of patients, it was also observed
a reduced TC/HDL-C ratio [62]. Some other preliminary data have shown that a bioavailable form
of curcumin ameliorates weight management in overweight people with MetS [63]. Curcumin also
improves MetS in an experimental model of HFD fed rats [64]. The study demonstrated that curcumin
significantly improves body mass, systolic blood pressure as well as serum levels of glucose, insulin,
leptin, TC, TG, uric acid and malonildialdehyde (MDA) [64]. In addition, curcumin enhances catalase
activity and strongly downregulates the expression level of TNF-α and NF-κB in hepatocytes [64].
Indeed, it is well described that curcumin inhibits the degradation of IκBα and the activation of
IKK, related to NF-κB activation, leading to the suppression of inflammatory biomarkers, such as
COX-2 and vascular endothelial growth factor (VEGF) in HFD fed rats [65]. Some other data have
shown that curcumin downregulates the expression of different pro-inflammatory adipocytokines,
such as chemokines (MCP-1, MCP-4) and interleukins (IL-1, IL-6, and IL-8), regulated by NF-κB
activity, in adipose tissue isolated from obese mice [66]. Moreover, curcumin seems to be involved in
the suppression of Jun NH2-terminal kinase (JNK), extracellular signal-regulated kinase1/2 (ERK1/2)
and p38MAPK activities as it is shown in an in vitro model of 3T3-L1 adipocytes [67]. It was also
proven that curcumin interrupts leptin signaling [68] and activates PPAR-γ in rat hepatic stellate
cell growth [69], and it is able to increase adiponectin expression in a mouse model of obesity and
diabetes [70]. Interestingly, curcumin also inhibits the wnt/β-catenin pathway, which is closely related
to the onset of obesity [71]. In vitro and in vivo evaluation have shown that curcumin interferes
to wnt/β-catenin pathway through different potential mechanisms such as downregulation of the
transcription coactivator p300 [71] or inhibition of glycogen synthase kinase (GSK)-3β, which directly
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causes the phosphorylation of β-catenin [72]. Several animal and human studies have provided
some information about the oral bioavailability of curcumin. In particular, Yang K et al. revealed
that the oral bioavailability of curcumin in the plasma of rats treated with 500 mg/kg is only about
1%, suggesting that higher doses are necessary to observe some beneficial effects [73]. Interestingly,
recent scientific advances in the development of new pharmaceutical formulations like liposome,
polymeric nanoparticles, lipid-complexes and others have shown an increase in the bioavailability and
in the activity of curcumin improving its beneficial effects [74]. Pharmacokinetics studies revealed that
curcumin undergoes a biotransformation process in gut and liver producing curcumin glucuronides,
sulphates or reduced molecules such as hexahydrocurcumin [75]. Intravenous injection of curcumin
in mice suggests a tissue specific accumulation in particular in liver, lung, spleen and brain [76].
Curcumin metabolites, like curcumin glucuronide and curcumin sulphate, were also identified in
plasma and urine of patients treated with at least 3600 milligrams of curcumin [77]. After oral
administration, approximately 75% of curcumin metabolites are excreted in the feces [78]. No toxic
effects were observed after oral administration of curcumin [77].

Among other natural remedies, Cinnamon (Cinnamonium verum), derived from the inner bark of
many varieties of evergreen trees, is commonly used in Chinese and Indian traditional medicines [79].
Cinnamon extracts have shown anti-inflammatory and antioxidant properties as well as an interesting
insulin-like activity [79]. In a randomized placebo-controlled trial, it was observed a significant
improvement in fasting blood glucose, blood pressure and body composition in subjects with MetS
treated with an aqueous extract of cinnamon [80]. Furthermore, a recent review, which collected
8 clinical trials that used Cinnamomum cassia in aqueous or powder form, reported a significant
improvement of glycemic control in different animal models, in patients with pre-diabetes condition
and in diabetic ones [81]. Interestingly, it was shown that cinnamon exerts its anti-diabetic activity
through different molecular mechanisms including insulin receptor (IR) auto-phosphorlylation and
de-phosphorylation, GLUT-4 receptor synthesis and translocation, modulation of hepatic glucose
metabolism interfering with pyruvate kinase (PK) and phosphenol pyruvate carboxikinase (PEPCK)
activities. This, in turn, alters the expression of PPARγ and inhibition of intestinal glucosidases [81].
The ability of Cinnamon in improving glycemic control and lipid levels was also described in an in vitro
model of mouse 3T3-L1 adipocytes [82]. In particular, the study has shown a significant increase in
mRNA and protein levels of IR, GLUT-4 and tristetraprolin in mouse 3T3-L1 adipocytes treated with
cinnamon extract and polyphenols [82]. Recent data about the bioavailability and pharmacokinetics of
cinnamaldehyde, one of the main active components derived from cinnamon, were collected. After oral
administration, the bioavailability of cinnamaldehyde was approximatively 20% [83]. Pharmacokinetics
studies have shown a well distribution of cinnamaldehyde and its metabolites throughout the body [84].
After oral administration, cinnamaldehyde metabolized into cinnamic acid mainly in the liver but
also in stomach and small intestine [85]. Moreover, cinnamaldehyde can be converted into cinnamyl
alcohol, being more susceptible to β–oxidation as their cinnamic acid derivatives [86]. It is suggested
that the consumption of cinnamaldehyde should be limited to the dose related to the acceptable
daily intake. Higher doses of cinnamaldehyde probably lead to toxic effects such as genotoxicity and
hepatotoxicity [84]. The bioavailability and pharmacokinetics data about the other major cinnamon
constituents, such as cinnamon polyphenols, cinnamic acid and eugenol have to be clarified.

Also noteworthy is capsaicin, which represents the major active constituent of chilly and constitutes,
together with dihydrocapsaicin, about 90% of the capsaicinoids present in fruits belonging to the
Capsicum genus [87]. Some epidemiologic data have shown that the consumption of foods high in
capsaicin, improves metabolic and inflammatory status of adipose tissue and liver suggesting that
dietary capsaicin is associated with lower incidence of obesity and/or MetS [88]. It was observed
that the effects of capsaicin are mainly due to its agonist action on transient receptor potential
cation channel subfamily V member 1 (TRPV1) [88]. Indeed, TRPV1 knockout mice fed a HFD
become more obese and more resistant to insulin and leptin compared to the wild-type mice fed
a HFD [89]. Capsaicin acts on the TRPV1 and PPARα receptors reducing metabolic dysregulation
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through an increase in expression levels of adiponectin and its receptor in an experimental model of
obese mice [90]. Capsaicin is also able to increase liver X receptor (LXR) and pancreatic duodenal
homeobox-1 (PDX-1) in the liver of streptozotocin-induced diabetic rats [91]. Both these proteins
regulate glucose metabolism through modulation of GLUT-2, phosphoenolpyruvate carboxykinase and
glucose 6-phosphatase expression levels, suggesting a role of capsaicin in gluconeogenesis inhibition
and glycogen synthesis activation [91]. Several pharmacokinetics studies performed on experimental
animal models reported that capsaicin is rapidly absorbed from the gastrointestinal lumen and detected
in plasma 1h after oral administration. [92]. Chaiyasit et al. reported pharmacokinetics data obtained
after oral administration of capsaicinoids in humans [93]. The results have shown capsaicin half-life in
the plasma of approximatively 25 minutes and peak plasma concentration after 45 minutes. After less
than 2h, no capsaicin was detected in the blood of the volunteers [93]. After oral administration,
capsaicin and dihydrocapsaicin are mainly distributed in the liver and then in the kidney followed
by the lung and rapidly metabolized within 24h. Most of the capsaicin is metabolized in the liver
while a small amount was hydrolyzed in the small intestine [92]. Dihydrocapsaicin is metabolized
to vanillyl alcohol, vanillic acid or vanillylamine as free forms or as their glucuronides and excreted
in urine together with a small percentage of the unchanged form [92]. Limitations in the clinical
use of capsaicin are related to its strong pungency and burning sensation. In this regard, several
new pharmacological formulations have been designed such as chitosan microspheres, liposomes,
nanoparticles or soft gel capsules able to bypass the release in the stomach [94–96]. Although several
animal studies have provided evidence of the benefits of capsaicin in the treatment of MetS, less is
known about the potential toxic effects.

Some data are available regarding carnosic acid, a phenolic diterpene synthesized by plants
belonging to the Lamiaceae family (Rosmarinus officinalis, Salvia officinalis). Zhao et al. have shown
that carnosic acid, the main active compound of plants, improves obesity and MetS features in
an experimental model of HFD fed mice [97]. In addition to decreasing serum levels of TG, TC, insulin
and glucose, carnosic acid is capable of inhibiting the expression levels of various pro-inflammatory
cytokines such as IL-1β, IL-6 and TNF-α [98]. Moreover, it promotes the expression of anti-apoptotic
protein B-cell lymphoma 2 (Bcl-2) and decreases the expression of pro-apoptotic protein Bcl-2-like
protein 4 (Bax) and MMP-9 [98]. In an experimental animal study, the oral bioavailability of carnosic acid
was 40%, and it was recorded 6h after administration, suggesting a slow absorption of the compound [99].
After oral administration, the main metabolites of carnosic acid such as glucuronide conjugates, carnosol
and rosmanol as well as CA 12-methyl ether and 5,6,7,10- tetrahydro-7-hydroxyrosmariquinone were
detected in gut, liver and plasma. It has been reported that most of the compounds persist in these
tissues at significant concentrations for several hours. Carnosic acid and its metabolites are mainly
excreted through the fecal route [100]. No side effects were observed both in animals treated with
a single acute dose of carnosic acid and carnosol [101] and after sub-chronic consumption of the doses
for 64 days suggesting a low toxicity of the extract [102] (Table 2).
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4. Citrus Bergamia

Bergamot (Citrus bergamia Risso et Poiteau) is an endemic plant growing in Calabria (Southern
Italy). Bergamot possesses a profile of flavonoids and glycosides, such as neoeriocitrin, neohesperidin,
naringin, rutin and poncirin, which can be considered unique in its various forms (essential oil,
hydro-alcoholic extract and fruit juice), and it differs from other citrus fruits not only for the composition
of its flavonoids but also for their particularly high juice content [9,10]. Emerging evidence suggests
a potential protective role of bergamot flavonoids in the management of different features of MetS,
due to their pleiotropic anti-oxidative, anti-inflammatory and lipid-lowering effects.

4.1. Preparation of Bergamot Polyphenolic Fraction

Bergamot juice can be concentrated by a patented method based on a preparative size exclusion
chromatography, with polystyrene gel filtration, followed by eluate exsiccation to give rise to
a polyphenol-enriched powder, BPF [103]. Briefly, bergamot juice was obtained from peeled-off
fruits by industrial pressing and squeezing. Then, the juice was oil fraction-depleted by stripping,
clarified by ultra-filtration and loaded on polystyrene resin columns absorbing polyphenol compounds
of molecular weight between 300 and 600 Da. The polyphenol fractions obtained were thus eluted
by a mild KOH solution. Next, the fitocomplex was neutralized by filtration on cationic resin at
acidic pH. Finally, it was vacuum dried and minced to the desired particle size to obtain BPF powder.
The following HPLC analysis performed on BPF powder has shown that flavonoids are over 200 times
more concentrated than those contained in bergamot juice. It was also estimated that BPF contains
over 45% flavonoids, of which 95% are flavanones and 5% flavones, as well as carbohydrates, pectins
and other compounds. Specifically, titration for some BPF compounds was performed showing
the percentage of neoeriocitrin (>9%), naringin (>11%), neohesperidin (>11%), melitidin (>1%) and
brutieridin (>2%). In addition, toxicological analyses revealed the absence of known toxic compounds
including heavy metal, pesticide, phthalate and sinephrine. Moreover, no mycotoxins and bacteria
were detected after standard microbiological tests. [103].

4.2. Lipid-lowering and Anti-diabetic Effects of BPF

In the context of MetS, several beneficial effects of BPF have been detected both in clinical
trials and in experimental models. In this regard, BPF has shown important properties when
administered in patients suffering from isolated hypercholesterolemia, patients with hyperlipidemia
(hypercholesterolemia and hypertriglyceridemia) and patients with mixed hyperlipidemia associated
with hyperglycemia [103]. All patients received an oral dose of BPF (500 mg or 1000 mg) for
30 consecutive days. At the end of the treatment period, all patients have shown a strong reduction in
TG, TC, LDL-C, blood glucose levels and a significant increase in HDL-C, which is dose-dependent.
Interestingly, reduced excretion level of urinary mevalonate was reported suggesting a direct
inhibitory action of BPF on HMG-CoA reductase activity. The latter evidence is probably due to the
structural similarity to HMG-CoA reductase substrate shown by bruteridine and melitidine, which are
3-hydroxy-3-methylglutaryl derivatives of hesperetin and naringenin, respectively. Furthermore, BPF
improves the impaired endothelium-mediated vasodilation in all treated patients. The reduction of
all cholesterol parameters, due to BPF treatment, was also shown in a sub-group of patients with
a relevant intolerance to statins [103]. Gliozzi and colleagues well demonstrated that the co-treatment
with rosuvastatin (10 mg/daily/p.o.) and BPF (1000 mg/daily/p.o.) for 30 days significantly enhances
the effect of rosuvastatin alone on serum lipemic profile of patients with hyperlipemia [104]. This effect
is associated with significant reduction of MDA, lectin-type oxidized LDL receptor 1 (LOX-1) and
p-PKB levels, suggesting a multi-action potential for BPF in patients on statin therapy [104]. In a work
published in 2014, the same research group studied the effect of BPF on LDL small dense particles
and NAFLD, another important biomarker for the development of cardiometabolic risk, in patients
with MetS [105]. Interestingly, a significant reduction in serum TC, LDL-C and TG was shown
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in patients treated with BPF (650 mg, twice a day, p.o.) for 120 consecutive days. This effect is
associated with a significant reduction of serum glucose, transaminases, gamma-glutamyl-transferase
and inflammatory biomarkers such as TNF-α and C-reactive protein (CRP) [105]. Moreover, BPF is
able of a substantial re-arrangement of lipoprotein particles. It reduces LDL small-size atherogenic
particles and enhances large-size anti-atherogenic HDL particles [105].

In a randomized, placebo-controlled trial, performed on MetS patients with elevated atherogenic
index of plasma (AIP) and moderate hyperglycemia, the efficacy of a new bergamot juice-derived
formulation was reported [106]. Bergamot polyphenolic extract complex (BPE-C) is enriched with
flavonoids, pectins and vitamin C. In patients treated with 650 or 1300 mg of BPE-C for 90 consecutive
days, the clear improvement of dyslipidemia was confirmed, as previously reported [106]. In addition,
a powerful reduction of AIP and the amelioration of insulin sensitivity accompanied by weight loss
were observed. This evidence is associated with a significant reduction of circulating leptin and ghrelin
and upregulation of adiponectin [106]. Recently, BPF novel phytosomal formulation (BPF phyto) was
developed to reach a better absorption and tissue distribution of BPF in patients suffering from T2DM
and mixed hyperlipemia [107]. After randomization, patients received BPF (650 mg/p.o.) or BPF Phyto
(500 mg/p.o.) twice a day for 30 consecutive days. The data obtained well confirmed previous results
showing the beneficial effects of BPF in improving lipid profile of patients undergoing MetS with
elevated cardiometabolic risk [107].

The lipid-lowering and anticholesterolemic effects of BPF were previously observed in rat fed
with hypercholesterolemic diet [103]. The data have shown that the administration of BPF for 30 days
produces a significant reduction in TG, TC and LDL-C accompanied by moderate elevation of HDL-C.
Moreover, in the BPF-treated group, a better epato-biliary turnover and cholesterol consumption was
observed as suggested by increased levels of total bile acids and neutral sterols in fecal samples [103].
The beneficial properties of BPF in counteracting the detrimental features of NAFLD were studied in
cafeteria (CAF) diet-induced rat model of MetS [108]. The results confirmed that BPF had a role in
reducing serum TG, blood glucose and obesity. Moreover, BPF counteracts hepatic steatosis strongly
decreasing the amount of lipid droplets in rat hepatocytes. BPF also prevents the pathogenic lipid
accumulation by stimulating the autophagic process in the liver. Specifically, the phytocomplex exerts
a potent induction of lipophagy, as documented by the higher levels of LC3II found in the lipid droplet
(LD) subcellular fractions of BPF-expose livers [108].

Moreover, a detailed work published on Scientific Report in 2020 well demonstrated that BPF is
able to improve dyslipidemia and different pathophysiological features in a diet-induced mouse model
of NAFLD [109]. Interestingly, the results have shown that BPF improves glucose tolerance and insulin
resistance as well as liver enzymes and dyslipidemia counteracting non-alcoholic steato-hepatitis
(NASH) [109]. BPF is able to reduce oxidative stress markers along with JNK and p38 MAP kinase
activity. BPF also prevents the exacerbation of inflammatory process and sinusoidal fibrosis in the
liver [109]. In an in-depth study, a molecular mechanism partly responsible for the hypolipemic
properties of BPF was also clarified [110]. In vivo data demonstrated that BPF prevents alteration of
lipid profile in rats fed with hypercholesterolemic diet, reducing oxidative stress and ameliorating
lipoprotein metabolism dysregulation [110]. This, in turn, restores the activity of acetyl-coenzyme
A acetyltransferase (ACAT), lecithin cholesterol acyltransferase (LCAT), cholesteryl ester transfer
protein (CETP) and paraxonoase-1 (PON1), an effect accompanied by the concomitant normalization
of apolipoprotein A1 (Apo A1) and apolipoprotein B (Apo B) levels [110].

4.3. Antioxidant and Anti-Inflammatory Effects of BPF

The antioxidant effect of bergamot was initially observed by analyzing the potential activity of the
non-volatile fraction of the bergamot essential oil (BEO-NVF) in an experimental model of neointima
hyperplasia. Mollace et al. identified the highly significant effect of the antioxidant component of
BEO-NVF on LOX-1 expression and ROS generation in a model of rat carotid artery injury [111].
The results have shown that balloon injury is associated with smooth muscle cell proliferation and
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neo-intima formation causing re-stenosis. These cells also reveal an increase in LOX-1 expression and
generation of ROS. Interestingly, pre-treatment of rats with BEO-NVF decreases neo-intima formation,
LOX-1 expression and ROS generation as well as the degree of stenosis [111]. The natural antioxidant
and LOX-1 modulating properties of BEO-NVF appear to be promising for use in MetS to decrease
endothelial dysfunction, smooth muscle cell proliferation and inflammation, all of which bridge the
gap between MetS and ASCVD. Furthermore, BPF has shown robust antioxidant properties in a CAF
diet-induced rat model of MetS ameliorating the plasmatic oxidative balance. In particular, data have
shown an increase in the expression level of the antioxidant enzyme glutatione S-tranferasi P1 (GSTP1)
and the inhibition of the pro-apoptotic markers caspase 8 and 9 [112]. Important evidence on the
anti-inflammatory activity of BPF were collected in CAF diet-induced NASH rats. [113]. The study
demonstrated the ability of BPF supplementation to decrease hepatic inflammation by reducing IL-6
and increasing anti-inflammatory IL-10 mRNA expression levels. These results correlate with fewer
Kupffer cells, leukocytes infiltrating perivascular hepatic tissue and lower inflammatory foci score
in CAF fed rats treated with BPF [113]. The reliable antioxidant and anti-inflammatory properties
of bergamot polyphenols have also been studied in association with cynaropicrin, a sesquiterpene
lactone of a guaianolide type isolated from artichoke (Cynara cardunculus) [114]. The phytocomplex,
called Bergacyn, has been previously titrated in polyphenols derived from bergamot and artichoke.
The percentage of titrated polyphenol coming from Citrus bergamia was > 19.5% while the one derived
from Cynara cardunculus was >10%. Moreover, some compounds of Bergacyn have been titrated
showing the percentage of neoeriocitrin (>4.5%), naringin (>5.5%), neohesperidin (>5.5%), melitidin
(>1) and brutieridin (>2%). Musolino V. et al. well demonstrated the synergistic effect of Bergacyn
on vascular inflammation and oxidative stress in a randomized, double blind, placebo controlled
clinical study of patients with T2DM and NAFLD [114]. After 16 weeks of treatment with Bergacyn
(300 mg/daily/p.o.), a significant improvement of NAFLD biomarkers (alanine aminotransferase-ALT,
aspartate aminotransferase-AST, gamma-glutamyl transferase-γ-GT and alkaline phosphatase-ALP)
as well as liver fibrosis biomarkers (hyaluronic acid-HA, type III precollagen-PC III and type IV
collagen-IV-C) was shown in patients with T2DM [114]. These effects are associated with a substantial
modulation of oxidative stress and inflammatory biomarkers. Indeed, an increase in glutathione
peroxidase (GPx) and superoxide dismutase (SOD) levels and a reduction of MDA and TNF-α levels was
shown [71]. Moreover, at the end of the experimental period, an improvement in endothelial dysfunction
was observed, contributing to better NO-mediated reactive vasodilation [114] (Table 2, Figure 2).
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Figure 2. The molecular mechanisms involved in the beneficial effects of bergamot polyphenols. ACAT,
Acetyl-Coenzyme A Acetyltransferase; ALP, Alkaline Phosphatase; ALT, Alanine Aminotransferase;
Apo A1, Apolipoprotein A1; Apo B, Apolipoprotein B; AST, Aspartate Aminotransferase; CETP:
Cholesteryl Ester Transfer Protein; COL1A1, Pro-Collagen type I; GPx, Glutathione Peroxidase; HA,
hyaluronic acid; HDL-C, High Density Lipoprotein Cholesterol; Hs-CRP, High-sensitivity C-Reactive
Protein; IDL, Intermediate Density Lipoprotein; JNK, c-Jun N-terminal Kinase; LCAT, Lecithin
Cholesterol Acyltransferase; LDL-C, Low Density Lipoprotein Cholesterol; LOX-1, Lectin-type Oxidized
LDL receptor 1; MDA, Malonildialdehyde; PARP, Poly(ADP-ribose) Polymerase; pCEH, pancreatic
Cholesterol Ester Hydrolase; PC III, Pre-collagen type III; p-PKB, phospho- Protein Kinase B; PON1,
Paraxonoase-1; PIIINP, Pro-Collagen III N-terminal propeptide; ROS, Reactive Oxygen Species; SMC,
Smooth Muscle Cell; SOD, Superoxide Dismutase; TBARS, Thiobarbituric Acid Reactive Substances; TC,
total Cholesterol; TG, Triglycerides; TNF-α, Tumor Necrosis Factor-alpha; VLDL-C, Very-Low-Density
Lipoprotein Cholesterol; γ-GT, Gamma-Glutamyl Transferase; IV-C, Collagen type IV.

4.4. Bioavailability and Pharmacokinetics of BPF

Up to date, the oral bioavailability and pharmacokinetic of BPF has not been completely
investigated. In the recent study of Musolino et al., oral bioavailability information of BPF has
been collected. After 11 weeks of treatment, neoeriocitrin, naringin and neohesperidin have been
detected in the serum of mice that received BPF by gavage, suggesting that those biocompounds are
able to cross small intestine membrane [109]. Moreover, a recent pilot bioavailability study clarified
how these compounds are modified after oral consumption of bergamot juice in healthy volunteers’
biological fluids [115]. The authors demonstrated that flavonoids from Citrus bergamia undergo phase
II conjugates metabolism (such as sulfate and glucuronides of hesperetin, naringenin and eriodyctiol).
They were detected at both 1h and 4h in the plasma samples of all the volunteers. The majority of
conjugates were also detected in urine at 2h and 6h, accounting for the absorption profile observed
in plasma [115]. Although it is unclear whether flavonoid metabolites retain some biological activity,
their involvement in the modulation of intracellular responses is conceivable as has been observed for
the sulfonated and methylated metabolites of resveratrol which retain, at least in part, the activity of
the parent compound [116]. Toxicological studies revealing that BPF are absolutely safe, having been
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carried out according to EU Directive 2004/9/EC and Directive 2004/9/EC for Good Laboratory Practice
Guidelines (GLP) as well as OECD Guidelines for Repeated Dose 28- and 90-day Oral Toxicity Study
in Rodents [105]. In addition, comparable doses of bergacyn were used as reference protocol in terms
of efficacy and safety profile in a study performed on diabetic patients [103,114].

4.5. Hypothesis on BPF Mechanisms of Action

The studies discussed above reveal the interesting pleiotropic effects of BPF due to its peculiar
composition and the highest content of Citrus flavonoids. The molecular mechanisms underlying
these effects are not fully known. However, the results obtained allow to identify some molecular
mechanisms affected by BPF action.

The hypolipemic and anti-atherogenic effects of BPF are, at least in part, associated with the
modulation of the activity of some enzymes responsible for cholesterol esterification reactions and
lipid trafficking [110]. The improvement of lipoprotein metabolism is probably due to the restored
activity of ACAT, LCAT, CETP and PON1 enzymes by BPF [110]. These enzymes differently contribute
to the modification of plasma lipoprotein particle composition mediating cholesterol esterification
within the cells (ACAT) [117] or in the plasma (LCAT) [118], lipid transfer in plasma compartment
(CETP) [119] or through hydrolysis of lipid peroxides on LDL and HDL particles (PON1) [120]. BPF
also interferes with the autophagic pathway preventing the pathogenic lipid accumulation [108].
Indeed, BPF strongly enhances autophagy in the liver upregulating the expression level of Beclin-1 and
LC3II and reducing p62. Moreover, a potent induction of lipophagy, documented by the higher levels
of LC3II, was found in the LD subcellular fractions of BPF-expose livers [108]. More recently, a direct
action of BPF on MAPK, which represent a crucial regulator of glucose and fatty acids metabolism in
all tissues, has been identified [109]. In particular, in pathological fatty liver, BPF induced modulation
of JNK/p38 MAPKs represents the protective mechanism responsible for the amelioration of insulin
sensitivity [109]. Furthermore, the reduction of liver inflammation and fibrosis is related to BPF direct
inhibition of poly [ADP-ribose] polymerase 1 (PARP1), considered the direct suppressor of MAPK
inhibitor mitogen-activated protein kinase-1 (MPK-1) [109]. It was also assumed that the reduction
of serum and tissue cholesterol levels is due to the statin-like activity exerted by BPF. The structural
similarity of bergamot polyphenols to HMG-CoA reductase substrate allows them to mimic the natural
substrates of HMG-CoA and block the rate-limiting step in cholesterol synthesis [103]. The powerful
antioxidant effects of BPF play a significant role in all the observed protective effects. BPF directly
reduces lipid peroxidation biomarkers (TBARS) and MDA and strongly inhibits protein tyrosine
nitration levels [104]. BPF also improves the activity of endogenous antioxidant enzymes such as SOD,
GPx and GSTP1 [112,114]. The additive vaso-protective effect of BPF is closely related to its antioxidant
property. BPF is able to reduce LOX-1 expression levels highly modulated in the development and
progression of endothelial dysfunction to atherosclerosis [104]. The vaso-protective action of BPF
is also associated with the increase in PKB phosphorylation providing protection against vascular
atherogenic injury [104].

All together, these data add new insights into the beneficial role of bergamot and highlights
the potential use of supplementation treatments of bergamot-extracts for reducing cardiometabolic
disorders in patients with MetS. However, future research will be aimed to better clarify the molecular
mechanisms underlying the several health effects described in this review. Moreover, although it
is clear that several polyphenols contribute to the beneficial effects of BPF, the specific contribution
of each of them still remains to be clarified. Furthermore, it would be of interest to assess the
potential beneficial properties of other herbal compounds with BPF, which may enhance its effects.
The identification of phytocomplexes with synergistic action can be useful in the management of
different pathological features.
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5. Conclusions

MetS represents a complex pathophysiologic condition whose main determinants are central
adiposity, hypertension, high TG, low HDL-C and hyperglycemia. All these components are
linked by a common mechanism of development of chronic inflammation that often leads to
insulin-resistance. The overlap of multiple risk factors, in each disease state, increases the risk
of ASCVD and development of T2DM. To date, the management of MetS components provides lifestyle
recommendations including exercise, weight loss and Mediterranean diet consumption, as well as
the use of traditional pharmacologic therapies. However, the use of the approved drugs is limited
by various factors such as the onset of side effects due to prolonged treatment. Instead, there is
growing interest in the use of naturally occurring compounds to reduce the risk and progression
of MetS. This review collected some experimental evidence about the role of nutraceuticals in the
management of the different components of MetS. Preclinical and clinical studies suggest that different
natural compounds have beneficial effects against obesity and insulin resistance as well as against
various complications resulting from these diseases. Interestingly, it has been shown how many
nutraceuticals reduce serum level of glucose, insulin, TC, TG, normalize blood pressure and are
capable of a substantial re-arrangement of lipoprotein particles ameliorating serum lipemic profile.
Moreover, strong antioxidant and anti-inflammatory effects as well as anti-apoptotic effects have been
demonstrated. Some of the studies also identified specific activity of natural compounds in glucose
metabolism, adipogenesis and their interaction with wnt/β-catenin pathway, which is closely related
to obesity. In particular, bergamot and artichoke extracts, in addition to the strong anti-inflammatory,
antioxidant, hypolipidemic and hypocholesterolemic properties, have shown interesting effects against
the key pathophysiological features of NAFLD.

These intriguing data shed new light on the potential use of nutraceuticals for preventing and/or
reducing cardiometabolic risk in patients with MetS. However, more research, in particular clinical
trials, is needed to further understand the link between natural compounds and chronic diseases and
the molecular mechanisms underlying their beneficial effects.
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Abstract: Convincing evidence supports the intake of specific food components, food groups, or
whole dietary patterns to positively influence dyslipidemia and to lower risk of cardiovascular
diseases (CVD). Specific macro- and micro-components of a predominantly plant-based dietary
pattern are vegetable fats, dietary fibers, and phytonutrients such as phytosterols. This review
summarizes the current knowledge regarding effects of these components on lowering blood lipids,
i.e., low-density lipoprotein cholesterol (LDL-C) and on reducing CVD risk. The beneficial role of
a plant-based diet on cardiovascular (CV) health has increasingly been recognized. Plant-based
dietary patterns include a Mediterranean and Nordic diet pattern, the dietary approaches to stop
hypertension (DASH), and Portfolio diet, as well as vegetarian- or vegan-type diet patterns. These
diets have all been found to lower CVD-related risk factors like blood LDL-C, and observational
study evidence supports their role in lowering CVD risk. These diet patterns are not only beneficial
for dyslipidemia management and prevention of CVD but further contribute to reducing the impact
of food choices on environmental degradation. Hence, the CV health benefits of a predominantly
plant-based diet as a healthy and environmentally sustainable eating pattern are today recommended
by many food-based dietary as well as clinical practice guidelines.

Keywords: review; CVD; dyslipidemia; cardiovascular health; dietary fats; dietary fiber; phytosterols;
plant-based diet; dietary pattern; sustainability

1. Introduction

Cardiovascular diseases (CVD), which include coronary heart disease (CHD), cerebrovascular
disease (stroke), and peripheral vascular disease, are the most common non-communicable diseases
globally, accounting for an estimated 31% of all deaths worldwide [1]. The underlying cause of CVD
is atherosclerosis which is a progressive (and reversible) disease of the blood vessels. By managing
risk factors associated with atherosclerosis it is possible to slow down (or reverse) the development
of the disease and ultimately reduce the risk of CVD [2]. Underlying risk factors include elevated
blood pressure, dyslipidemia, overweight/obesity, and type 2 diabetes mellitus (T2DM), as well as
behavioral risk factors such as smoking, unhealthy diet, and physical inactivity [2]. Dyslipidemia is
a metabolic abnormality leading to an increase in circulating concentrations of blood cholesterol (C)
and triglycerides (TG). It is characterized by elevated low-density lipoprotein cholesterol (LDL-C),
also known as hypercholesterolemia, and often combined with low concentrations of high-density
lipoprotein cholesterol (HDL-C) and elevated TG, mainly as TG-rich lipoproteins (TRL) such as
chylomicrons and very-low-density lipoprotein (VLDL).
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Elevated LDL-C is a causal risk factor for CVD [3] and lowering LDL-C concentrations is the
primary target for treatment and prevention of CVD [2]. Elevated TG, and especially TRL, are also
treatment targets recommended in guidelines for the management of dyslipidemia [2].

Adopting a healthy diet and lifestyle should always be the cornerstone when seeking to lower
LDL-C (and TG) concentrations [2]. Based on the severity of dyslipidemia and the total CVD risk
score, additional pharmacological therapy may be recommended. With adequate changes in diet and
lifestyle, about 80% of (premature) CVD mortality may be prevented [4].

The role of a healthy dietary pattern in the prevention of CVD has well been recognized [5–7].
Evidence supports the intake of specific nutrients, food groups, or certain dietary patterns to positively
influence dyslipidemia and promote the prevention of CVD. A healthy dietary pattern is also a
major determinant of environmental sustainability. Current food production practices contribute
to environmental degradation in several ways, e.g., through greenhouse-gas emissions, fresh-water
withdrawal, and land use [8]. Consequently, authorities are starting to adapt their food-based dietary
guidelines to reflect a shift towards a predominantly plant-based diet. These recommendations aim to
reduce the intake of animal-based foods for both health and environmental reasons [9,10].

Predominantly plant-based dietary patterns emphasize a higher intake of fruits, vegetables,
legumes, whole-grain products, nuts, seeds, and vegetable oils and limited intake of foods from animal
origin such as low- or non-fat dairy, lean meat, and fish [7]. Plant-based dietary patterns vary from
flexitarian (with low consumption of meat) to pescatarian or lacto/ovo-vegetarian to vegan, where
plant-based foods represent most or all the food in the diet.

In view of macronutrients, specific for a plant-based diet are the intake of more complex
carbohydrates and plant-based proteins next to a lower total fat intake, especially fewer saturated and
trans fats and more unsaturated fatty acids. Plant-based diets are also higher in dietary fiber (DF).
In addition, they contain modest amount of phytosterols (PS) next to other bioactive plant-derived
compounds often called phytonutrients, which are associated with positive health effects. This review
focuses on PS because of their proven cholesterol-lowering effect which allows them to carry an
authorized health claim. Other phytonutrients, such as polyphenols, lignans, and carotenoids, as well
as vitamins like folic acid, are out of scope for this review.

This narrative review, based on evidence from reviews, systematic reviews, meta-analyses, and
randomized controlled trials (RCTs) on CVD risk factors (LDL-C and on clinical endpoints) focuses
on the beneficial effects of specific macro- and micro-components of a plant-based diet (vegetable
fats, DF, and PS) in the management of dyslipidemia and the role of plant-based dietary patterns in
cardiovascular (CV) health and briefly discusses aspects of environmental sustainability. Dietary fatty
acids, DF, and PS have been reviewed in detail because of the proven evidence for cholesterol-lowering
and CVD risk benefits and because they are specifically referred to in dietary recommendations for
CVD prevention [2]. Literature databases like MEDLINE were used as the main sources for searching
relevant literature.

While health benefits of these individual dietary components have been addressed in specific
reviews and meta-analyses, the information provided in this review addresses them in the context of a
plant-based diet/dietary pattern and contributes to a better understanding of the increasingly important
role of a plant-based diet in the prevention of CVD. In the following sections, specific components of a
plant-based diet in the management of dyslipidemia and prevention of CVD are discussed in detail.

2. Dietary Fats

2.1. Dietary Sources and Fat Quality

There is general consensus that fat quality, i.e., the fatty acid composition of dietary fat, is more
important than fat quantity (total amount of fat) in the management of dyslipidemia and the prevention
of CVD. The fat quality of foods is determined by the content of different fatty acids. Fat from animal
origin such as fatty meat, butter, full-fat dairy, as well as the tropical oils coconut and palm oil, are
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typically rich in saturated fatty acids (SAFA). Meat and dairy foods are the main food sources of
SAFA in Western diets [11]. In contrast, plant-based fats, i.e., vegetable oils, are generally rich in
unsaturated fatty acids. Unsaturated fatty acids can be monounsaturated (MUFA), such as oleic acid
and polyunsaturated (PUFA). Plant-based sources of PUFA are predominately n-6 (omega-6) fatty
acids such as linoleic acid and some n-3 (omega-3) fatty acids such as α-linoleic acid. Very long-chain
n-3 fatty acids such as eicosapentaenoic (EPA) and docosahexaenoic acid (DHA) come from marine
sources (fish, fish oil, and algae). Trans fatty acids (TFA), unsaturated fatty acids with double bonds in
the trans configuration, are naturally found in butter, full-fat dairy, and meat from ruminants like beef,
sheep, and goat. Other sources of TFA are partially hydrogenated vegetable oils. TFA are commonly
found in commercial baked goods like pastries, convenience foods, and battered or deep-fried foods.
TFA from partially hydrogenated oils have been removed from many foods because of their adverse
effects on blood lipids and CVD risk [12], leading to a substantial decrease in TFA intake, which is
typically now less than 1% of energy [13]. TFA and SAFA raise LDL-C but TFA also lowers HDL-C
concentrations and therefore has the most unfavorable effects amongst dietary fatty acids [12].

Based on dietary intake data, SAFA consumption is still higher and PUFA consumption lower
than recommended [11,14]. For CVD prevention, it is recommended that a decrease in SAFA intake
should be accompanied by an increase in PUFA intake, but this is not always achieved at a population
level [14].

2.2. The Role of Saturated, Monounsaturated, and Polyunsaturated Fatty Acids on Blood Lipids and CVD Risk

Replacing SAFA with unsaturated fatty acids in the diet lowers LDL-C without affecting HDL-C
and TG. The LDL-C lowering effect is larger when SAFA is replaced by PUFA compared to MUFA [15–17].
Replacing SAFA with carbohydrates, i.e., consuming a low-fat, high carbohydrate diet, lowers both
LDL-C and HDL-C and raises fasting TG, and therefore does not improve the overall blood lipid
profile [15,17]. The most beneficial effect on blood lipids is therefore achieved by replacing SAFA with
unsaturated fats. Supplemental intake of the very long-chain n-3 PUFA (EPA and DHA), from fish oil
have no substantial effect on LDL-C but dose-dependently lower TG concentrations [13].

In view of effects on CVD risk and clinical endpoints, both observational, i.e. prospective cohort
studies and RCTs with clinical endpoints, have shown that reducing SAFA intake lowers the risk of
CVD and CHD events. There is clear evidence that partial replacement of SAFA with unsaturated
fatty acids, especially vegetable oil PUFA (mainly n-6 linoleic acid and the plant-based n-3 fatty acid
α-linolenic acid) lowers the risk of CVD, mainly the risk of CHD [13,17]. There is insufficient or limited
evidence for effects on CVD or CHD risk when SAFA is replaced by MUFA, carbohydrates, or proteins,
and when the replacement nutrient is not specified [13]. Replacing 5% of total energy intake (% TE) of
SAFA with PUFA was found to lower the risk of CHD by about 10%, while evidence is inconclusive
due to lack of adequate studies to quantify the CHD risk benefit of MUFA [13,17]. More recently,
data from two large cohort studies found a significantly lower CHD risk when 5% TE intake from
SAFA, TFA, and refined carbohydrates was replaced by MUFA from plant sources (vegetable oils, nuts,
and seeds), while replacement with MUFA from animal sources (red and processed meats and dairy
foods) was not associated with lower CHD risk [18]. In addition, data from two other cohort studies
has shown that replacing 5 g/day of dietary fats like margarine, mayonnaise, butter or dairy fat with
a higher intake of olive oil, which is rich in MUFA, was associated with a 5–7% lower risk of CHD
and total CVD [19]. The Prevención con Dieta Mediterránea (PREDIMED) trial also studied the effect
of consuming MUFA, in the form of olive oil, as part of a Mediterranean (MED)-type diet on CVD
outcomes. The MED-type diet supplemented with either extra-virgin olive oil or with nuts significantly
lowered major CVD events by around 30% compared to a low-fat diet [20]. It should, however, be
noted that these dietary patterns differ in more aspects than just dietary fat and fatty acid intake.

Even though marine n-3 PUFA are not the focus of this review, observational studies have
consistently shown that higher intakes of fish, fish oil, and EPA and DHA is associated with lower risk
of CVD, especially CHD risk, in the general population [13,21]. While evidence from RCTs for the
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primary prevention of CVD is weak, higher intakes of EPA and DHA have been shown to lower CVD
risk in RCTs in secondary prevention [13,21].

An analysis based on prospective cohort studies has further shown that replacing SAFA with
PUFA, MUFA, or whole-grain (high-quality) carbohydrates was associated with a lower CHD risk,
while replacing SAFA with refined carbohydrates and sugars (low-quality carbohydrates) was not
associated with CHD risk [22]. Furthermore, a higher PUFA intake was associated with a lower CHD
risk compared to higher intakes of refined carbohydrate and sugar. These data support that PUFA-rich
plant-based fats as well as whole grain products as part of a predominantly plant-based diet are
beneficial for CV health.

For management of dyslipidemia not all plant-based fats are beneficial, especially not those that
are rich in SAFA such as coconut oil. Despite the widespread popularity of coconut oil and its alleged
health benefits, its consumption significantly raises LDL-C compared with other vegetable oils as
summarized in a recent meta-analysis [23]. Thus, coconut oil should not be recommended as a healthy
vegetable oil for CVD risk reduction, despite its HDL-C-raising effect [23,24].

In addition to the beneficial effects on dyslipidemia, emerging data also show that unsaturated
fatty acids, especially n-6 PUFA, favorably affect blood glucose and insulin resistance, therefore helping
to reduce the risk of T2DM, a risk factor for CVD [13,17].

2.3. Recommendations for Dietary Fat Intake

Quality of dietary fat intake is key for the prevention of CVD more so than quantity.
Recommendations for total fat intake typically range from 20 to 35% TE; intakes exceeding 35–40%TE
should be avoided as they are usually associated with an increased intake of SAFA [25,26]. Reducing
SAFA intake to <10% TE and replacing SAFA with unsaturated fatty acids (MUFA and PUFA) is
the recommendation in most food-based dietary guidelines aiming to prevent CVD [2,27,28]. Some
guidelines advise SFA intake <7% TE, especially in the presence of hypercholesterolemia (Table 1) [2].
TFA increases the risk of CVD [2,28,29], and intake should be avoided (Table 1). Intake of n-3 PUFA,
especially EPA and DHA, is not part of dietary recommendations to lower TC and LDL-C concentrations.
Nevertheless, some guidelines do recommend an intake of 200–500 mg/day of EPA and DHA as part of
a heart healthy diet [21] or advise 1 to 2 portions of fatty fish per week [30]. For specific TG-lowering,
high doses (2–4 g/day) of n-3 fatty acid supplements are recommended either alone or as an adjunct to
other lipid-lowering therapy [2,21,30].

2.4. Food-Based Dietary Guidelines and How a Plant-Based Diet Can Improve the Quality of Dietary Fat Intake

Food-based dietary guidelines advise a more plant-based diet and recommend eating less foods of
animal origin such as meat, butter, and full-fat milk and cheese [9]. They also advise switching to leaner
meat and low-fat dairy products and replacing animal fats with vegetable oils and vegetable oil-based
fats. As a result, pre-dominantly plant-based diets typically deliver less total fat, especially less SAFA
and TFA, more unsaturated fats, and more plant-based proteins, DF, micronutrients (vitamins and
minerals), and phytonutrients. Regular fish consumption, especially fatty fish, is also advised as a part
of a plant-based, heart-healthy dietary pattern.
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3. Dietary Fibers (DF)

3.1. Types of DF and Dietary Sources

DF consists of a wide range of plant-based compounds (carbohydrate polymers with ≤10
monomeric units) that vary in their physical and chemical properties. They have no nutritional
value as such but play an important role in the regulation of different physiological functions in the
body. DF are typically categorized into (water) soluble (SF) and insoluble fibers (IF) and are not
hydrolyzed by digestive enzymes and hence not fully digested in the human gut [31]. IF include
cellulose, hemi-celluloses, and lignin. They affect gut function by facilitating transit time of foods,
normalizing bowel movements, increasing stool bulk, and preventing constipation. SF include pectin,
beta-glucans, gums such as guar or konjac mannan, and mucilages like psyllium. They dissolve
in water and form viscous gels in the gut lumen and so partially delay or reduce the absorption of
carbohydrates, dietary fats, and cholesterol. IF are found mainly in vegetables, potatoes, nuts, and
whole grain products such as wheat bran; sources of SF are vegetables, legumes, fruits such as apples,
pears, citrus fruits, and cereals like oat and barley.

In addition to gut health, DF intake provides several health benefits and observational evidence
has shown that a higher DF intake is associated with lower risk of CVD, T2DM, obesity, and certain
forms of cancer [32,33].

Commonly, Western populations do not reach the recommended DF daily intakes. Grain-based
foods contribute most to dietary DF intake with bread being by far the largest grain source followed by
breakfast cereals. Vegetables, potatoes, and fruits also contribute substantially to DF intake [34].

In the context of this review, the beneficial effects of DF, and more specifically selected SF, on the
risk of CVD and underlying risk factors such as dyslipidemia are detailed.

3.2. Effect of Specific DF on Blood Lipids and CVD Risk and Underlying Mechanism of Action

The first meta-analysis by Brown et al. [35] summarized the cholesterol-lowering effects of SF,
i.e., oat products, psyllium, pectin, and guar gum. SF intake between 2–10 g/day was associated with
modest but statistically significant decreases in TC and LDL-C, with no significant difference between
the SF. Since then, several meta-analyses as discussed below have summarized the cholesterol-lowering
effects of specific SF such as beta-glucan from oats and barley, psyllium, and glucomannan. A recent
review found that increased DF intake significantly lowered TC and LDL-C, modestly but significantly
decreased HDL-C, and had no effect on TG concentrations [36]. Further, there was no evidence that the
type of DF, i.e., SF or IF or the way DF are administered, i.e., via supplements or foods, influenced the
cholesterol-lowering effect [36].

Beta-glucan: Beta-glucan is a viscous SF found in oats, barley, edible mushrooms, and (baker’s)
yeast. A recent meta-analysis found that a median intake of 3.5 g/day of oat beta-glucan modestly
lowered LDL-C by −0.19 mmol-L (95% CI: −0.23 to −0.14) or 4.2% and non-HDL-C by −0.20 mmol/L
(95% CI: −0.26 to −0.15) or 4.8% compared with control diets [37]. An earlier meta-analysis found an
LDL-C reduction of −0.25 mmol/L or 6% with a median daily intake of 5.1 g beta-glucan from oats [38].

Barley beta-glucan was also shown to lower blood cholesterol. A median intake of 6.5 and 6.9
g/day of barley beta-glucan, respectively, lowered LDL-C by −0.25 mmol/L (95% CI: −0.30 to −0.20) or
7% and non-HDL-C by −0.31 mmol/L (95% CI: −0.39 to −0.23) or 7% compared with control diets [39].
Similar effects were reported in a previous meta-analysis [39]. There was no clear dose–response
relationship for barely beta-glucan [39], while a significant inverse association between dose and LDL-C
lowering was found for oat-beta-glucan [37]. The established LDL-C lowering effect of beta-glucan,
especially from oats, has resulted in approval of health claims for oat beta-glucan and its LDL-C
lowering effect or CVD risk reduction benefit in Europe, USA, Canada, and Australia/New Zealand
referring to an intake of at least 3 g/day of oat beta-glucan.

Psyllium: Psyllium is a viscous SF from the husk of the Plantago ovata seed and is a common fiber
supplement. Two recent meta-analyses [40,41] found that daily intake of 10.2 g psyllium significantly
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lowered LDL-C by −0.28 mmol/L (95% CI: −0.21 to −0.31) [39] and -0.33 mmol/L (95% CI: −0.38 to
−0.27) [40]; non-HDL-C was found to be lowered by −0.39 mmol/L (95% CI: −0.50 to −0.27) [41]. No
clear dose–response relationship was observed, suggesting that the cholesterol-lowering benefit of
psyllium intakes of ≥10 g/day will not result in bigger LDL-C lowering [41]. The recommended intake
of psyllium for an optimal cholesterol-lowering and heart health benefit is 7 g/day SF from 10.2 g
psyllium husk, based on the approved US FDA health claim.

Glucomannan: Glucomannan, also known as konjac mannan, is one of the most viscous DF. Its
main source is the tuberous root of the konjac plant. Typically, glucomannan is consumed in the form
of capsules next to some food formats like bars or biscuits. A recent meta-analysis found that daily
intake of ~3 g glucomannan significantly lowered LDL-C by −0.35 mmol/L (95% CI: −0.46 to −0.25) or
10% and non-HDL-C by −0.32 mmol/L (95% CI: −0.46 to −0.19) or 7% [42]. There was no indication
of a dose–response effect with glucomannan intakes between 2.0–15.1 g/day. An intake of 4 g/day
glucomannan is the minimal dose of an approved health claim in Europe for maintaining a healthy
blood cholesterol concentration.

Summarizing, an intake of 4–10 g/day of different types of SF is required to achieve a 5–10%
reduction in LDL-C without substantially affecting HDL-C and TG concentrations.

SF with high viscosity and water-binding capacity form viscous gels in the intestinal lumen which
decrease absorption of macronutrients as well as of cholesterol and bile acids and subsequent increased
fecal excretion [32]. An impaired reabsorption and increased excretion of bile acids stimulates bile
acids synthesis in the liver which consequently lowers circulating cholesterol concentrations in the
blood. Furthermore, colonic fermentation of SF by gut bacteria produces short-chain fatty acids, and
increased concentrations of circulating propionate may contribute to cholesterol lowering by decreasing
cholesterol synthesis in the liver [32,43].

In view of the effects on CVD risk and clinical endpoints, observational studies have consistently
shown that higher intakes of DF and dietary patterns high in DF are associated with a reduced risk
of CVD as well as T2DM and obesity, also risk factors for CVD [32]. Meta-analyses of prospective
cohort studies have shown a significant association between DF intake and lower risk of all-cause
mortality [44] and mortality from CVD and CHD [43,44]. An additional DF intake of 7–10 g/day
was inversely linked to a reduction in CVD mortality by 9% and CHD by 9–11% [44,45]. A recent
umbrella review of systematic reviews and meta-analyses of observational studies concluded that there
is convincing evidence that higher DF intake is associated with a lower risk of CVD, and particularly
of coronary artery disease (CAD) and CVD-related death [33].

DF intake from cereals was significantly associated with lower CVD risk [43,44], while results for
other fiber sources seem less conclusive. Kim and Je found that DF intake from legumes also showed
an inverse association with CVD risk, while DF intake from vegetables and fruits failed to show an
association [44]. Conversely, Threapleton et al. report an inverse association of vegetable fiber intake
and CVD risk [44]. In particular, IF intake seems to be linked with lower risk of CVD while such a
benefit was not convincingly seen for SF intake [44,45]. A recent prospective French cohort study
supports that a higher intake of DF is associated with a decrease in CVD incidence and mortality. Both
SFs and IFs were associated with lower risk of T2DM, while SFs were also associated with lower CVD
risk. Amongst different DF sources, DFs from fruits were inversely associated with CVD risk [46].
Noteworthy, there are no RCTs on the effects of specific DF such as beta-glucan that have been shown
that lowering LDL-C affects CVD outcomes.

3.3. Food-Based Dietary Guideline Recommendations for DF Intake

Recommendations for DF intake typically refer to total fiber intake. A healthy diet should contain
more than 25 g/day of DF and most European countries recommend 25 and 30 g/day [34]. In the EFSA
scientific opinion on dietary reference values, a DF intake of 25 g/day would be adequate for normal
laxation in adults while intakes higher than 25 g/day would be necessary to reduce risk of CHD, T2DM,
and to improve weight maintenance [34].
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Usually, no recommendations are made for intakes of specific fiber types such as SF. Nevertheless,
in view of approved health claims for maintaining or lowering blood cholesterol concentrations, daily
intakes of 3 g beta-glucan from oats, oat bran, barley, or barley bran, 6 g pectin, 10 g guar gum,
and 4 g glucomannan could be recommended. The 2019 ESC/EAS guidelines for the management
of dyslipidemia recommend a DF intake of 25–40 g/day, including ≥7–13 g of SF, preferably from
wholegrain products, e.g., oats and barley (Table 1) [2].

Adopting a predominantly plant-based diet helps to achieve the daily recommended intake of DF;
in particular, vegan and vegetarian-type diets are rich in DF from various plant-based sources such as
whole grains and seeds, legumes, vegetables and fruits, and nuts.

4. Phytosterols

4.1. Dietary Sources

Phytosterols (PS), comprising plant sterols and stanols, are compounds similar in structure and
function to cholesterol. Principal PS are sitosterol, campesterol, and stigmasterol and their saturated
counterparts sitostanol and campestanol. They occur naturally in all plant-based foods and are found
in vegetable oils (especially unrefined oils), vegetable oil-based margarines, seeds, nuts, cereal grains,
legumes, vegetables and fruits next to various foods and food supplements with added PS [47]. Daily
intakes of PS with habitual diets typically range between 200 and 400 mg [48]. Consuming diets that
emphasise plant-based foods results in higher PS intakes. With vegetarian- or vegan-type diets, PS
intake can increase up to 600 mg/day [49]. With a MED-type diet such as the PREDIMED diet [20]
or the dietary approaches to stop hypertension (DASH) diet [50], PS intakes of 500–550 mg/day can
be achieved. Higher PS intakes such as a recommended intake of 2 g/day for LDL-C lowering [2]
can only be achieved by consuming food products enriched with PS such as fat-based spreads and
margarines, dairy-type foods like milk, yogurt, and yogurt drinks, or food supplements with added
PS. A PS intake of about 2 g/day can be realized with the Portfolio diet through the consumption of a
daily serving of a PS-added margarine next to consuming SF, soy, and other vegetable proteins and
nuts, i.e., almonds [51].

4.2. Cholesterol-Lowering Efficacy and Underlying Mechanisms of Action

The TC and especially LDL-C lowering properties of PS in humans were discovered in the
early 1950s [52]. Several meta-analyses have summarized their LDL-C lowering efficacy based on
numerous RCTs [53–56]. The most recent meta-analysis including 124 clinical studies (with 201 study
arms) concluded that PS intake significantly lowers LDL-C in a dose-dependent manner by 6–12%
with intakes of 0.6–3.3 g/day without affecting HDL-C. [56]. PS intakes exceeding 3 g/day have only
little additional benefit as the LDL-C lowering effect is expected to taper off because the underlying
mechanism of action—inhibition of cholesterol absorption—is a saturable process. Nevertheless, RCTs
with PS intakes greater than 4 g/day are limited; thus, it remains speculative whether the dose-response
relationship would continue with higher PS intakes [56]. PS intake was also found to lower atherogenic
apo-lipoproteins (apo) such as apo-B and apo-E and to increase anti-atherogenic apo-lipoproteins like
apo-AI and apo-CII as summarized in a recent meta-analysis [57].

PS are effective in both healthy and diseased individuals and their LDL-C lowering benefit has
been demonstrated in adults and children with familial hypercholesterolemia, in patients with T2DM,
and individuals with the metabolic syndrome [58]. Furthermore, PS are shown to be effective in various
types of food formats such as fat-based foods like spreads and margarines, dairy-type foods, and
food supplements including capsules and tablets, thereby offering a variety of choices to achieve the
recommended daily PS intake for a cholesterol-lowering benefit [47]. Intake occasion and frequency
are critical factors for an optimal LDL-C lowering efficacy. Thus, PS should be consumed with a (main)
meal and twice daily [47].
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Meta-analyses have also found a significant TG-lowering effect whereby the effect was more
pronounced in individuals with higher baseline TG concentrations [59]. Hence, PS offer a dual blood
lipid benefit especially in individuals with dyslipidemia such as patients with T2DM or the metabolic
syndrome [59].

Partial inhibition of intestinal absorption of (dietary and biliary) cholesterol is the key
mechanism for the cholesterol-lowering effect of PS, with several underlying mechanisms including
displacing cholesterol from mixed micelles due to limited capacity to embody sterols, interfering
with transport-mediated processes of sterol uptake and stimulating cholesterol excretion via the
transintestinal excretion [60]. An intake of 2 g/day of PS reduces cholesterol absorption by 30–40%,
resulting in a subsequent 10% lowering of circulating LDL-C [61].

PS intake can also be a useful adjunct to lipid-lowering medication. Statins inhibit hepatic
cholesterol synthesis and PS inhibit intestinal cholesterol absorption; thus, combining PS and statins
leads to an additive LDL-C lowering effect [61,62]. Additional effects on LDL-C lowering have also
been reported when combining PS with fibrates or with ezetimibe [61,63].

Although there are no RCTs showing the effects of long-term PS intake on CVD outcomes, e.g.,
CV events; it seems reasonable that PS intake may lower CVD risk based on the established LDL-C
lowering effect.

4.3. Recommendations for PS Intake

Based on the proven plasma LDL-C lowering effect and the absence of adverse effects, consumption
of 2 g/day PS as an adjunct to a healthy diet is one of the recommended dietary interventions for
the management of dyslipidemia (Table 1) [2,64,65]. Foods with added PS may be considered i) for
individuals with high serum cholesterol at intermediate or low global CVD risk who do not (yet)
qualify for drug treatment, ii) as adjunct to drug (statin) therapy, in high- to very high-risk patients who
fail to achieve LDL-C target goals or could not be treated with statins, and iii) in adults and children
(>6 years) with familial hypercholesterolaemia, in line with current guidelines [2,61].

5. Combinations of Natural Lipid-Lowering Compounds as Part of a Heart-Healthy Diet

Combining PS (2 g/day) with different types of SF, e.g., 3 g/day oat beta-glucan has been shown to
lead to additional LDL-C lowering when combined in a single food [66]. Further, a combination of 10
g/day psyllium and 2.6 g/day PS added to cookies leads to a substantial reduction in LDL-C [67].

In addition, the combination of 3.3 g/day PS with a healthy diet (low in total and saturated fat)
shows an additive effect of PS to that of the diet alone [68]. By combining PS with other plant-based,
cholesterol-lowering compounds or foods, further reductions in LDL-C can be achieved as observed
with the Portfolio diet. This plant-based dietary pattern combines (per 2000 kcal energy intake) 20
g/day of viscous DF from oats, barley, psyllium, eggplant, okra, apples, oranges, or berries, about 50
g/day of plant protein from soy products or pulses (beans, peas, chickpeas, and lentils), 42 g/day of nuts
(tree nuts such as almonds and peanuts), and 2 g/day PS in the form of a PS-enriched margarine [51,69].
Under controlled settings, an LDL-C lowering effect of 30% could be achieved with the Portfolio diet,
an effect comparable to that achievable with a low-dose statin [51]. Based on a meta-analysis, the
Portfolio dietary pattern significantly lowers LDL-C by -0.73 mmol/L (95% CI: -0.89 to -0.56) or by ~17%.
Non-HDL-C, apo B, TC, TG, as well as systolic and diastolic blood pressure, were also significantly
lowered [69].

A dual blood lipid lowering benefit of lowering both LDL-C and TG concentrations was achieved
with the intake of 2 g/day PS and a minimum of 1 g/day EPA/DHA from fish oil [70].
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6. The Impact of Plant-Based Dietary Patterns on CV and Planetary Health

6.1. Dietary Patterns and CV Health

Historically, dietary recommendations for CVD prevention focused on single nutrients like
lowering SAFA or increasing DF intake, or on specific foods like eating more fish, whole grains,
nuts, fruits, and vegetables, and less meat. Today, the focus is on the role of dietary patterns for the
management of dyslipidemia and lowering CVD risk [71,72]. A healthy dietary pattern is typically
described as a predominantly plant-based diet. Observational study evidence supports the beneficial
effect of single plant-based foods as well as fatty fish, and the adverse effects of animal-based foods, on
CVD risk [73,74]. Since foods are typically consumed in combinations, it is more reasonable to look at
health benefits of a complete dietary pattern.

Several dietary patterns have been found to lower CVD outcomes and risk factors such as blood
lipids, i.e., TC and LDL-C or blood pressure. These include traditional diets prevailing in the MED
and in Nordic countries [75–79], dietary patterns intended to control CVD risk factors like the DASH
diet [50] and Portfolio diet [51] as well as vegetarian- or vegan-type dietary patterns. A common
characteristic of these dietary patterns is that they emphasize plant-based foods with reduced animal
food consumption.

The MED dietary pattern refers to the traditional diet of Greece, Crete, and Southern Italy with
(virgin) olive oil as the main dietary fat source as a key characteristic [72,75,78]. Further characteristics
are summarized in Table 2. The Nordic diet emphasizes the intake of locally grown vegetables like
cabbage and potatoes, whole grains and cereals such as oats, rye, and barley, locally grown seasonal
fruits such as berries, next to rapeseed oil and fatty fish (Table 2) [72,77,78]. The DASH diet emphasizes
amongst others higher intakes of vegetables, fruits and fat-free or low-fat dairy foods (Table 2) [50,79].
The Portfolio diet is a plant-based diet that emphasises the intake of four known cholesterol-lowering
foods, i.e., viscous DF, plant proteins from soy and legumes, nuts, and PS (Table 2) [51,69]. The healthy
vegetarian dietary pattern is based on a variety of vegetables, legumes, soy products, fruits, and whole
grains, occasionally dairy foods, eggs, and fish, but no meat and poultry. A strict vegan dietary pattern
excludes all animal-based foods (Table 2) [72,73,80].

6.2. Effect on Blood Lipids

Both observational studies and RCTs have found that dietary patterns emphasizing consumption
of plant-based foods have beneficial effects on blood lipids, especially on TC and LDL-C.

Next to lowering systolic and diastolic blood pressure, for which the DASH diet was originally
designed, the DASH diet was also found to lower TC and LDL-C. An umbrella review of systematic
reviews and meta-analyses concluded that TC was lowered by −0.20 mmol/L (95% CI: −0.31, −0.10)
and LDL-C by −0.10 mmol/L (95% CI: −0.20 to −0.01) without affecting HDL-C and TG [79,81]. The
observed cholesterol-lowering benefit of the DASH diet may be attributable to the high intake of DF
from the consumption of fruits, nuts, legumes, and whole grains, and the lower intake of saturated fat.

The Portfolio diet combining four recognized cholesterol-lowering foods/food components with a
background diet low in total fat (≤30% TE) and saturated fat (<7% TE) and low in dietary cholesterol
(<200 mg/day) led to clinically relevant benefits in lowering cholesterol and other CVD risk factors.
A meta-analysis of RCTs has shown that TC was lowered by −0.81 mmol/L (95% CI: −0.98 to −0.64)
or 12% and LDL-C by -0.73 mmol/L (95% CI: -0.89 to -0.56) or 17% [69]. Non-HDL-C was lowered
by -0.83 mmol/L (95% CI: −1.03 to −0.64) or 14% and TG by −0.28 mmol/L (95% CI: −0.42 to −0.14
mmol/L) or 16%; all compared to a low total fat, low saturated fat, and low cholesterol diet. The LDL-C
lowering effect of the Portfolio diet was found to be 21% in efficacy trials and 12% in effectiveness
trials. Other CVD risk factors like systolic and diastolic blood pressure and C-reactive protein were
also lowered [69].
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Following a MED or a Nordic dietary pattern is also associated with beneficial blood lipid effects.
Based on a meta-analysis of RCTs, the Nordic diet lowered TC by −0.39 mmol/L (95% CI: −0.76 to
−0.01) and LDL-C by −0.30 mmol/L (95% CI: −0.54 to −0.06) with no significant changes in HDL-C
and TG [82,83]. Beneficial effects on reducing systolic and diastolic blood pressure were also seen [83].
The beneficial effects of the Nordic dietary pattern can be attributed to the high DF intake and the
low intake of saturated fat. Likewise, the MED dietary pattern was found to significantly lower
LDL-C by −0.07 mmol/L (95% CI: −0.13 to−0.01) and TG by −0.46 mmol/L (95%CI: −0.72 to −0.21) [83].
Small or no reductions in TC and/or LDL-C were reported in a recent review that compared a MED
diet intervention vs. either no intervention or another dietary intervention in primary prevention of
CVD [84]. Blood pressure is also modestly reduced by the MED diet, but effects are less than those
observed with the Nordic diet [83].

Several meta-analyses addressed the effects of a vegetarian dietary pattern on blood lipids. Two
meta-analyses of RCTs found that vegetarian diets significantly lowered TC by −0.32 to −0.36 mmol/L
and LDL-C by −0.32 to −0.34 mmol/L [85,86]. HDL-C was also significantly lowered by −0.09 to −0.10
mmol/L while TG were not significantly altered [85,86]. Another recent meta-analysis of RCTs studying
vegetarian diet patterns and lipid risk factors in T2DM found a reduction in LDL-C of −0.12 mmol/L
(95% CI: −0.20 to 0.04) with no significant effects on HDL-C and TG [83]. Taken together, vegetarian
diet patterns, particularly vegan diets, are associated with lower blood cholesterol concentrations. That
vegetarian diets are low in total and especially saturated fat, low in dietary cholesterol, and particularly
high in DF intake may explain their cholesterol-lowering effect. The higher intake of phytochemicals
such as PS, phenolics compounds, and carotenoids with vegetarian/vegan diet patterns may further
contribute to this effect.

6.3. Effects on CVD Risk and Outcomes

Evidence for beneficial effects of dietary patterns on CVD risk and related outcomes derives
mostly from observational studies; RCTs that studied the effect of dietary patterns on CVD-related
endpoints are rare or non-existent.

There is no direct evidence from observational studies for a CVD risk benefit, e.g., on CVD
incidence or mortality of the Portfolio diet. Nevertheless, the combined effects of that dietary pattern
on CVD risk factors such as LDL-C and blood pressure as observed in RCTs was assumed to decrease
the estimated 10-year CHD risk by ~13% [69].

The DASH diet that is well-accepted for its blood pressure lowering effect was found to reduce
CVD incidence by 20%, CHD incidence by 21%, and stroke incidence by 19% [79,83]. These CVD
risk-related benefits are attributable to the substantial reductions in blood pressure and in other CVD
risk factors, i.e., TC and LDL-C.

The effects of the MED diet on CVD risk have been assessed in several meta-analyses of
observational studies. Rosato et al. [87] found in their meta-analysis of prospective studies a 19% lower
risk for unspecified CVD, a 30% lower risk for CHD/acute myocardial infarction, a 27% lower risk
for unspecified stroke, and 18% lower risk for ischemic stroke when comparing the highest vs. the
lowest adherence to this dietary pattern based on a MED diet score [72,87]. Another meta-analysis of
prospective studies reports a risk reduction (RR) in total CVD, CHD, and stroke mortality of 0.79 (95%
CI: 0.77, 0.82), 0.83 (95% CI: 0.75, 0.92), and 0.87 (95% CI: 0.80, 0.96), respectively, next to a lower CHD
incidence (RR: 0.73; 95% CI: 0.62, 0.86) and stroke incidence (RR: 0.80; 95% CI: 0.71, 0.90), comparing the
highest vs. lowest categories of MED diet adherence [88]. A meta-analysis of three RCTs revealed that
the MED diet is associated with a 38% lower risk of total CVD and a 35% lower risk of total myocardial
infarction (MI) but a nonsignificant reduction in CVD mortality [83,88]. Especially the PREDIMED
trial, a primary prevention RCT that investigated a modified MED diet supplemented with either
extra virgin olive oil or nuts compared to a reduced-fat control diet, revealed an approximately 30%
lower incidence of a composite of CVD endpoints (MI, stroke, and death from CV causes) with these
MED diet patterns [20]. A re-analysis of the original outcome data assessing individual endpoints
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revealed a reduction in stroke incidence but little or no effect on total and CVD mortality or MI [20,84].
In their review, Rees et al. [84] concluded that there is still some uncertainty regarding the effects of a
MED-style diet on clinical endpoints and CVD risk factors for both primary and secondary prevention.

Less, though more conflicting, evidence for CVD risk-related effects are reported for the Nordic
diet. Adhering to a healthy Nordic diet was associated with a lower risk of CVD in men and women
from the Danish Diet, Cancer and Health cohort [89,90] but not in women of the Swedish Women’s
Lifestyle and Health cohort [91]. A recent systematic review and meta-analysis of prospective studies
assessing the Nordic diet reports a modest reduction in CVD risk (RR: 0.93; 95% CI, 0.88, 0.99) and
stroke risk (RR: 0.87 95% CI, 0.77, 0.97) but not in CVD mortality [83].

Meta-analyses of observational study evidence support that a vegetarian diet pattern is associated
with a 22% lower CHD mortality while no association was found for CVD or stroke mortality.
Furthermore, vegetarian diets are associated with a 28% reduced risk of CHD [80,83]. These results are
comparable to a previous meta-analysis reporting a 25% risk reduction in CHD incidence and mortality
but no significant effects for CVD and stroke and all-cause mortality [92].

7. Dietary Patterns and Environmental Aspects

Dietary choices clearly contribute to the risk for developing CVD. Evidence supports the intake of
specific nutrients, food groups, or certain dietary patterns to positively influence dyslipidemia and
to promote the prevention of CVD. Next to their impact on CV health, dietary patterns also impact
the environment in various ways. Plant-based dietary patterns have been shown to have a smaller
impact on climate change (greenhouse-gas emissions), fresh-water use, cropland use (deforestation),
and biodiversity loss [8,93] than consumption of animal-based foods such as (red and processed) meat.
A recent global modeling study combined analyses of nutrient level, diet-related, and weight-related
chronic disease mortality, and environmental impact in different sets of diet scenarios for more
than 150 countries [94]. Four different energy-balanced diets were found to reduce environmental
impact, nutrient deficiencies, and diet-related mortality. All four dietary patterns were predominately
plant-based diets with limited red and processed meat intake. These patterns were described as
flexitarian, pescatarian, vegetarian, and vegan diets [94].

It must be noted that not all plant-based diets are necessarily beneficial in view of diet-related
chronic diseases such as CVD risk [74]. Observational evidence from cohort studies found that
plant-based diets containing higher amounts of refined grains, juices/sugar-sweetened beverages,
sweets, potatoes/fries were associated with an increased CHD risk, while plant-based diets including
higher amounts of whole grains, fruits, vegetables, legumes, nuts, and vegetable oils were associated
with lower risk of CHD [74,95]. While predominately plant-based diets have beneficial effects on CV
risk, their impact on body weight and prevention or treatment of obesity are less clear [78]. Hence,
consuming an energy-balanced diet in view of avoiding weight gain and obesity seems crucial.

There are several possibilities for adopting a predominately plant-based dietary pattern based
on personal food taste and preference as well as individual needs. Characteristics for choosing a
predominantly plant-based healthy diet are summarized in Table 3.

165



Nutrients 2020, 12, 2671

Table 3. Characteristics of a predominantly plant-based healthy diet for management of dyslipidemia
and CVD prevention.

Foods and Food Group-Related Recommendations

Eat more

Vegetables Eat plenty of vegetables * including a wide variety from all colors

Legumes Choose from a variety of legumes and pulses

Fruits Eat plenty of (fresh or frozen) fruits * including berries; limit intake
of fruit juices

Nuts and seeds Choose from a variety of unsalted tree nuts and peanuts

Whole grain Eat a variety of whole grains such as whole grain bread, pasta,
brown rice

Eat adequately/moderately

Healthy fats
Limit saturated fats like butter, full-fat cheese, and cream; avoid

trans fats; choose vegetable oils and fats (margarine) rich in
unsaturated fatty acids

Milk and dairy foods Choose no- or low-fat over full-fat milk, cheese, and other dairy
foods

Fish and seafood Choose sustainable varieties of fish and seafood

Poultry and eggs Eat occasionally and choose products from welfare-oriented animal
husbandry

Limit eating

Meat Eat less red and processed meats

Sweets and sugar-sweetened beverages Limit intake of sweets and sugar-sweetened beverages

Nutrient-specific recommendations

Reduce saturated fats by replacing them with mono- and
polyunsaturated fats SAFA should be replaced with MUFA or PUFA to reduce LDL-C.

Increase total dietary fiber (DF) intakeand esp. intake of
soluble DF

Consume 25-45 g of DF per day of which 5–15 g of soluble fibers
from foods rich in these fibers for an LDL-C lowering effect

Limit salt intake Limit salt intake of less than 5 g/day

Specific advice to further lower LDL-C

Consider phytosterols as an adjunct to a healthy diet Consume about 2 g/day phytosterols through foods/foods
supplements with added phytosterols

Increase intake of soluble fiber such as beta-glucan from oat
and barley

Consume about 3 g/day beta-glucan from foods like oat bran,
oatmeal, barley flakes, pearl barley

Complied based on dietary recommendations described in Mach et al. [2], the UK Eat Well guide (https:
//www.gov.uk/government/publications/the-eatwell-guide), the 2015–2020 dietary guidelines for Americans [96]. *
Plenty refers to 5 portions of fruits and vegetables per day.

8. Current Recommendations for a Healthy Dietary Pattern

The CV health benefits of certain dietary patterns have been recognized by numerous dietary and
clinical practice guidelines. For instance, the DASH dietary pattern is recognized by the 2015–2020
dietary guidelines for Americans [96], the AHA/ACC guideline on lifestyle management to reduce
cardiovascular risk [27], the Canadian Cardiovascular Society guidelines for the management of
dyslipidemia [64], and by the ESC/EAS 2019 guidelines for the management of dyslipidaemias [2]. The
Canadian Cardiovascular Society [64] also mentions the Portfolio diet as a healthy dietary pattern.
Adopting a healthy MED diet pattern for the promotion of healthy eating and the prevention of CVD is
acknowledged by the 2015–2020 dietary guidelines for Americans [96], the 2019 ACC/AHA guideline
on the primary prevention of CVD [27], and by the ESC/EAS 2019 guidelines for the management of
dyslipidaemias [2]. Eating a plant-based Nordic diet as a healthy alternative to the MED-dietary pattern
is advocated by the Nordic nutrition recommendations [97]. A healthy vegetarian eating pattern is
mentioned by the 2015–2020 dietary guidelines for Americans [96] and the Canadian Cardiovascular
Society guidelines for the management of dyslipidemia [64].

Notably, the emphasis of eating a predominantly plant-based diet as a healthy eating pattern to
prevent diet-related chronic diseases such as CVD is a common theme of many food-based dietary
guidelines [9,96]. Another driving factor for recommending a more plant-based diet relates to
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environmental sustainability [8,9]. Nevertheless, the environmental aspects of dietary patterns are
not yet widely addressed in food-based dietary guidelines, only a few countries have so far included
environmental sustainability in their guidelines [78].

9. Conclusions

This review describes the beneficial effects of specific macro- and micro-components of a
plant-based diet (vegetable fats, DF, and PS) in the management of dyslipidemia and CVD prevention.
Moreover, the role of common plant-based dietary patterns in CV health is discussed.

The protective effect of predominately plant-based dietary patterns such as the MED and Nordic
diet or the DASH and Portfolio diet on CVD risk and related risk factors, e.g., LDL-C, is associated
with specific plant-based foods which are known for their CV health benefits [72,74–76,79]. These
foods include fruits, vegetables, legumes, whole grains, nuts, and seeds [73,74]. Plant-based foods
are typically rich in unsaturated fatty acids, DF, plant proteins and various micronutrients like
vitamins and phytonutrients such as PS and polyphenols; they are low in saturated fats and often
low in energy density compared to foods from animal sources [74]. The beneficial effects of these
plant-based food components are explained by different underlying mechanisms which influence the
development of CVD either directly or indirectly by influencing risk factors such as dyslipidaemia.
For instance, replacing saturated fats in the diet with unsaturated fatty acids like MUFA and PUFA
is known to lower LDL-C [13,16]. Observational studies and RCTs with clinical endpoints have
further shown that replacing SAFA with especially vegetable oil PUFA lowers the risk of CVD, mainly
the risk of CHD [13,17] whereas evidence for effects on CVD or CHD risk when SAFA is replaced
by MUFA, carbohydrates, or proteins is insufficient or limited [13]. DF, especially viscous SF like
beta-glucan, reduce the intestinal absorption of cholesterol and re-absorption of bile acids and produce
short-chain fatty acids in the colon which may affect hepatic cholesterol synthesis, all contributing to a
LDL-C-lowering effect [43]. Observational studies have shown a significant association between DF
intake and lower risk of all-cause mortality [44] and mortality from CVD and CHD [43,44]. PS also
inhibit intestinal cholesterol absorption resulting in lower circulating concentrations of LDL-C [61].
Although there are no RCTs showing the effects of long-term intake of specific DF like beta-glucan or
PS on CVD outcomes, e.g., CV events, it seems reasonable that their intake may lower CVD risk based
on the established LDL-C lowering effect. Replacing animal protein with plant protein has also been
shown to lower LDL-C [98].

Noteworthy, not all plant-based dietary patterns are equally effective in lowering CVD risk as not
all plant-based foods have beneficial CV effects [74,95]. Hence, the quality of plant-based foods and
food components plays an important role. For instance, a dietary pattern with more refined grains than
whole grains or more sugars-sweetened foods and beverages have been linked with a higher CVD risk.
The same dietary patterns for which a positive impact on dyslipidemia and the prevention of CVD
has been shown can also help reduce the impact of food choices on environmental degradation [8].
Hence, shifting to a more plant-based dietary pattern will not only improve CV health but will also be
more environmentally sustainable. While plant-based, e.g., vegetarian, dietary patterns are generally
perceived positively because of their benefits on health (CVD prevention) and the environment, there
are also several barriers that hinder the switch to, and maintenance of a plant-based diet. Common
barriers include health concerns that a plant-based diet may lack specific nutrients, reluctance to
change dietary behavior, and enjoyment of eating meat and animal-based foods [99,100].

A limitation of this narrative review is that only selected macro- and micro components of a
plant-based diet are described while other components such as vitamins and other phytonutrients
like polyphenols with proposed CV benefits were not considered. Nevertheless, dietary fatty acids,
DF, and PS were chosen because of their proven evidence for LDL-C-lowering and CVD risk benefits
and because they are specifically referred to in dietary recommendations for CVD prevention [2].
While health benefits of these individual dietary components have been addressed before, this review
addresses them in the context of a plant-based dietary pattern. As mostly observational study evidence
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is available on CVD risk and clinical endpoints, more evidence from RCTs demonstrating such benefits
for these dietary components in the context of a plant-based diet would be desirable, despite the
challenges of carrying out long-term, controlled dietary intervention studies.

Author Contributions: E.A.T. was responsible for the conception of the review. E.A.T and S.M. contributed to the
literature search, E.A.T. wrote the manuscript, and S.M provided critical input; both authors approved the final
version for submission. All authors have read and agreed to the published version of the manuscript.

Funding: This work received no external funding except that the publication costs were funded by Upfield.

Conflicts of Interest: S.M. is employed by Upfield. Upfield markets plant-based consumer goods such as
margarines and spreads including foods products with added phytosterols. E.A.T. works as a consultant for
Upfield. The authors declare no further conflict of interest.

References

1. Cardiovascular diseases (CVDs). Available online: https://www.who.int/news-room/fact-sheets/detail/
cardiovascular-diseases-(cvds) (accessed on 29 June 2020).

2. Mach, F.; Baigent, C.; Catapano, A.L.; Koskinas, K.C.; Casula, M.; Badimon, L.; Chapman, M.J.; De
Backer, G.G.; Delgado, V.; Ference, B.A.; et al. ESC Scientific Document Group. 2019 ESC/EAS Guidelines for
the management of dyslipidaemias: Lipid modification to reduce cardiovascular risk. Eur. Heart J. 2020, 41,
111–188. [CrossRef] [PubMed]

3. Ference, B.A.; Ginsberg, H.N.; Graham, I.; Ray, K.K.; Packard, C.J.; Bruckert, E.; Hegele, R.A.; Krauss, R.M.;
Raal, F.J.; Schunkert, H.; et al. Low density lipoproteins cause atherosclerotic cardiovascular disease. 1.
Evidence from genetic, epidemiologic, and clinical studies. A consensus statement from the European
Atherosclerosis Society Consensus Panel. Eur. Heart J. 2017, 38, 2459–2472. [CrossRef] [PubMed]

4. Piepoli, M.F.; Hoes, A.W.; Agewall, S.; Albus, C.; Brotons, C.; Catapano, A.L.; Cooney, M.T.; Corra, U.;
Cosyns, B.; Deaton, C.; et al. Authors Task Force, M. 2016 European Guidelines on cardiovascular disease
prevention in clinical practice: The Sixth Joint Task Force of the European Society of Cardiology and Other
Societies on Cardiovascular Disease Prevention in Clinical Practice (constituted by representatives of 10
societies and by invited experts) Developed with the special contribution of the European Association for
Cardiovascular Prevention & Rehabilitation (EACPR). Eur. Heart J. 2016, 37, 2315–2381.

5. Hu, F.B.; Willet, W. C Optimal diets for prevention of coronary heart disease. JAMA 2002, 288, 2569–2578.
[CrossRef]

6. Dalen, J.-E.; Devries, S. Diets to Prevent Coronary Heart Disease 1957–2013: What Have We Learned? Am. J.
Med. 2014, 127, 364–369. [CrossRef] [PubMed]

7. Yu, E.; Malik, V.S.; Hu, F.B. Cardiovascular Disease Prevention by Diet Modification. JACC Health Promotion
Series. J. Am. Coll. Cardiol. 2018, 72, 914–926. [CrossRef] [PubMed]

8. Willett, W.; Rockström, J.; Loken, B.; Springmann, M.; Lang, T.; Vermeulen, S.; Garnett, T.; Tilman, D.;
DeClerck, F.; Wood, A.; et al. Food in the Anthropocene: The EAT-Lancet Commission on healthy diets from
sustainable food systems. Lancet 2019, 393, 447–492. [CrossRef]

9. Bechthold, A.; Boeing, H.; Tetens, I.; Schwingshackl, L.; Nothlings, U. Perspective: Food-based dietary
guidelines in Europe. Scientific concepts, current status, and perspectives. Adv. Nutr. 2018, 9, 544–560.
[CrossRef]

10. Clark, M.A.; Springmann, M.; Hill, J.; Tilman, D. Multiple health and environmental impacts of foods. PNAS
2019, 116, 23357–23362. [CrossRef]

11. Eilander, A.; Harika, R.K.; Zock, P.L. Intake and sources of dietary fatty acids in Europe: Are current
population intakes of fats aligned with dietary recommendations? Eur. J. Lipid Sci. Technol 2015, 117,
1370–1377. [CrossRef]

12. Mensink, R.P.; Katan, M.B. Effect of dietary trans fatty acids on high-density and low-density lipoprotein
cholesterol levels in healthy subjects. N. Engl. J. Med. 1990, 323, 439–445. [CrossRef] [PubMed]

13. Zock, P.L.; Blom, W.A.M.; Nettleton, J.A.; Hornstra, G. Progressing Insights into the Role of Dietary Fats in
the Prevention of Cardiovascular Disease. Curr. Cardiol. Rep. 2016, 18, 111. [CrossRef] [PubMed]

14. Harika, R.K.; Eilander, A.; Alssema, M.; Osendarp, S.J.; Zock, P.L. Intake of fatty acids in general populations
worldwide does not meet dietary recommendations to prevent coronary heart disease: A systematic review
of data from 40 countries. Ann. Nutr. Metab. 2013, 63, 229–238. [CrossRef] [PubMed]

168



Nutrients 2020, 12, 2671

15. Mensink, R.P. Effects of Saturated Fatty Acids on Serum Lipids and Lipoproteins: A Systematic Review and Regression
Analysis; World Health Organization: Geneva, Switzerland, 2016.
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Abstract: Cardiovascular diseases remain a global challenge, and lipid-associated biomarkers
can predict cardiovascular events. Extensive research on cardiovascular benefits of omega-3
polyunsaturated fatty acids (n3-PUFAs) is geared towards fish oil supplementation and fish-rich
diets. Nevertheless, vegetarianism and veganism are becoming more popular across all segments
of society, due to reasons as varied as personal, ethical and religious values, individual preferences
and environment-related principles, amongst others. Due to the essentiality of PUFAs, plant sources
of n3-PUFAs warrant further consideration. In this review, we have critically appraised the
efficacy of plant-derived n3-PUFAs from foodstuffs and supplements upon lipid profile and selected
cardiometabolic markers. Walnuts and flaxseed are the most common plant sources of n3-PUFAs,
mainly alpha-linolenic acid (ALA), and feature the strongest scientific rationale for applicability into
clinical practice. Furthermore, walnuts and flaxseed are sources of fibre, potassium, magnesium,
and non-essential substances, including polyphenols and sterols, which in conjunction are known
to ameliorate cardiovascular metabolism. ALA levels in rapeseed and soybean oils are only
slight when compared to flaxseed oil. Spirulina and Chlorella, biomasses of cyanobacteria and
green algae, are important sources of n3-PUFAs; however, their benefits upon cardiometabolic
markers are plausibly driven by their antioxidant potential combined with their n3-PUFA content.
In humans, ALA is not sufficiently bioconverted into eicosapentaenoic and docosahexaenoic acids.
However, evidence suggests that plant sources of ALA are associated with favourable cardiometabolic
status. ALA supplementation, or increased consumption of ALA-rich foodstuffs, combined with
reduced omega-6 (n6) PUFAs intake, could improve the n3/n6 ratio and improve cardiometabolic and
lipid profile.

Keywords: alpha-linolenic acid; flaxseed; lipids; omega-3; walnuts

1. Introduction

Cardiovascular diseases remain a major Public Health concern, with lipid-associated biomarkers
being trusted predictors of major cardiovascular events [1,2]. Added to the pharmacological strategies
and conscious effort to improve the patients’ lifestyle by adequate nutrition and physical activity,
nutraceutical strategies which include certain supplements, herbal extracts and functional foods, may be
a helpful complementary approach for individuals with cardiovascular disease and dyslipidaemia [3–9].

The dietary replacement of saturated fats for polyunsaturated fatty acids (PUFAs) has
shown beneficial effects upon lipid profile [10], as well as long-term protective benefits against
major cardiovascular events and associated clinical complications [11,12]. For decades, omega-3
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polyunsaturated fatty acids (n3-PUFAs) from either marine sources or fish oil (FO) supplementation
were broadly referred to in cardiology guidelines [13–15]. For example, amongst several clinical
investigations, Sagara et al. in 2011 showed that 2 g of DHA daily for five weeks improved blood
pressure and lipid profile in a sample population of 38 middle-age men with hypertension and
hypercholesterolaemia [16].

On the other hand, however, Manger et al. in 2010 did not find a significant trend in reduced
risk of coronary events with increased consumption of n3-PUFAs from fish and fish supplements.
Nonetheless, Manger argues that their sample population had a high intake of n3-PUA to begin with,
and possibly the lack of association could have been attributed to a ceiling effect of n3-PUFAs [17].
Interestingly, a robust meta-analysis published in 2018, which included 79 Randomized Control
Trials (RCTs) and a total of 112,059 participants, showed that n3-PUFAs supplementation actually
did not show significantly greater efficacy on reducing the occurrence of cardiovascular events [18].
Such results must be interpreted carefully due to factors such as methodology employed, varied sample
population investigated, other factors beyond the scope of the study, and a potential risk for bias.
At the same time, it has also been demonstrated that plant sources of n3-PUFAs have shown some
potential against cardiovascular events and dyslipidaemia [18].

The findings on fish consumption and FO supplementation upon cardiovascular health do not
disregard the merit of investigating the usefulness of plant-derived n3-PUFAs in clinical practice.
Studies on the potential efficacy of plant-derived n3-PUFAs become further justified as dramatic
reductions of fish stocks have been reported in the North Atlantic Ocean and Mediterranean Sea [19,20].
In the present review, we have critically appraised the efficacy of plant-derived n3-PUFAs from
foodstuffs, as well as its supplementation, upon the modulation of lipid profile and selected
cardiometabolic markers. More specifically, we searched for the effects of chia seeds, flaxseeds, walnuts,
as well as Spirulina and Chlorella. As those foodstuffs are gaining more popularity, a phenomenon
possibly attributed to the increased awareness of environmental issues related to overfishing, combined
with the increasing trend towards veganism, vegetarianism and flexitarianism across all segments of
society, it is of greatest interest to clarify the clinical potential of plant sources of n3-PUFAs.

2. Methods

We employed the electronic databases Pubmed/Medline and Google Scholar to identify relevant
publications. Randomised Controlled Trials (RCTs) written in English were the chosen sources of
results as a means of translating current research findings into clinical practice. Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [21] were used to evaluate and
select the RCTs.

Limited to RCTs, we searched for plant sources of ALA by using the following combinations
of Medical Subject Heading (MeSH) keywords: (“Chia Seeds” OR “Flaxseeds” OR “Hemp Seeds”
OR “Walnuts” OR “Seaweeds” OR “Spirulina” OR “Chlorella”) AND (“LDL-C” OR “Low-Density
Lipoprotein Cholesterol” OR “Total Cholesterol” OR “Triglycerides” OR “HDL-C” OR “Low-Density
Lipoprotein Cholesterol” OR “Blood Pressure” OR “Cardiovascular Disease” OR “Cardiometabolic
Risk” OR “Inflammatory Biomarkers” OR “Proinflammatory Cytokines”). The period covered in the
search included inception to August 2020. Summary findings from the selected papers are presented in
Supplementary Tables S1–S3. After perusal of such findings, we discussed key aspects and manually
expanded the review by selecting further articles that have investigated nutrition facts, mechanisms of
action and clinical applications.

As the number and robustness of clinical studies that have investigated the metabolic effects of
plant-derived n3-PUFAs are only a fraction of those that employed FO, we have also summarized in
Supplementary Table S4 the outcomes of 38 selected FO supplementation studies identified using the
key terms listed above and published in the last five years, with a combined sample population of
4136 individuals. The evidence gathered confirms that whilst some studies did show improvements in
metabolic biomarkers after FO supplementation, some others did not.
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3. Metabolic Pathways

3.1. Conversion of ALA in Humans

Not only the insufficient intake of dietary n3-PUFAs, but also the inefficient elongation and
desaturation of ALA to eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in humans,
result in low n3 long chain-PUFA content in blood and other peripheral tissues [22,23]. Accordingly,
North America, Central and South America, and Africa, are geographical examples where EPA and
DHA concentrations are endemically low [24]. More specifically, the intake of n3-PUFAs in the average
USA population is low or very low [14].

Approximately only 5% of ALA is converted to EPA whilst less than 0.5% is converted to
DHA in humans, although mammals have the essential enzymes used in this pathway [25–27].
A proof-of-concept study published in 2010 showed in newborn infants that only approximately
0.04% of ALA administered was elongated and desaturated to circulating EPA, whilst the subsequent
conversion of EPA to DHA was comparatively more efficient [28]. The very low ALA to EPA
bioconversion ratio identified in that study does not account for the EPA that was actually incorporated
into solid tissues, but it does confirm the suggestion that even large amounts of dietary ALA will
probably have negligible effects on plasma DHA levels [27].

Moreover, the conversion of ALA to EPA and subsequently DHA appears to be more efficient in
women than in men, a phenomenon that could probably be explained by a possibly advantageous
action of oestrogens in protecting the mother and the lactating child. Gender difference is a factor to be
considered before making dietary recommendations for n3-PUFAs intake [25].

3.2. n3-PUFAs Versus n6-PUFAs

The inefficient bioconversion of ALA to EPA and DHA becomes more evident when considering
that n3 and omega-6 (n6) PUFAs, although in much different concentrations in the typical westernized
diet, compete almost equally for the same enzymatic pathway that elongates and desaturates the
precursors ALA and linoleic acid (LA) to EPA and arachidonic acid (AA), respectively [29]. On the other
hand however, potential roles for ALA in human health that may be independent of its bioconversion
onto DHA have been proposed [27].

Experimental evidence alludes to a slower enzymatic metabolism of n3-PUFAs in relation to
n6-PUFAs [30]. Therefore, focus on ALA intake is paramount for human health, but similarly important
is the adequate intake of LA, as not to imbalance the n6/n3 ratio. Typical westernized diets show
abundance of meats and poultry alongside deep-fried foodstuffs, an important dietary characteristic
that favours high LA intake.

As seen in Figure 1, dietary sources of n6-PUFAs lead to raised levels of AA, culminating
in increased synthesis of pro-inflammatory eicosanoids. Dietary sources of n3-PUFAs, in turn,
allow the synthesis of anti-inflammatory eicosanoids. Increased n3-PUFA concomitant to decreased
n6-PUFA decreases the AA content in platelets, vascular endothelial cells and vascular wall
macrophages, thus reducing AA-derived pro-inflammatory mediators [31]. Cyclooxygenases (COX)
and lipoxygenases (LOX) convert AA to prostaglandin E2, thromboxane A2, prostaglandin I2 and
leukotriene B4, amongst other pro-inflammatory eicosanoids, whilst the same enzymatic pathways
convert EPA to prostaglandin E3, thromboxane A3, prostaglandin I3 and leukotriene B5, amongst
other anti-inflammatory eicosanoids [32–34].
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Figure 1. Whilst the main dietary sources of the n3-PUFAs EPA and DHA are fatty fish (e.g., salmon
and sardines) and algae, the n3 precursor ALA is found mainly in walnuts, chia seeds, flaxseeds,
and rapeseed oil. Likewise, meat, poultry and eggs are important sources of the n6-PUFAs AA, and its
n6 precursor LA is found mainly in safflower, sunflower, soybean and corn oils [35–37]. ALA and LA
are converted by desaturases and elongases to EPA and AA, respectively, and subsequently converted
in a series of complex enzymatic reactions to the longer forms DHA and n6-docosapentaenoic (n6-DPA),
respectively [38,39].

3.3. Cardiometabolic Pathways

It has been observed in vitro that ALA is associated with decreased expression levels of vascular
cell adhesion molecule-1 (VCAM-1), interleukin 6 (IL-6), proliferating cell nuclear antigen (PCNA),
macrophage marker M3/84 (mac-3) and stearoyl-CoA desaturase-1 (SCD-1) [40]. Indirect effects
of ALA upon cardiometabolic pathways have also been observed; ALA bioconversion to DPA is
associated with decreased expression levels of COX-1, COX-2 and tumour necrosis factor-alpha
(TNF-α), whilst its bioconversion to EPA and DHA is associated with decreased expression levels of
peroxisome proliferator-activated receptor gamma (PPAR-γ) [40].

Given that such results have also been identified in aortic tissue [41], it is reasonable to speculate
that the positive effects of ALA are driven by attenuation of inflammation, cell proliferation and
oxidation [40]. In a more optimistic, long-term speculative scenario, such ALA-induced effects could
retard the progression, or even promote an amelioration, of the atherosclerotic state.

ALA administration to primary cultured endothelial cells induced inhibitions of NAD-dependent
deacetylase sirtuin-3 (SIRT3) reduction, superoxide dismutase 2 (SOD2) hyperacetylation,
and mitochondrial reactive oxygen species (ROS) overproduction, alongside restoration of autophagic
flux under damage induced by treatment with angiotensin II plus TNFα [42,43]. Such effects,
apparently attributed to ALA, are in line with mitigation of endothelial dysfunction and experimental
hypertension [42].

It is known that n3-PUFAs have the capacity to decrease liver triglyceride (TG) synthesis by
competitive inhibition of 1,2 diglyceride acyltransferase (DAT), at the same time suppressing the activity
of sterol regulatory element-binding protein 1c (SREBP-1c)—A protein that regulates the expression of
genes involved in fatty acid and TG synthesis—and also to increase β-oxidation in adipose tissue [44,45].
Regarding the latter, the high affinity of n3-PUFAs for peroxisome proliferator-activated receptor alpha
(PPAR-α) leads to a greater synthesis of enzymes involved in lipid catabolism, thus favoring not only
fatty acid β-oxidation in peripheral tissues but also catabolism of circulating TG in chylomicrons and
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very low-density lipoprotein cholesterol (VLDL-C) [44,46,47]. Moreover, substrates for TG synthesis
are also decreased by reduced transport of non-esterified fatty acids to hepatocytes, consequently
reducing VLDL-C synthesis [44,48]. Nonetheless, as the majority of the cardiometabolic pathways so
far elucidated are based on experimental data [40–43], a more thorough, critical and applied appraisal
of the effects of ALA is needed before any general conclusions can be made.

4. Alternative Plant Sources of n3-PUFAs

4.1. Nuts and Seeds

4.1.1. Nutrition Facts

Nuts and seeds are important sources of ALA and also micronutrients, polyphenolic compounds,
sterols and fibres, which are protective elements against the exacerbation of chronic diseases [49–51].
For instance, nuts and seeds that are sources of ALA also contain a considerable amount of calcium,
magnesium, and potassium (Table 1), which are fundamental macrominerals for cardiovascular health,
mainly in the management of hypertension [52–56]. Furthermore, nuts and seeds are a source of
protein. Although at lower levels as compared to animal-derived protein in terms of needs for muscle
hypertrophy, the consumption of nuts and seeds is inversely correlated with cardiovascular events and
mortality, as demonstrated by recent studies [57,58].

Table 1. Nutrition facts of ALA-containing seeds.

Food Item,
one Ounce
/≈28 g

[FDC ID]

Energy
(kcal)

Protein
(g)

Total Lipid
(g)

Total Fiber
(g)

CHO
(g)

Ca
(mg)

Mg
(mg)

K
(mg)

LA, 18:2,
n-6
(g)

ALA,
18:3,
n-3
(g)

n-6
/n-3

Ratio

Chia seeds
[170554] 136 4.63 8.60 9.75 11.79 176.68 93.8 113.96 1.63 4.99 0.32

Hemp seed
[170148] 155 8.83 13.65 1.12 2.42 19.6 196 366 7.68 2.80 2.74

Flaxseed
[169414] 150 5.12 11.80 7.64 8.08 71.4 109.76 227.64 1.65 6.38 0.25

Walnuts
[784410] 183.12 4.26 18.25 1.9 3.83 27.44 44.24 123.48 10.8 2.54 4.25

Adapted from the United States Department of Agriculture (USDA) database [59]. ALA, alpha-linolenic acid; CA,
calcium; CHO, carbohydrate by difference; FDC, FoodData Central; K, potassium; LA, linoleic acid; Mg, Magnesium.

Regarding the ALA content of nuts and seeds, one ounce (28 g) of flaxseed, chia seeds, hemp seed
or walnuts exceeds the Adequate Intake (AIs) for ALA, which is 1.1 g/day for women and 1.6 g/day for
men, and 1.4 g/day and 1.3 g/day during pregnancy and lactation, respectively [59,60]. In one ounce,
there are 6.38 g (398% and 580% of AIs for men and women) of ALA in flaxseed, 4.99 g (175% and
254% of AIs for men and women) in chia seeds, 2.80 g (312% and 453% of AIs for men and women) in
hemp seed, 2.54 g (159% and 230% of AIs for men and women) in walnuts (Table 1).

4.1.2. Walnuts

Walnuts are an important source of ALA [61,62]. A 2-years follow-up study recruited 236 elderly
subjects, segregated into two groups: a control group without nut consumption, and an intervention
group in which 15% of the approximate daily energy intake consisted of walnuts, at approximately
30–60 g/day of walnuts [63]. The researchers found a reduction of 8.5 mmHg in the systolic blood
pressure, whose baseline levels were >125 mmHg; however, no changes were observed in diastolic
blood pressure. In the same study, the participants who consumed walnuts required lower dosages of
antihypertensive drugs as compared to the control participants. The blood pressure of all participants
in that study was monitored by the 24-h ambulatory blood pressure monitoring, which is considered
the gold standard in the diagnosis of hypertension [64]. In contrast, a recent meta-analysis [65]
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did not support walnut consumption per se as a blood pressure-lowering strategy. Despite being a
meta-analysis, that study [65] may have had a few limitations due to heterogeneity. The results of
Domènech et al. [63] provide what appears to be reliable evidence, based mainly on its long-term
duration and sample size.

Le et al. [66] recruited 213 overweight and obese women to a weight loss study, and offered one of
the three following dietary regimens: a walnut-rich diet which consisted of 35% energy from fat and
45% energy from carbohydrates, or a low-fat (20%) high-carbohydrate (65%) diet, or a high-fat (35%)
low-carbohydrate (45%) diet. After six months of intervention, high-density lipoprotein cholesterol
(HDL-C) levels were significantly increased (p < 0.05) in the walnut-rich group (from≈60 to≈63 mg/dL),
whilst a small decrease was observed in the low-fat (from ≈60 to ≈57 mg/dL) and low-carbohydrate
(from ≈58 to ≈57 mg/dL) groups.

Interestingly, Fatahi et al. [67] randomised 99 overweight and obese women into three low
energy-diet groups: the first group consisted of 300 g/week of fatty fish such as salmon, avoiding the
intake of plant sources of n3-PUFAs; the second group consisted of 18 walnuts/week, avoiding the
intake of fish and other plant sources of n3-PUFAs; the third group consisted of 150 g fatty fish and nine
walnuts/week, avoiding the intake of other sources of n3-PUFAs. After 12 weeks of dietary intervention,
as compared to the fish-only group and walnut-only group, the fish +walnut group showed better
metabolic profile overall, evidenced by greater increase in HDL-C (+3.6 mg/dL) levels, followed with
greater decrease in systolic blood pressure (−5 mmHg), fasting blood glucose (−12 mg/dL), low-density
lipoprotein cholesterol (LDL-C) (−6 mg/dL), high-sensitivity C-reactive protein (hs-CRP) (−0.51 mg/L),
D-dimer (−0.45 mg/dL), fibrinogen (−22 mg/dL), alanine aminotransferase (ALT) (−6 IU/L), aspartate
aminotransferase (AST) (−6 IU/L), TNF-α (−0.08 ng/mL) and IL-6 (−1.6 ng/mL).

4.1.3. Flaxseed

Flaxseed is an important source of ALA, and a few trials have identified beneficial effects of
flaxseed intake upon lipid indexes and cardiometabolic biomarkers. In a study recruiting 21 patients
with coronary artery disease [68], a pivotal population to ascertain the magnitude of a cardiometabolic
intervention, the daily consumption of 30 g flaxseed for 12 weeks promoted better outcomes as
compared to the control group in increasing flow-mediated dilation (5.1 vs. −0.55% change from
baseline for the flaxseed and control groups, respectively), whilst decreasing the inflammatory status by
reducing the levels of CRP (−1.18 mg/L), IL-6 (−7.65 pg/mL), and TNF-α (−34.73 pg/mL). Importantly,
no significant change in body weight was observed in either groups [68], which appears to be a very
relevant result as it suggests that flaxseed may improve cardiovascular parameters independently of
weight loss.

In a systematic review and meta-analysis of RCTs with 1502 patients across 32 studies, flaxseed or its
derivatives (whole or ground flaxseed, flaxseed oil, or lignan supplements) reduced the concentrations
of hs-CRP (weighted mean difference (WMD): −0.75; 95% CI −1.19, −0.31) and TNF-α (WMD: −0.38;
95% CI −0.75, −0.01) but did not change IL-6 levels. Flaxseed was tested in the form of whole flaxseed,
golden flaxseed, flaxseed oil, and lignan supplements at dosages ranging from 360 mg to 60 g, for 2 to
12 weeks, with an averaged intervention period of approximately 10 weeks [69].

A recently published clinical trial recruited 41 women suffering with polycystic ovary syndrome,
randomly segregated into two groups, group 1 subjected to lifestyle changes (American Heart
Association recommendations + >30 min moderate to intense activity 3x/week) plus 30 g/day brown
flaxseed flour in salad, yogurt or cold drinks, and group 2 subjected to the same lifestyle changes
only, for 12 weeks [70]. The authors found that the flaxseed group showed significant improvements
in insulin, homeostasis model assessment of insulin resistance (HOMA-IR), TG, hs-CRP, IL-6, leptin,
HDL-C and adiponectin, as compared to the non-flaxseed group [70].

In a RCT recruiting 100 eligible patients suffering with non-alcoholic fatty liver disease
(NAFLD), Yari et al. [71] found that 30 g flaxseed daily plus positive lifestyle interventions for
12 weeks decreased serum concentrations of total cholesterol (TC) (−31.71 mg/dL), TG (−61.33 mg/dL),
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LDL-C (−22.64 mg/dL), ALT (−11.12 U/L), AST (−5.37 U/L) and gamma-glutamyltransferase
(−11.54 U/L), results that were not matched in the group submitted to positive lifestyle interventions
only. It should be noted however that both groups showed reductions in BMI (30.37 ± 4.42 to
28.05 ± 3.89 kg/m2 in the flaxseed plus lifestyle improvement group, and 33.37 ± 5.56 to 32.42 ± 5.98
in the lifestyle improvement only group) as well as the intensity of hepatic steatosis, a result most
likely attributed to decreased energy intake in both groups (2379.41 ± 473.74 to 2117.47 ± 378.46,
and 2424.45 ± 470.89 to 1966.39 ± 449.52 kcal, respectively). Such findings reinforce the hypothesis of
beneficial effects of flaxseed independently of changes in energy intake and body composition.

In a mirrored RCT [72], this time recruiting 98 patients suffering with metabolic syndrome,
the same researchers from the previously mentioned study [71] observed comparable results, in which
30 g flaxseed plus positive lifestyle interventions for 12 weeks reduced by 76% the prevalence of
metabolic syndrome, whilst the lifestyle intervention only group had this parameter reduced by 36.4%
(p = 0.013 for the difference between groups). Likewise, both groups reduced their calorie intake
before versus after, but without differences between them (2423.04 ± 468.98 to 2198.76 ± 455.47 and
2410.26 ± 451.87 to 2079.89 ± 465.46 for flaxseed and control groups, respectively).

4.2. Oils

4.2.1. Lipid Profile of Oils

Oils rich in ALA are a powerful tool to investigate the effects of ALA within a less complex
matrix. Despite the presence of other fatty acids and fat-soluble compounds in the oil, the removal of
fibre, vitamins, especially water-soluble ones, and water-soluble matter surely minimize the effects of
confounding variables. Flaxseed, walnut, and rapeseed oils are, respectively, the main sources of ALA.
Soybean oil is often considered a small to reasonable source of ALA, once research into its fatty acid
composition has shown ALA concentrations ranging from 2.7% to 7.8% [73,74]. The n6-PUFAs content
is nonetheless crucial when contemplating the n3 content of plant oils, as sunflower, corn, walnut,
cottonseed, soybean, and peanut oils are important sources of n6-PUFAs (Table 2).

Table 2. ALA content and principal nutrition facts of selected edible oils.

Oil Type,
1 Tablespoon/13.6 g

[FDC ID]

Energy
(kcal)

Total
Lipid

(g)

Vitamin
E (mg)

Saturated
Fats (g)

Monounsaturated
Fats (g)

Polyunsaturated
Fats (g)

LA,
18:2/n-6

(g)

ALA,
18:3 n-3

(g)

n-6/n -3
Ratio

Flaxseed oil [789037] 120 13.6 0.064 1.22 2.51 9.23 1.95 7.26 0.26

Walnut oil [789048] 120 13.6 0.054 1.24 3.1 8.61 7.19 1.41 5.09

Rapeseed oil [172336] 120 13.6 2.38 1.01 8.64 3.82 2.58 1.24 2.08

Soybean oil [789045] 120 13.6 1.11 2.13 3.1 7.85 6.93 0.92 7.53

Corn oil [789035] 122 13.6 1.94 1.76 3.75 7.44 7.28 0.158 46.07

Olive oil [789038] 120 13.6 1.94 1.86 9.85 1.42 1.32 0.103 12.81

Cottonseed oil
[789036] 120 13.6 4.8 3.52 2.42 7.06 7 0.027 259.25

Coconut oil [789034] 121 13.5 0.015 11.2 0.861 0.231 0.229 0.003 76.33

Peanut oil [789039] 120 13.6 2.12 2.28 6.24 4.32 4.32 0 -

Almond oil [789033] 120 13.6 5.33 1.12 9.51 2.37 2.37 0 -

Sunflower oil [789047] 120 13.6 5.59 1.4 2.65 8.94 8.94 0 -

Highest to lowest sources of ALA among common oils used for cooking. In addition, the main sources of LA can be
noted, which are sunflower, corn, walnut, cottonseed, soybean, and peanut oils, respectively. Adapted from the
United States Department of Agriculture (USDA) database [59].

4.2.2. Flaxseed Oil

A RCT investigated the effects of either 25 mL/d flaxseed oil or 25 mL/d sunflower oil administered
for seven weeks to 60 patients suffering with metabolic syndrome [75]. Serum IL-6 levels decreased
significantly in both groups (9.37 to 7.90 pg/mL, p < 0.001 for flaxseed oil, and 9.22 to 8.48 pg/mL,
p < 0.006 for sunflower oil), but the flaxseed oil group presented a greater reduction (p = 0.017).
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Given that that was a dosage considered high, it is worth mentioning that no side effects were reported
in either group [75]. Interestingly, in a study recruiting 60 women with gestational diabetes [76], the daily
supplementation for 6 weeks with 2 g/day flaxseed oil capsules, which contained 800 mg/day ALA,
reduced the concentrations of TG (−40.5 mg/dL), TC (−22.7 mg/dL), insulin (−2.2 μIU/mL), and hs-CRP
(−1.3 mg/L), as compared to a matched group that received sunflower oil capsules. The flaxseed
oil-receiving group also showed upregulated LDL receptor, downregulated IL-1 and TNF-α gene
expression, decreased malondialdehyde levels and increased total nitrite and total glutathione levels.

In a recent study [77] recruiting 59 overweight and obese adults with stage I hypertension without
pharmacological treatment, 10 g of refined cold-pressed flaxseed oil (4.7 g ALA) for 12 weeks decreased
fasting free fatty acid (−58 μmol/L) and TNF-α (−0.14 pg/mL) plasma concentrations. In contrast,
no changes were found in other metabolic risk markers (e.g., serum glucose and TG levels) nor
vascular function markers (e.g., brachial artery flow-mediated vasodilation, carotid-to-femoral pulse
wave velocity, and retinal microvascular calibres) before versus after testing, both on fasting and
postprandially. We consider this result to be extremely relevant for our critical discussion, as the
ALA intake in that study was about three to five times higher than the recommended daily intake
and, even so, it failed to improve cardiovascular markers. Furthermore, the volunteers of that study
not only had obesity or overweight and stage I hypertension, their average age was 60 ± 8 years,
a finding that is positively associated with vascular ageing, which by definition poses a greater risk for
hypertension and atherosclerotic disease than the more traditional risk factors, including lipid and
glucose levels, smoking and sedentary lifestyle [78].

The Omega-3 Index (O3I) reflects the relative percentage amount of EPA and DHA in erythrocyte
membranes, and is considered a surrogate biomarker for cardiovascular events [79]. Cao et al.
investigated in individuals with low baseline n3-PUFA levels the effects of supplementation with
fish oil or flaxseed oil upon O3I [80]. Cao found that supplementing 2.1 g/day FO (1296 mg EPA
+ 864 mg DHA) for eight weeks increased the O3I from 4.3% to 7.8% (p < 0.001), followed by a
gradual decline to 5.7% and to 3.8% at 4 and 16 weeks after the end of the supplementation period,
respectively. On the other hand, supplementation with flaxseed oil (3510 mg ALA + 900 mg LA/d) for
the same period, in turn, did not significantly change the O3I, but it did increase not only EPA but also
n3-docosapentaenoic acid (DPA) [80], a fatty acid that sits in between EPA and DHA in the elongation
desaturation pathway.

It can be argued that the study of Cao et al. [80] did not cover a period of supplementation
that would allow maximum incorporation and saturation of supplemented PUFAs into erythrocyte
membranes, therefore not raising the O3I to its maximum achievable level. A O3I higher than 8%
has been proposed to be favourable against cardiovascular events, whilst ≤ 4% is interpreted as
low [24,79,81]. Accordingly, the benefits of ALA as a mitigator of cardiometabolic events can be
supported by its role as a substrate for EPA. The latter is a well-known element against pro-inflammatory
pathways in the cardiovascular system.

4.2.3. Soybean Oil

Despite having an obviously different fatty acid profile as compared to FO, soybean oil, unarguably,
is a source of some ALA, and a few studies have already demonstrated a mild but relatively positive
potential for soybean oil. For example, in treated hepatitis C patients (n = 52), 6000 mg/day FO or
a soybean oil control for 12 weeks significantly decreased serum insulin levels (17.1 to 10.9 μIU/mL
p = 0.001, 12.6 to 10.6 μIU/mL p = 0.011 for FO and soybean oil groups, respectively) and HOMA
values (3.8 to 2.4 p = 0.002, 3.1 to 3.0 p = 0.046 for FO and soybean oil groups, respectively) when
comparing baseline versus end-of-intervention. The FO group was clearly more efficient; however,
differences between both groups (p = 0.016 for insulin levels and p = 0.015 for HOMA-IR values) have
been observed [82].

In a small controlled clinical trial recruiting 16 hypercholesterolaemic women in a 10 weeks
intervention, participants received an amount of soybean oil that consisted of 20% of their energy
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intake in a weight-maintaining diet with <300 mg/day of cholesterol [83]. The control group consisted
of the same participants in a weight-maintaining diet with <300 mg/day of cholesterol for eight weeks
but no soybean oil. As compared to the eight-week control period, TC, HDL-C, LDL-C and small dense
low-density lipoprotein-cholesterol (sdLDL-C) levels were reduced at the end of the 10 week-soybean
oil intervention period [83]. Furthermore, the sdLDL oxidation lag time was reduced after soybean oil
consumption. In addition to the unfavourable cardiovascular conditions of maintaining low HDL-C
levels, the former is linked to the pathophysiology of atherosclerotic disease due to the damage
potential of sdLDL-C subclasses, especially in their oxidised form, on arterial structures [6].

4.2.4. Rapeseed Oil

In a meta-analysis of 27 RCTs [84], consumption of rapeseed oil was associated with reductions of
approximately 7.24 mg/dL in TC (95% CI, −12.1 to −2.7) and of approximately 6.4 mg/dL in LDL-C
(95% CI, −10.8 to −2) serum levels, as compared to sunflower oil and saturated fat. No changes were
observed in TG nor HDL-C. Overall, the daily dose of rapeseed oil ranged from 12 to 50 g for 21 to
180 days. Most trials in that meta-analysis addressed individuals with lipid disorders and patients with
heart disease, type 2 diabetes mellitus, obesity, metabolic syndrome, or non-alcoholic fatty liver disease.
Importantly, the trials were under isocaloric conditions and, thus, partially avoided the bias of weight
loss and its relationship with amelioration of lipid indices [84]. A clinical trial study in well-controlled
conditions, recruiting 10 healthy men aged 25.3 ± 1 years, found that 24 h lipid oxidation was more
pronounced when the participants received rapeseed oil-enriched meals for the duration of the study,
as compared to a matched meal enriched with palm oil, a source of saturated fat [85].

It is well known that replacing dietary saturated fats with monounsaturated fatty acids (MUFAs)
and PUFAs can reduce overall mortality [86]. The United Kingdom Scientific Advisory Committee
on Nutrition in 2019 concluded that the recommendation for the population average contribution of
saturated fat to total calorie intake should remain at no more than 10% of total dietary intake, and that
reducing intakes of saturated fats reduces the risk of cardiovascular and heart disease events [87].

The alleged cholesterol-lowering properties of rapeseed oil could be attributed not only to its
ALA content, but also possibly combined with its MUFA composition. Approximately 56% of the total
fatty acids in rapeseed oil are MUFAs, with oleic acid as the most abundant one, at 54.5% of the total
fatty acids, approximately [88]. The abundance of oleic acid in rapeseed oil may support its beneficial
properties, as it has been shown that oleic acid elicits improvement on lipids and lipoproteins, as well
as reduced risk of cardiovascular disease in humans [89]. The ALA content in rapeseed oil, in turn,
is estimated at approximately 6 to 10% of total fatty acids [59,90,91]. Interestingly however, a study
found a much lower ALA content in rapeseed oil, ≈1.2% [92].

A critical interpretation of published studies will see that other plant sources of MUFAs and PUFAs
may show positive results in comparison to rapeseed oil. For instance, the consumption of sesame
oil was more favourable for glycaemic control markers when compared to rapeseed oil in a recent
RCT recruiting individuals with type 2 diabetes mellitus [91]. In that study, rapeseed oil increased
serum fasting blood glucose (+7.72 ± 3.15 mg/dL, p < 0.05), whilst sesame oil decreased serum insulin
(−6.00 ± 1.72 mIU/mL, p< 0.05) levels in a nine-week intervention period. The dietary recommendation
was based on 30–32% of the total energy intake from fats but, despite the predominance of oil intake in
each intervention, we noticed that the authors did not present in their study the exact or estimated
amount of oil consumed. Some of the strengths of the study include its design, a triple-blind, cross-over
clinical trial with 92 subjects completing all treatment periods, which were composed of four-week
run-in and four-week wash-out periods based on sunflower oil.
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4.3. Seaweed

4.3.1. Lipid Profile of Seaweed

The use of seaweed for cooking and as a food supplement is gaining more popularity
worldwide [93,94]. As a functional food, seaweed is a vegetarian source of n3-PUFAs, protein,
and micronutrients [95]. Spirulina and chlorella are commercially available biomass extracts of
cyanobacteria and green algae respectively, designed to attend a growing demand [96]. Both spirulina
and chlorella are often claimed to be valuable sources of n3-PUFAs; however, the accuracy of such
statement needs to be clarified in context, as to obtain approximately 2 to 3 g of total lipids from these
microalgae it is necessary to ingest approximately 28 g of it in its powdered form. The total lipid
content can be practically zero in supplemental dosages (≈3 g/day) [59].

Chlorella minutissima UTEX 2219 and UTEX 2341 feature 3.3% and 31.3% EPA, respectively, of the
total fatty acid content, but DHA was not detected in either strain [97]. In a fatty acid profile analysis
of Spirulina platensis from seven commercially available products, EPA and DHA were detected in only
two samples, contributing with 1.79% and 7.70%, and 2.28% and 2.88%, respectively, of the total fatty
acids [98]. Similarly to flaxseed and nuts, whether the effects of dietary intervention with seaweed are
attributed to its n3-PUFAs per se remain to be investigated, as the food matrix should be considered.
Spirulina and Chlorella contain not only macro and micronutrients but also other compounds with
antioxidant properties which may play a role in positive health outcomes [99–101].

4.3.2. Clinical Findings

A meta-analysis published in 2016 [102] found that in general the daily consumption of 1 to 10 g
Spirulina led to significant improvements in lipid profile by reducing TC in ≈47 mg/dL (95% CI: −67.31
to −26.22), LDL-C in ≈41 mg/dL (95% CI: −60.62 to −22.03), TG in ≈44 mg/dL (95% CI: −50.22 to −38.24),
whilst increasing HDL-C in ≈6 mg/dL (95% CI: 2.37–9.76). Seven placebo-controlled clinical trials with
duration of 2–4 months were included in that meta-analysis, and the population appraised consisted
of patients with diabetes, cardiac diseases, nephrotic syndrome and HIV infection, illnesses whose
pathophysiologies are related to dyslipidaemia [103–105]. Seemingly, an effective and practical dose
was about 4 g/day of Spirulina, which can be administered in capsules or powder [102]. Nevertheless,
as discussed above, we believe that the n3-PUFAs content in Spirulina was not the sole player in
yielding such outcomes.

Supplementation with 300 mg/day of Chlorella for 8 weeks decreased TNF-α levels, in comparison
with the placebo group, in a RCT of 70 patients with NAFLD [106]. An 8 week-long RCT investigating
44 women suffering with primary dysmenorrhea and supplemented with 1500 mg/day Chlorella found
a significant reduction in hs-CRP levels (from 2590.00 ± 1801.66 to 974.21 ± 292.85 ng/mL), as compared
to the control group [107].

In a Japanese sample population, 40 daily tablets of Chlorella were provided to 17 individuals with
borderline high fasting blood glucose, TC, and TG levels, as well as to 17 healthy individuals [108].
After 16 weeks of supplementation, the researchers found reductions in body fat percentage, serum TC,
and fasting blood glucose levels in both groups [108]. In our view however, that study appears to show
a few limitations that should be considered in the context of a broader clinical scenario. The researchers
did not measure food intake, there was no matched control group, and body fat percentage was
obtained through bioelectrical impedance, which as a method of body composition analysis has some
limitations [109]. Lastly, Chlorella supplementation was used in an impracticable dosage that, although
it may be tested, cannot be translated into a broader clinical recommendation. As 40 tablets were
ingested together with a considerable volume of fluid every day, probably this posology in itself with
fluid may have resulted in lower food intake due to stomach filling.
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5. Population

Type 2 diabetes, obesity, dyslipidaemia and hypertension, conditions that we have attempted
to address in the present study, are related to a pro-inflammatory state [110–113]. The evidence
so far available suggests that the consumption of ALA-rich foodstuffs may attenuate the levels of
inflammation-associated biomarkers. More importantly however, the consumption of ALA food
sources appears to be associated with reduced incidence of cardiovascular events. Further long-term
RCTs are imperative to further elucidate such preliminary findings.

In the context of liver diseases, NAFLD particularly, lifestyle improvement is a cornerstone in
ameliorating the disease. We have identified studies that showed beneficial effects of ALA interventions
in patients with NAFLD [71,84]. Accordingly, a favourable nutritional support based on ALA food
sources could be considered in therapies for NAFLD patients in cases of low frequency of fatty fish
intake or absence of FO supplementation.

Food sources of ALA may also be relevant during pregnancy and lactation due not only to their
rich nutritional composition but also due to a thoroughly justified need to avoid complex herbal
supplement mixtures that may jeopardize the health of the mother and of the child. Additionally,
plant sources of n3-PUFAs could be seen as an option for pregnant women who do not tolerate fatty
fish and for those who suffer with nausea and with hyperemesis gravidarum, relatively common
manifestations during the gestational period [114,115]. The amount and profile of n3-PUFAs ingested
by the lactating mother is paramount for infant health, as the mother’s diet directly reflects upon her
milk fatty acid profile [116].

Exclusively vegan diets are to be examined carefully due to the risk of n3-PUFAs deficiency.
Apart from a lower intake of total and saturated fats, another characteristic of exclusively vegan
diets is a higher proportional intake of n6-PUFAs, when compared to omnivorous and vegetarian
diets [110,117]. For those reasons, recommendations for vegan diets that include appropriate amounts
of ALA, necessarily combined with a balanced n3/n6 ratio, are paramount for the maintenance of
long-term health.

It is widely accepted that peanut and peanut butter have been speculated by the layperson and by
some health practitioners as friendly components of the exclusively vegan diet. Careful consideration
however should be exercised regarding the amounts of peanut and peanut butter consumed, as a
pilot study observed in 14 exercise-trained healthy individuals with an average age of 30 years that
the daily consumption of approximately 103 g of peanut butter for 4 weeks led to changes in body
composition, markedly increased body fat content [118]. Such results only confirm that careful calorie
counting is pivotal when adding a new source of lipids to the diet plan, regardless of whether those
are considered healthy food items. Furthermore, peanut is particularly rich in LA and virtually absent
of ALA (Table 2).

6. Decision-Making Practice

A diet poor in n3-PUFAs and rich in n6-PUFAs in the long term leads to inflammation and
increased risk of diseases, including cardiovascular diseases [119]. If the patient does not comply with
a diet that includes fatty fish or FO supplements, ALA-rich foods are important to at least partially
supply some of the n3 requirement, at the same time reducing the LA bioavailability. Furthermore,
some individuals in society may choose not to adhere to food supplementation, be it because of added
costs, dietary choices such as veganism and vegetarianism, the wish to avoid polypharmacy if they are
already taking medicine tablets, or due to personal values. Such lifestyle choices and circumstances
further emphasize the need for a careful nutritional planning that includes sources of n3-PUFAs.

Along those lines, some period supplementing FO and followed by some period incrementing
plant sources of n3-PUFAs may be an example of what would be a ”periodized” loading of n3
status. Such hypothesis can be sustained due to the incorporation of n3-PUFAs into cell membranes,
which occurs over a few months after supplementation, whilst the period appears to be longer for
decreasing n3 status than the progress of storage. In the case of the study of Cao et al. [80] for example,
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two months of FO supplementation was sufficient to almost achieve a reasonable n3 state, which was
maintained by one month afterwards but returning to the same baseline level after 16 weeks of
interruption. We believe that a ”periodized” FO supplementation regimen could be conceivable two to
three times a year for one to four months, followed with nutritional counselling and observing the
intake of foodstuffs rich in ALA in the period without the FO supplementation, hoping to provide
a better n3-DPA level. Nutritional advice however will always be tailored to the individual’s needs
and preferences, such as frequency of consumption of fatty fish and food sources of ALA, patient’s
income, and any coexisting morbidity. As nutritional strategy for individuals who, for one reason or
another, do not eat fish nor take FO supplementation, adding in ALA-rich foods, e.g., flaxseed and chia
seeds, or adding their oils within a dietary plan, alongside a careful consideration to dietary sources of
n6-PUFAs, in itself seems to be paramount for long term overall health.

7. Perspectives

In the present study we focused on the effects of ALA found naturally in foodstuffs, seeds,
nuts and oils, instead of isolated ALA supplementation. Further clinical research is urgently required
to broaden the current knowledge of the potential of ALA upon cardiometabolic dysregulations and
cardiometabolic protection. Well-designed RCTs could certainly minimize the residual confounding
variables caused by other nutrients.

The limitations of our study, as well as of other studies that have investigated ALA cardiometabolic
effects specifically, are many. Ultimately however, although the current study provides some insights
in a real-world prescription-based intervention, we also encourage the execution of meta-analyses to
expand the current knowledge of specific nutrients in specific populations, in an attempt to find ideal
dose-responses, as well as to continuously update guidelines in nutrition and cardiology.

8. Conclusions

In case of suspected insufficient n3 status, such as in individuals with low intake of fatty fish,
those who do not take FO supplement, and in vegan individuals with very narrow dietary habits,
alternative plant sources of n3-PUFAs may be candidates for partially attending the n3 metabolic
demands. Although plant sources of n3-PUFAs are less impactful on EPA and DHA levels, evidence
suggests that those are foodstuffs positively associated with favourable cardiometabolic outcomes,
which could be triggered by other plant components, in synergy with ALA. Not only ALA in isolation,
but its proposed effect in combination with other plant fatty acids and other plant components such as
fibre, potassium, magnesium, and non-essential substances, e.g., polyphenols and sterols, may be the
players in yielding benefits in cardiovascular metabolism.

Consumption of walnuts and flaxseed seems to be the main plant sources of n3-PUFAs with strong
scientific basis for translation into clinical practice. Regarding oil intake, we believe that flaxseed oil is
more advantageous than walnut oil, because the former’s ALA content is five times greater than that
of the latter, which in turn, can be considered the second principal source of ALA. Although several
studies have alluded to rapeseed and soybean oils as ALA sources, their ALA amount is slight when
compared to flaxseed oil, so that a usual oil serving must be considered in order not to exceed the daily
energy requirement in an attempt to achieve an optimal level of ALA. Regarding seaweed, Spirulina and
Chlorella have gained attention but there are no discernible studies corroborating a relevant amount of
n3-PUFAs in usual doses of supplementation. Seemingly, the benefits of seaweed over cardiometabolic
markers appear to be driven by their antioxidant content.

The introduction of ALA-rich foods is a cornerstone for individuals looking for n3 sources beyond
fish and fish oil. It is nevertheless of greatest concern that the proposal to increase the consumption of
ALA ought to be integrated with a controlled calorie intake and controlled n6-PUFAs intake, since both
of them can be raised concomitantly, thus ensuing in untoward effects such as increased fat mass and
cardiometabolic dysregulations.
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Abstract: This study investigated the blood lipid levels of 5921 Chinese adults aged >18 years
using data from the China Health and Nutrition Survey 2009. Diet information was collected
through 3 day, 24 h recalls by trained professionals. The low-carbohydrate diet (LCD) score was
determined according to the percentage of energy obtained from carbohydrate, protein, and fat
consumption. Dyslipidemia was defined when one or more of the following abnormal lipid levels
were observed: high cholesterol levels, high triglyceride levels, and low high-density lipoprotein
cholesterol levels. Multivariate adjusted odds ratios (ORs) and their 95% confidence intervals
(95% CIs) were calculated using logistic regression models. After adjusting the confounding variables,
in males, the OR of hypercholesterolemia was 1.87 (95% CI, 1.23–2.85; p for trend = 0.0017) and the
OR of hypertriglyceridemia was 1.47 (95% CI, 1.04–2.06; p for trend = 0.0336), on comparing the
highest and lowest quartiles of the LCD score. The animal-based LCD score showed a similar trend.
The OR of hypercholesterolemia was 2.15 (95% CI, 1.41–3.29; p for trend = 0.0006) and the OR of
hypertriglyceridemia was 1.51 (95% CI, 1.09–2.10; p for trend = 0.0156). However, there was no
significant difference between plant-based LCD scores and dyslipidemia. In females, lipid profiles
did not differ much among the quartiles of LCD scores—only the animal-based LCD score was
statistically significant with hypercholesterolemia. The OR of hypercholesterolemia was 1.64 (95% CI,
1.06–2.55), on comparing the highest and lowest quartiles of the LCD score. In conclusion, a higher
LCD score, indicating lower carbohydrate intake and higher fat intake, especially animal-based fat,
was significantly associated with higher odds of hypercholesterolemia and hypertriglyceridemia in
Chinese males. Future studies investigating the potential mechanisms by which macronutrient types
and sex hormones affect lipid metabolism are required.

Keywords: LCD score; CHNS; dyslipidemia; dietary factor; plant based; animal based; Chinese adults

1. Introduction

With an increasing prevalence worldwide, dyslipidemia has become a public health problem.
Dyslipidemia is a well-known important risk factor for cardiovascular disease (CVD) and metabolic
syndrome [1]. In 2012, the mortality rate of chronic non-communicable diseases in China was 533
per 100,000, including 272 deaths caused by cardiovascular and cerebrovascular diseases [2]. In the
past 30 years, with rapid economic development and improvement in the standard of living in China,
the blood lipid levels in the Chinese population have gradually increased, and the prevalence of
dyslipidemia has increased significantly. In 2012, the prevalence of hypercholesterolemia was 4.9%,
which is 69% higher than in 2002 (2.9%); the overall prevalence of dyslipidemia in Chinese adults was
40.4% in 2012, which was significantly higher than that in 2002 (18.6%) [2]. This indicates that the health
care burden of dyslipidemia and its related diseases has consistently increased in the past decade.

Dyslipidemia is a disease characterized by elevated total cholesterol (TC) and/or triglyceride
(TG) levels or a low high-density lipoprotein cholesterol (HDL-C) level, which contributes to the
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development of coronary heart disease and stroke [1]. According to the data reported by the Chinese
Center for Disease Control and Prevention in 2015, 26.4% of ischemic heart disease cases in China are
attributed to hypercholesterolemia, which is one component of dyslipidemia. Secondary dyslipidemia
accounts for most dyslipidemia cases and is associated with lifestyle factors or medical conditions
that interfere with blood lipid levels over time. Among these influencing factors, obesity (specifically
abdominal obesity), alcohol consumption, and high-fat diets (specifically, high saturated and trans-fatty
acid intakes) are well-known risk factors of dyslipidemia, as confirmed by several previous studies [3–5].

Carbohydrates significantly contribute to the total energy intake, particularly in the Chinese
population who use rice and wheat as their staple food. At present, several studies have assessed
the effect of carbohydrate intake on dyslipidemia [6–10]. Moreover, most of these studies have been
conducted in European and American populations, and a few Asian studies have been conducted in
the Korean population [9,10]. A study assessing the effect of carbohydrate intake on dyslipidemia in
the Chinese native population has not been conducted yet.

The concept of and calculations to determine the low-carbohydrate diet (LCD) score have been
introduced in detail previously [9,11,12]. In summary, participants with the highest scores have the
lowest carbohydrate intakes. In 1992, the percentage of energy intake from carbohydrates in urban and
rural residents in China was 66.2%, which decreased to 55.0% in 2012 according to The Report on the
Status of Nutrition and Chronic Diseases of Chinese residents (2015). Therefore, it is of epidemiological
value to study the effect of carbohydrate intake on dyslipidemia in the Chinese population. The present
study used the low-carbohydrate diet (LCD) score to examine the association between LCD and
dyslipidemia and its components in Chinese adults. Further, we identified the association by source
foods (plant based and animal based).

2. Materials and Methods

2.1. Study Population

Data were obtained from the China Health and Nutrition Survey (CHNS), which used a multistage,
random cluster sampling process to select samples from 15 provinces in China [13]. The sample scheme
is reported in detail elsewhere [13]. Data on fasting blood glucose levels were first collected in 2009
(N = 9549). In the CHNS, the information was collected by trained interviewers to assure compliance
and quality of data. The CHNS dataset and the Institutional Review Board information are available
on the official website of the CHNS (https://www.cpc.unc.edu/projects/china). Participants provided
written informed consent for inclusion in this study.

This study used one round of survey data from 2009. Participants aged less than 18 years
(n = 1160) were excluded. Subsequently, we excluded 54 participants with insufficient blood sample
data (i.e., TC, HDL-C, low-density lipoprotein cholesterol [LDL-C], TG, and fasting plasma glucose
levels) and 22 participants with implausible energy intake (<800 kcal/day or >6000 kcal/day for males;
<600 kcal/day or >4000 kcal/day for females) [14]. Additionally, we excluded participants taking
medications for hypertension, diabetes, and myocardial infarction and participants who reported a
medical history of heart attack, stroke, or diabetes (n = 2392). Finally, a total of 5921 participants
(2743 males and 3178 females) were included in this study. A flowchart of the selection process of the
study population is shown in Figure 1.
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Figure 1. Selection process for the study population in the 2009 China Health and Nutrition
Survey (CHNS).

2.2. Dietary Assessment and Calculation of the Low-Carbohydrate Diet Score

The 3 day, 24 h dietary recalls were used to assess the dietary intake of each participant.
The quantities and types of food and beverages consumed during the past 24 h were determined from
the participants. The interviewers measured the participants’ dietary intake with picture aids and food
models during household interviews. The participants’ energy and nutrient intakes were calculated
using the China Food Composition Table (FCT) (FCT 2002 edition and FCT 2004 edition).

To evaluate LCD based on the method used by Halton et al. [11], we referred to the concept of the
LCD score. According to the percentage of energy from carbohydrate, protein, and fat consumption,
the participants were ranked separately and were subsequently divided into 11 groups. Using
the assignment method by Halton et al., the highest score (LCD score = 30) group had the lowest
carbohydrate intake and the highest fat and protein intakes, while the lowest score (LCD score = 0)
group had the highest carbohydrate intake and the lowest fat and protein intakes. To facilitate the
analysis, we further calculated the scores for animal-based food (the percentage of energy from
carbohydrate, animal protein, and animal fat consumption) and plant-based food (the percentage of
energy from carbohydrate, plant protein, and plant fat consumption) in a similar manner. The division
of animal- and plant-based food is based on the FCT 2002 and FCT 2004 editions. Table 1 presents the
percentages used to determine the LCD score, animal-based LCD score, and plant-based LCD score.
According to the scores (from low to high), the participants were divided into four groups according
to gender.
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Simultaneously, based on the study by Kim et al. [9], when comparing the acceptable macronutrient
distribution range (AMDR) for carbohydrates as recommended by the Chinese Dietary Reference Intakes
(CDRIs) Handbook (2013), the participants in each quartile were divided into three groups according
to the percentage of energy from carbohydrates: lower (<50%), standard (50–65%), and higher (>65%).
Moreover, we adjusted the carbohydrate intake criteria according to previous research criteria [15,16]:
low-carbohydrate diet (<40%), moderate-carbohydrate diet (40–65%), and high-carbohydrate diet
(>65%). Finally, fat intake in each quartile was also determined in our study on comparing the
AMDR using the fat intake criteria from the CDRIs Handbook: lower (<20%), standard (20–30%), and
higher (>30%).

2.3. Determination of Dyslipidemia

Dyslipidemia is diagnosed when one or more of the following abnormal lipid levels are observed:
high cholesterol levels (hypercholesterolemia), high triglyceride levels (hypertriglyceridemia), and
low HDL-C levels based on the Guidelines for the Prevention and Treatment of Dyslipidemia
in China (2007) [2]. Hypercholesterolemia is a disease characterized by increased TC levels in
fasting serum (>240 mg/dL (6.22 mmol/L)) or increased LDL-C levels (>160 mg/dL (4.10 mmol/L).
Hypertriglyceridemia is a disease characterized by increased TG levels in fasting serum (200 mg/dL
(2.26 mmol/L)), and low HDL-C levels is a disease characterized by decreased HDL-C levels (<40 mg/dL
(1.04 mmol/L)) [2].

2.4. Assessment of Other Variables

Body mass index (BMI) was obtained by dividing the body weight by the square of the height
(kg/m2). Participants were divided into four groups based on their BMI values: underweight
(BMI < 18.5 kg/m2), normal weight (≥18.5 kg/m2 and <24 kg/m2), overweight (≥24 kg/m2 and
<28 kg/m2), and obese (BMI ≥ 28 kg/m2) according to the Guidelines for the Prevention and Control of
Overweight and Obesity in Chinese Adults (2003). Sociodemographic variables such as age, gender, and
income level and lifestyle variables such as alcohol consumption, smoking status, and physical activity
level (PAL) were obtained using well-validated questionnaires distributed by trained interviewers.
Information regarding alcohol consumption was divided into two groups according to frequency:
“yes” (consumed alcohol more than once in the past year) or “no.” Information regarding smoking
status was divided into three groups: “current smoker” (still smoking), “past smoker” (previously
smoking but currently not smoking), or “never smoker”.

PAL included the following three domains: transportation activities, occupational activities,
and sports. PAL was measured in terms of metabolic equivalent of task (MET) minutes in each
week [17,18], which were converted using the time spent on each activity. The MET scores for each
activity were based on the 2011 Compendium of Physical Activities. Physical activity was also divided
into three categories: light PAL (<600 MET minutes/wk), moderate PAL (≥600 MET minutes/wk and
<3000 MET minutes/wk), and vigorous PAL (≥3000 MET minutes/wk) [18,19].

The area of residence was categorized into “rural” and “urban”. According to the results of the
questionnaire, “urban neighborhood” (primary sampling units = 36) and “suburban neighborhoods”
(primary sampling units = 36) were classified as “urban”; “towns” (primary sampling units) and “rural
villages” (primary sampling units = 108) were classified as “rural”. Other covariates that were defined
in the model included age (years), educational level (less than primary school, middle school, technical
school, college, or university or above), and ethnicity (Han, other ethnicities).

2.5. Statistical Analyses

Participants’ general characteristics, such as age, income level, BMI, obesity, alcohol consumption,
smoking status, PAL, and nutrient intake were analyzed using the generalized linear model and
chi-square test for continuous and categorical variables, respectively, according to the quartiles
of LCD scores based on gender. Moreover, all results for the continuous variables are presented
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as the mean ± standard error, and the results for the categorical variables are presented as n (%).
After adjusting for potential confounding variables (including age, educational level, body mass
index, ethnicity, physical activity level, alcohol consumption, smoking status, and individual income),
logistic regression models were used to calculate the odds ratios (ORs) of dyslipidemia and their 95%
confidence intervals (95% CIs). All statistical analyses were performed using the Statistical Analysis
System software version 9.4. A p value < 0.05 was considered statistically significant.

3. Results

Table 2 shows the general characteristics of the participants according to LCD score quartiles
based on gender. The male and female LCD median scores both ranged from 5.00 in the lowest quartile
(Q1) to 25.00 in the highest quartile (Q4). Moreover, participants with higher LCD scores had higher
income levels, lived in urban areas, consumed alcohol, performed more physical activity, and had
higher educational levels compared to participants in Q1 (all p < 0.05). Males in Q4 were more likely
to have obesity (p < 0.05). Further, regarding lipid profiles, participants with higher LCD scores had
higher levels of TC and LDL-C. Furthermore, males in Q4 had higher levels of TG than males in Q1 (all
p < 0.05).

Macronutrient intake was assessed according to LCD score quartiles based on gender (Table 3).
Carbohydrate intake was decreased and protein and fat intakes were increased according to the LCD
score. Interestingly, intake of plant-based protein was decreasing according to the LCD score.

In Table 4, carbohydrate and fat intakes are presented according to the quartiles of the LCD score.
Compared with the AMDR for carbohydrates as recommended by the CDRIs Handbook, only 34.85%
of males and 36.25% of females consumed carbohydrates within the recommended level, whereas
58.95% of males and 58.34% of females consumed carbohydrates above the recommended level. None
of the participants consumed carbohydrates below the recommended level in Q1. In total, 56.58% and
57.49% of males and females, respectively, had lower fat intake than the AMDR, and most of these
participants were assigned to Q1 and Q2. According to previous research criteria, 39.7% of males and
40.59% of females consumed moderate-carbohydrate diets, whereas only 1.35% of males and 1.07%
of females adhered to a LCD. All participants in Q1 consumed high-carbohydrate diets. Even in Q4,
94.88% of males and 95.87% of females consumed moderate-carbohydrate diets, whereas only 5.12% of
males and 4.13% of females adhered to a LCD.

The multivariate adjusted ORs and their 95% CIs for the components of dyslipidemia according
to the LCD score quartiles based on gender are summarized in Table 5. Male participants with
higher LCD scores had a higher risk of hypercholesterolemia (OR, 1.87; 95% CI, 1.23–2.85) than those
in Q1 (p for trend = 0.0017) after adjusting for age, educational level, BMI, ethnicity, PAL, alcohol
consumption, smoking status, and income level. Meanwhile, a similar significant association between
the LCD scores and hypertriglyceridemia was observed in males (OR, 1.47; 95% CI, 1.04–2.06) on
comparison with participants in Q1 (p for trend = 0.0336) after adjusting for the mentioned confounding
variables previously. However, in females, there were no significant associations between the ORs for
dyslipidemia and LCD scores in comparison to the participants in Q1.

Table 6 illustrates the multivariate adjusted ORs and their 95% CIs for the components of
dyslipidemia according to the animal- and plant-based LCD score quartiles based on gender. Comparing
the fourth and the first animal-based LCD score quartiles, the multivariate ORs for hypercholesterolemia
were 2.15 (95% CI, 1.41–3.29; p for trend = 0.0006) and the multivariate ORs for hypertriglyceridemia
were 1.51 (95% CI, 1.09–2.10; p for trend = 0.0156) in males. In females, there was a borderline linear
trend for hypercholesterolemia from the first quartile to the fourth quartile (p for trend = 0.0651).
Regarding the plant-based LCD score, there was no significant linear trend for dyslipidemia from the
first quartile to the fourth quartile both in males and females.
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4. Discussion

Using the CHNS 2009, the present study examined the impact of dietary carbohydrate intake
on dyslipidemia and its components using the LCD scores. It was found that higher LCD scores
were significantly associated with higher intake of legumes, nuts, fish, and other non-carbohydrate
food sources, consistent with the results of an improved carbohydrate quality index from an original
study [20] (Table A1). Furthermore, in the present study, it was also found that participants with higher
LCD scores lived in urban areas, had high income, consumed alcohol, performed light physical activity,
and had higher educational levels. Among these, the PAL and drinking status have been widely
studied and confirmed as important factors on lipid metabolism [4,21,22]. Due to their inescapable
impact, in the present study, we adjusted PAL and drinking status as covariables in the multivariate
model to minimize their impact, improve the validity of research results and focus on the analyses of
the impact of diet on lipid metabolism. In the follow-up study, we will consider PAL and drinking
status as exposure factors in order to study their impact on lipid metabolism.

Furthermore, it was found that a higher LCD score was significantly associated with a higher risk of
hypercholesterolemia and hypertriglyceridemia in males after adjusting for eight confounding variables.
These observations are consistent with the observations noted in a series of studies comprising Chinese
adults [1,14]. Furthermore, higher animal-based LCD scores were also associated with a higher risk of
hypercholesterolemia and hypertriglyceridemia in males and with a borderline increase in TC levels in
females, while the plant-based LCD score was statistically insignificant in males and females.

We grouped the participants according to the quartiles of the LCD scores and there was a clear
dose–response relationship between dietary macronutrients and the components of dyslipidemia,
specifically for carbohydrates. In our study, the higher the LCD score, the lower the carbohydrate intake,
the higher the fat intake, and the higher the risk of hypercholesterolemia and hypertriglyceridemia
in males.

A previous study [14] reported that males with the highest carbohydrate intake (>68.2% of energy)
had a significantly lower TC level after adjusting for several confounding variables. This result was
consistent with the result of the present study, in which participants with high LCD scores had a higher
risk of hypercholesterolemia than participants with lower LCD scores.

The effect of the LCD score on lipid metabolism can be analyzed from the perspective of a
low-carbohydrate and high-fat diet using our results in Table 4. According to Volek et al. [16],
carbohydrates are considered as the main source of energy and glucose in the general diet, and they
directly or indirectly regulate the distribution of excessive dietary nutrients through insulin to regulate
lipolysis and lipoprotein assembly and processing. Thus, carbohydrates affect the association between
dietary intake of saturated fat and circulating lipid levels.

Furthermore, the group with high LCD scores obtained a higher percentage of energy from fat, as
shown in Table 4. Moreover, 41% and 37.08% of male and female participants in Q4 had a high-fat diet,
respectively, resulting in an increase in the serum TC and LDL-C levels [23,24]. Hence, the higher the
LCD score, the higher the odds of hypercholesterolemia.

Recent studies have focused not only on the quantities of fat and carbohydrate intake but also on
the quality of fat and carbohydrates. In our study, participants with higher LCD scores consumed less
cereals and tubers, which are the main sources of dietary carbohydrates. Nuts contain high levels of
unsaturated fatty acids [25], and various animal products have different saturated, polyunsaturated,
and trans-fatty acid levels [16,26]. Limiting the intake of certain forms of carbohydrates is the preferred
dietary strategy for improving cardiovascular health. Dietary fiber, which is a form of carbohydrate,
reduces the risk of atherosclerosis and CVD [27]. Several types of fatty acids and their intake also
have different effects on lipid metabolism [28,29]. Moreover, according to Acosta-Navarro et al. [30],
higher consumption of an animal-based diet leads to higher TC levels. Hence, animal-based LCD
scores were associated with differences in TC levels according to gender in this study. In both males
and females, higher animal-based LCD scores were significantly associated with a higher risk of
hypercholesterolemia, while the plant-based LCD score showed no statistical significance. This result
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is inconsistent with the result of a previous study [31], mainly because the previous study, which
assessed plant-based diets, emphasized not eating meat or eating less meat. However, in our study, the
plant-based LCD score refers to the percentages of protein and fat that the participants consumed from
plant-sourced foods during the 3 day diet survey, and the participants themselves were not prohibited
from eating meat (Table 1).

The difference between males and females in statistical significance according to our results is
possibly attributed to the different body fat distributions and hormonal differences between males
and females. In normal-weight individuals, significant differences are observed in lipid and fat
distributions between males and females [32]. Serum TG levels are relatively lower and HDL-C levels
are higher in females than in males (Table 2), due to the differences in gender hormones and body fat
distribution [33,34]. Additionally, the response to a high-fat diet in terms of lipoproteins has a gender
dimorphism [35]. These findings indicate that the effect of a high-fat diet on serum HDL-C levels is
more significant in females than in males, as confirmed in our study, and a multivariate adjusted OR
for HDL-C levels was also observed in our study (Table 5, OR, 0.48; 95% CI, 0.28–0.82).

This study based on the CHNS indicates that higher LCD scores result in a higher risk of
hypercholesterolemia and hypertriglyceridemia in males, but we cannot exactly determine the amount
and type of carbohydrate or fat intake using LCD scores. Therefore, the comprehensive effect of several
macronutrients in the general diet on lipid metabolism should be further considered.

Although the data collection of CHNS 2009 is a little dated, the CHNS is a study that constitutes a
wide age range and large sample size after adjusting for a comprehensive range of potential confounding
variables. The analysis results of the representative datasets are reliable and can be extended to the
general Chinese population. To the best of our knowledge, this is the first study to use LCD scores to
study the risk of dyslipidemia among Chinese adults. Compared to a food frequency questionnaire, a
24 h recall is more accurate and has a lower estimation bias [13].

However, this study has several limitations. First, since this is a cross-sectional study, we were not
able to determine the causal association between dietary macronutrients and the risk of dyslipidemia.
Second, the dataset assessed dietary intake using 3 day, 24 h recalls, which may have a relatively limited
correction for the internal differences among the participants and may be affected by seasons. Third,
as we assessed confounding variables, such as PAL, using a questionnaire, bias may exist. Finally,
although we adjusted for confounding variables, there are still unknown variables that can influence
the results. Hence, larger-scale prospective studies are required to determine the association between
LCD and dyslipidemia.

5. Conclusions

In conclusion, among Chinese males, the group with higher LCD scores has a higher fat
intake (especially animal-based fat), a diet pattern that is closer to a LCD, and greater odds of
hypercholesterolemia and hypertriglyceridemia. We advise that people should pay more attention to
the proportion of macronutrients in their diet, especially animal-based fat. The association between
LCD score and dyslipidemia is significantly complex. In the future, careful attention should be paid
to the quality of macronutrients for preventing dyslipidemia in the Chinese population. Further
prospective studies and those involving detailed dietary nutrient intake evaluations are required to
verify these findings in Chinese and other populations.
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Abstract: An abnormal lipid profile is an independent risk factor for cardiovascular diseases.
The relationship between vitamin B12 deficiency and lipid profile is inconclusive, with most studies
conducted in unhealthy populations. In this study, we aimed to assess the relationship between
serum vitamin B12 levels and lipid profiles in a cross-sectional study that included 341 apparently
healthy Saudi women, aged 19–30 years, from different colleges at King Saud University, Saudi Arabia.
Sociodemographic, anthropometric, biochemical, and lifestyle data were collected, including diet
and physical activity. Serum vitamin B12 deficiency was defined as serum B12 level of <148 pmol/L.
The prevalence of vitamin B12 deficiency was approximately 0.6%. Using multivariable linear
regression models, serum vitamin B12 levels were found to be inversely associated with total
cholesterol (B = −0.26; p < 0.001), low-density lipoprotein cholesterol levels (B = −0.30; p < 0.001),
and triglyceride (B = −0.16; p < 0.01) after adjusting for potential confounders, while obesity indices of
body mass index, central obesity, and fat percentage showed no association. Therefore, we conclude
that low serum vitamin B12 levels are independently associated with abnormal lipid profiles in healthy
young Saudi women. Further interventional studies are needed to determine whether improving
serum vitamin B12 levels in a healthy population can improve lipid profiles.

Keywords: vitamin B12; lipid profile; healthy; Saudi Arabia

1. Introduction

Micronutrient deficiencies contribute to the development of many metabolic chronic diseases and
are of great importance in global health research, especially in the Middle East [1,2]. Vitamin B12,
also known as cobalamin, is a water-soluble vitamin [3] that plays an important role in many cellular
functions, such as erythropoiesis, DNA synthesis, and lipid and carbohydrate metabolism [3–5].
Vitamin B12 deficiency can develop because of malabsorption, genetic polymorphisms, or low dietary
intake [3,6], and it has been associated with health issues ranging from mild fatigue to severe
neurological impairment [3,5,7]. According to the World Health Organization (WHO), women of

Nutrients 2020, 12, 2395; doi:10.3390/nu12082395 www.mdpi.com/journal/nutrients213



Nutrients 2020, 12, 2395

childbearing age are considered a high-risk group for vitamin B12 deficiency [8] and the risk of B12
deficiency may increase by 10%–20% from preconception to early pregnancy [9].

Globally, the prevalence of vitamin B12 deficiency ranges between 2.5% and 40% [6,10,11].
Prevalence among women of childbearing age has been measured at around 12% in the United
Kingdom [12] and 34% in Canada [13]. A systematic review showed that during pregnancy, up to
20%–30% of women can be affected by B12 deficiency during all three trimesters, with higher rates
among some ethnic groups [14]. The limited number of studies conducted in Arabian countries have
suggested that the prevalence of vitamin B12 deficiency ranges from 6% to 30% among diabetes and
high-risk populations, respectively [15,16].

Observational studies have shown an inverse association between vitamin B12 intake and metabolic
disorders, including body mass index (BMI) [17], insulin resistance [18], type 2 diabetes mellitus
(T2DM) [19], adverse lipid profile [20], and cardiovascular diseases (CVDs) [21–23]. Animal studies
suggest that maternal low B12 levels may be causally linked to adverse lipid profiles in offspring [21].
In addition, vitamin B12 deficiency among pregnant women has been associated with gestational
diabetes mellitus [24] and impaired cardiometabolic health of offspring [25]. One suggested
mechanism through which vitamin B12 is linked to these disorders is via plasma total homocysteine
(tHcy). Both vitamin B12 deficiency and CVDs have been linked to high tHcy concentration [26,27].
tHcy disturbs phospholipid metabolism by affecting the assembly or secretion of very low-density
lipoprotein (VLDL), leading to abnormal lipid levels [28]. Other studies have suggested an independent
role of vitamin B12, possibly via gene expression involved in lipogenesis [23,29] and inflammation [30].
However, a systematic review of seven prospective cohort studies showed limited and inconclusive
results on the role of B12 on CVDs [29], although this could be due to the presence of confounders and
the health status of the study samples.

It is important to note that Arabian women of childbearing age have a high risk of metabolic
syndrome (29%) [31], prediabetes (40%), and T2DM (35%) [32]. At present, and to the best of our
knowledge, no previous studies from the Middle East have assessed vitamin B12 status in relation to
lipid profiles in apparently healthy women of childbearing age. Hence, cross-sectional associations of
serum vitamin B12 levels and lipid profile indices were investigated using objective measures and
detailed dietary data in apparently healthy young women living in Saudi Arabia.

2. Materials and Methods

2.1. Study Design, Population, and Sample Size

In this study, we included 355 randomly selected women aged between 19 and 30 years with no
history of medical issues from different colleges at King Saud University (KSU), Riyadh, Saudi Arabia.
Study recruitment was carried out between January and March 2019. Students were invited to
participate and were randomly selected from three colleges (sciences, humanities, and medical
colleges). Of the 355 women initially selected, 14 individuals were excluded (pregnancy; non-Saudi
ethnic group; previous diagnosis of gastrointestinal disorders; anemia; malabsorption; any known
chronic conditions such as thyroid disorders, diabetes mellitus, malignancies, and chronic obstructive
pulmonary disease; arthritis; and consumption of vitamin B12 supplements or medications with known
effects on serum vitamin B12 levels, such as metformin and proton pump inhibitors). The remaining
341 participants provided written informed consent. Among them, 118 (34.6%) were from the
humanities college, 112 (32.9%) were from the science college, and 111 (32.6%) were from the medical
college. Permission was also obtained for data collection and blood sample stock storage in a biobank
at the Chair for Biomarkers of Chronic Diseases (CBCD) laboratories. Ethical approval for this
study was obtained from the institutional review board (IRB) of King Khalid University Hospital,
Riyadh (IRB number: E-19-3625). The sample size was calculated to identify the relationship between
vitamin B12 and lipid profile. At an estimated effect size of 0.20 [33], 95% power, and 95% confidence
interval, the required sample size to calculate the correlation between vitamin B12 and triglycerides
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is 262 subjects. However, to account for a 10% dropout, the minimum sample size was considered
288 subjects. The final sample size in this study was 341.

2.2. Biochemical Assessment

Fasting blood was collected after a 10-h overnight fast. A 10 mL sample of venous blood (5 mL
serum and 5 mL whole blood) was drawn from the cubital vein. The samples were packaged and
transported in a portable refrigerator to the CBCD at KSU. All the samples were aliquoted and stored
in a freezer at −80 ◦C for subsequent analyses.

2.2.1. Lipid Profile and Glucose

Serum total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), triglyceride (TG),
and glucose levels were measured by a colorimetric method using an automated chemistry analyzer
(Konelab, ThermoFisher, Finland). The intra- and interassay coefficients of variation (CVs) were TC:
0.7% and 1.5%; HDL-C: 0.6% and 1.2%; TG: 0.9% and 1.8%; and glucose: 0.8% and 2.6%. LDL cholesterol
(LDL-C) was calculated using the Friedewald formula [34]. The following thresholds were considered
abnormal: TG ≥ 1.7 mmol/L [35], HDL-C < 1.29 mmol/L [36], TC > 5.172 mmol/L, and LDL-C
≥ 3.36 mmol/L [37]. Abnormalities in any one of these parameters are considered indicative of
dyslipidemia [38]. Impaired fasting glucose was classified as a glucose level of ≥ 5.6 mmol/L [39].

2.2.2. Vitamin B12

Serum vitamin B12 levels were determined using an electrochemiluminescent immunoassay using
a Roche Cobas e411 immunoassay analyzer (Roche Diagnostics, Germany). Vitamin B12 deficiency was
defined as a serum vitamin B12 level of <148 pmol/L [40] and insufficiency as <221 pmol/L. The intra-
and interassay CVs were 2.9% and 4.1%, respectively.

2.3. Dietary Assessment

The Saudi Food and Drug Administration’s food frequency questionnaire was used to measure
vitamin B12 intake over the past year [41]. The official Arabic language version of the questionnaire
was used to interview individuals. A list of 133 food items was included in the questionnaire and
a close-ended approach was used. Nine answer options were provided for each close-ended question,
with consumption frequency choices given as follows: never or less than once a month, 1–3 times per
month, once a week, 2–4 times per week, 5–6 times per week, once a day, 2–3 times per day, 4–5 times
per day, or 6+ times per day. In addition, the questionnaire included open-ended questions, at the
end, to gather information about other food items that were not listed. It also included questions
regarding the types of cooking fat used, visible fat consumption, and salt and vitamin consumption [41].
The nutritional values of the items were based on the Saudi Food Composition Tables for 1996, McCance
and Widdowson’s Composition of Foods Integrated Dataset for 2015, and the 12th edition of the
Concise New Zealand Food Composition Tables from 2016 [41–43]. In addition, we used another
validated questionnaire, “vitamin B12 food questionnaire”, that had been specifically developed to
measure vitamin B12 intake from food and beverages [43]. Thus, both questionnaires were integrated
to capture the most accurate picture of vitamin B12 intake. The recommended dietary allowance (RDA)
for vitamin B12 in adults is 2.4 mcg/day to define adequate daily intake [3].

2.4. Clinical Assessment

Anthropometric data were obtained using standard procedures. Weight and height without shoes
and heavy clothing were recorded to the nearest 0.2 kg and 0.5 cm, respectively, using an appropriate
international standard scale (Digital Pearson Scale, ADAM Equipment Inc., Danbury, CT, USA).
BMI (kg/m2) was calculated as weight in kilograms divided by height in meters squared. According to
the WHO [44], individuals can be categorized into four groups based on BMI: underweight (<18.5 kg/m2),
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normal weight (18.5–24.9 kg/m2), overweight (25.0–29.9 kg/m2), and obese (≥30 kg/m2). Waist and
hip circumferences were measured according to WHO procedures. Female participants with a waist
circumference of >88 cm were classified as having central obesity, which substantially increased the
risk of metabolic complications [45]. Waist-to-hip ratios (WHRs) were obtained by dividing the mean
waist circumference by the mean hip circumference. The InBody 770 body composition analyzer (USA,
Cerritos, CA, USA) was used for assessing the fat percentage of participants.

2.5. Other Risk Factors

All participants were interviewed via a general health history questionnaire that solicited
information regarding their sociodemographic background (income and living region) along
with family medical history [46]. They were then interviewed using the global physical activity
questionnaire (GPAQ).

Physical Activity Questionnaire

GPAQ version 2.0 was used to assess physical activity [47], covering several components of
physical activity, such as intensity, duration, and frequency, in addition to assessing three domains
in which physical activity is performed: occupational physical activity, transport-related physical
activity, and physical activity during discretionary or leisure time [48]. This study used the official
Arabic version of the GPAQ, which has been used previously for a college-aged Saudi population [47].

2.6. Statistical Analysis

Data were analyzed using the SPSS version 23.0 statistical software. The normality of all
quantitative variables was tested before performing the analysis. Descriptive statistics (means, standard
deviations, medians, quartiles, frequencies, and percentages) were used to quantify the continuous
and categorical variables. Data were presented in tertiles of vitamin B12: tertile 1, ≤333.05 pmol/L;
tertile 2 ranged from 333.1 to 482.2 pmol/L; and tertile 3, >482.2 pmol/L. Log transformation was used
prior to conducting parametric testing. Associations between serum vitamin B12 levels and selected
parameters were analyzed using Pearson’s correlation. Multivariate linear and logistic regression
models were used to assess the association between serum vitamin B12 levels and the lipid profile per
(1 SD = 176.5 pmol/L) of vitamin B12. The models were adjusted for age, BMI, WHR, glucose, income,
physical activity, and family history of dyslipidemia and heart disease. p < 0.05 was considered to
indicate significance.

3. Results

3.1. Baseline Characteristics by Vitamin B12 Tertiles

The mean age and BMI of participants were 20.7 ± 1.5 years and 23.6 ± 5.2 kg/m2, respectively.
In total, 14% of participants were overweight, while 14.9% were obese. Moreover, 3.5% of the total
participants had central obesity. About 23% and 30.6% of the participants had a family history of
dyslipidemia and heart disease, respectively. The demographic characteristics of the participants
(e.g., clinical history, income, vitamin B12 intake, physical activity levels) are presented by tertiles of
vitamin B12 (Table 1).

Participants with higher serum vitamin B12 levels (tertile 3) had lower levels of TC, LDL-C,
and TG levels as well as TC/HDL, TG/HDL, and LDL/HDL ratios compared to participants with a lower
serum vitamin B12 level (tertile 1) (Table 1). Macronutrients, energy, and water intake did not show
any differences between the three groups (Table S1).

The median serum vitamin B12 concentration was 398.9 pmol/L. The prevalence of vitamin B12
deficiency was 0.6% (2/341) and insufficiency was 5.6% (19/341). Of the participants, 15.9% had high
TC levels, 18.6% had high LDL-C levels, and 82.4% had dyslipidemia (Figure 1).
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Table 1. Characteristics of study participants according to vitamin B12 tertiles.

Parameters Total Tertile 1 Tertile 2 Tertile 3 p-Value

N 341 114 113 114
Age (years) 20.7 ± 1.5 20.7 ± 1.6 20.9 ± 1.8 20.7 ± 1.2 0.40
BMI (kg/m2) 23.6 ± 5.2 23.9 ± 5.6 23.5 ± 4.7 23.7 ± 5.4 0.85

Waist circumference (cm) 71.1 ± 10.4 72.1 ± 11.0 69.7 ± 9.3 71.4 ± 10.7 0.22
Hip circumference (cm) 99.5 ± 11.7 100.1 ± 10.7 98.7 ± 13.1 99.5 ± 11.1 0.66

Waist/hip ratio 0.72 ± 0.06 0.72 ± 0.07 0.70 ± 0.05 A 0.72 ± 0.06 0.03
Fat (%) 36.9 ± 8.2 37.1 ± 8.1 36.8 ± 8.0 37.3 ± 8.1 0.91

Family history of dyslipidemia 8 (2.3) 2 (1.8) 5 (4.4) 1 (0.9) 0.19
Family history of hyperlipidemia 129 (37.8) 42 (36.8) 50 (44.2) 37 (32.5) 0.19

Family history of heart disease 104 (30.6) 39 (34.2) 35 (31.0) 30 (26.5) 0.55
Income level (<10,000 SAR) 70 (20.5) 26 (22.8) 24 (21.2) 20 (17.5) 0.60

Vitamin B12 intake (mcg/day) 6.9 (4.4–10.8) 6.3 (3.5–10.1) 6.8 (4.9–9.9) 8.3 (4.8–11.6) A 0.02
Adequate vitamin B12 (≥2.4 mcg/day) 323 (94.7) 102 (89.5) 109 (96.5) 112 (98.2) A 0.01

Median B12 levels 398.9
(305.8–534.6)

269.1
(243.0–305.8)

398.9
(361.0–448.3) A

596.6
(534.6–683.7) AB <0.001

GPAQ score (MET-minute/week) # 504.0
(160.0–1240.0)

600.0
(200.0–1620.0)

560.0
(160.0–1200.0)

400.0
(180.0–940.0) 0.18

Biochemical characteristics
Fasting glucose (mmol/L) 4.6 ± 1.0 4.6 ± 1.0 4.6 ± 1.1 4.7 ± 0.9 0.77

TC (mmol/L) 3.8 ± 1.4 4.3 ± 1.6 3.8 ± 1.4 A 3.3 ± 1.2 A <0.001
HDL-C (mmol/L) 1.0 ± 0.4 1.0 ± 0.3 1.0 ± 0.4 1.1 ± 0.4 0.34
LDL-Cl (mmol/L) 2.4 ± 1.2 2.8 ± 1.3 2.3 ± 1.0 A 2.0 ± 0.9 A <0.001

TG (mmol/L) 0.8 ± 0.4 0.9 ± 0.5 0.7 ± 0.4 A 0.7 ± 0.4 A <0.001
TC/HDL ratio 3.9 ± 1.6 4.6 ± 2.0 3.8 ± 1.4 A 3.3 ± 1.0 A <0.001
TG/HDL ratio 0.9 ± 0.6 1.0 ± 0.6 0.8 ± 0.8 0.7 ± 0.4 A <0.01
LDL-C/HDL-C 2.4 ± 1.4 3.0 ± 1.7 A 2.4 ± 1.2 A 2.0 ± 0.9 <0.001

Note: data presented as mean ± SD for normal variables and median (IQR) for non-normal variables; # indicates
non-normal variables; superscript A and B indicates significance from tertile 1 and tertile 2, respectively; p-values
were obtained from ANOVA and Kruskal–Wallis H tests for normal and non-normal variables, respectively;
significance is set at p < 0.05. GPAQ; global physical activity questionnaire.

Figure 1. Prevalence of abnormal lipid parameters and dyslipidemia.

3.2. Serum Vitamin B12 Levels and Lipid Profile

Pearson’s correlation showed significant inverse associations between serum vitamin B12 levels
and the lipid profile parameters, with the exception of HDL-C (Figure 2). Linear regression analyses
showed that the serum vitamin B12 level was independently and inversely associated with TC, TG,
LDL-C levels, LDL/HDL ratio, TC/HDL ratio, and TG/HDL ratio after adjusting for confounders
(Table 2). One SD increase in serum vitamin B12 levels (176.5 pmol/L) reduced TC, TG, and LDL-C
by 0.38, 0.07, and 0.34 pmol/L, respectively (Table 2). Multiple logistic regression found that serum
vitamin B12 level was inversely related to dyslipidemia but was not significant when adjusted for all
confounders. The results were similar when BMI was replaced by either height and WHR, height and
fat percentage, or height and central obesity (Table S2).
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Figure 2. Associations between serum vitamin B12 levels and lipid parameters. (A) Association
between serum vitamin B12 levels and LDL-C; (B) Association between serum vitamin B12 levels and
triglycerides; (C) Association between serum vitamin B12 levels and total cholesterol; (D) Association
between serum vitamin B12 levels and LDL/HDL ratio; (E) Association between serum vitamin B12
levels and TC/HDL ratio; and (F) Association between serum vitamin B12 levels and Triglyceride/HDL
ratio. Note: the p-value was obtained from the Pearson correlation test.

Table 2. Associations between vitamin B12 and lipid profile per 1 SD vitamin B12; n = 341.

Parameters
Model 1 Model 2

B ± SE/OR B (S)/95%CI p-Value B ± SE B (S)/95%CI p-Value

Total cholesterol (mmol/L) −0.39 ± 0.08 −0.27 <0.0001 −0.38 ± 0.07 −0.26 <0.0001
Triglycerides (mmol/L) −0.07 ± 0.02 −0.17 <0.01 −0.07 ± 0.02 −0.16 <0.01

LDL-C (mmol/L) −0.35 ± 0.06 −0.30 <0.0001 −0.34 ± 0.06 −0.30 <0.0001
HDL-C (mmol/L) 0.01 ± 0.02 0.04 0.51 0.01 ± 0.02 0.04 0.48
LDL/HDL ratio −0.41 ± 0.07 −0.30 <0.0001 −0.41 ± 0.07 −0.30 <0.0001
TC/HDL ratio −0.48 ± 0.09 −0.30 <0.0001 −0.47 ± 0.09 −0.29 <0.0001

Triglyceride/HDL ratio −0.09 ± 0.04 −0.14 0.02 −0.08 ± 0.04 −0.13 0.02
Dyslipidemia * 0.75 0.56–1.00 0.05 0.74 0.55–1.01 0.06

Note: data presented as B ± SE and odds ratio for continuous and categorical variables were obtained from linear
and logistic regression models, respectively; the lipid profile was the dependent variable. Model 1 adjusted for age,
BMI, physical activity, income, family history of hyperlipidemia, and heart disease; Model 2 adjusted for Model 1
and glucose. p < 0.05 was considered significant. * indicates categorical variables; p < 0.05 is considered significant.

4. Discussion

In a cohort of young women living in Saudi Arabia, we found that serum vitamin B12 levels
were inversely associated with the lipid profile (TC, LDL-C, and TG levels), TC/HDL, TG/HDL,
and LDL/HDL ratios. The relationship persisted after adjusting for potential confounding factors.
The prevalence of dyslipidemia was considered high (around 82%) based on the standard definitions.

To the best of our knowledge, no previous studies have analyzed the prevalence of vitamin B12
deficiency within an apparently healthy young Saudi population. The prevalence of vitamin B12
deficiency found in the current study was 0.6% (insufficiency, 5.5%), which is lower than that reported
in other studies in Saudi Arabia and other Arabian countries (i.e., between 6% and 30%) [15,16].
This might be because the high estimated intake of vitamin B12 in our study sample was higher than
in others [49]. Nearly 95% of our participants took adequate daily doses of vitamin B12. In addition,
some studies from Arabian countries focus on older age groups and patients with diabetes [15,16].
These patients would likely have been on metformin, a commonly used drug for the treatment of
diabetes, which is known to cause lower serum vitamin B12 levels [50].
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Our findings were consistent with observations in other samples. In a comparative study of
patients with T2DM living in the United Kingdom and India, Adaikalakoteswari et al. found that
serum vitamin B12 level was independently and inversely associated with levels of TGs and the
TC/HDL ratio [33]. Similarly, another cross-sectional study of 300 patients with coronary artery disease
reported that serum vitamin B12 level was inversely associated with dyslipidemia as well as TG and
VLDL levels and positively associated with HDL-C levels, but was not associated with TC or LDL-C
levels [22]. Our study extends this observation to young women in Saudi Arabia. Previous studies
have shown that lipid profile ratios are better indicators of CVD than each variable alone [51,52].
Therefore, our observation highlights the importance of understanding the relationship between lipid
profile and vitamin B12.

To date, only a few studies have investigated the association of serum vitamin B12 levels with
lipid profile in apparently healthy individuals. In a prospective cohort that involved 421 healthy
Korean individuals followed up for 12 years, serum vitamin B12 levels were not associated with
dyslipidemia or any atherosclerotic events. However, the mean serum vitamin B12 level among Korean
individuals was higher than those in other population samples previously studied [53]. Nevertheless,
as hypertriglyceridemia is associated with higher rates of gestational diabetes and macrosomia [54],
our findings are important as these are observations from young women of child-bearing age.
In addition, serum vitamin B12 levels (along with folate) have been linked with adverse pregnancy
outcomes [24] and higher insulin resistance in offspring [25].

The mechanism by which vitamin B12 deficiency is associated with the lipid profile may involve
elevated plasma tHcy concentrations and affects phospholipid metabolism; this, in turn, causes the
high secretion of VLDL, leading to abnormal lipid levels [28]. Another proposed mechanism involves
gene expression related to lipogenesis [23,29] and inflammation [30]. The mechanism underlying
the relationship with the lipid profile can be further explained by the fact that vitamin B12 acts as
a coenzyme in the conversion of methylmalonyl-CoA to succinyl-CoA [55,56]. This reaction is blocked if
there are low serum vitamin B12 levels, resulting in methylmalonyl-CoA accumulation, which inhibits
the rate-limiting enzyme of fatty acid oxidation [57] and thereby causes lipogenesis.

The current study has the following strengths. First, it involves healthy young women, a group
that had not been previously investigated. Second, the extensive data collected in our study on
sociodemographic, medical history, dietary information, and physical activity may help identify other
important confounding or mediating variables in the association between B12 levels and lipid profiles.
However, several limitations are presented in our study. First, it employed a cross-sectional design;
therefore, no causal inferences can be made. Second, only the serum vitamin B12 level was used to
assess the B12 status. We did not include methylmalonic acid or tHcy levels, indicators of tissue-level
B12 deficiency. However, serum vitamin B12 levels have been previously shown to be valid indicators
of B12 status in individuals as well as in epidemiological settings [58]. Third, the use of the FFQ and
GPAQ questionnaires may have led to recall bias.

In conclusion, we found a high prevalence of dyslipidemia in apparently healthy young women
in Saudi Arabia. While it is reassuring to find adequate intake of B12 in this population, our finding
of an inverse association between B12 and adverse lipid profile is concerning and warrants further
studies. These studies should focus on understanding the mechanisms of the relationship between
serum vitamin B12 levels and adverse lipid profiles.
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and lipid profile.
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Abstract: The Beta-glucan Effects on Lipid profile, glycemia and inTestinal health (BELT) Study
investigated the effect of 3 g/day oat beta-glucans on plasma lipids, fasting glucose and self-perceived
intestinal well-being. The Study was an 8-week, double-blind, placebo-controlled, cross-over
randomized clinical trial, enrolling a sample of 83 Italian free-living subjects, adherent to Mediterranean
diet, with a moderate hypercholesterolemia and a low cardiovascular risk profile. Beta-glucans
reduced mean LDL-Cholesterol (LDL-C) levels from baseline by 12.2% (95%CI: −15.4 to −3.8) after
4 weeks of supplementation and by 15.1% (95%CI: −17.8 to −5.9) after 8 weeks of supplementation
(p < 0.01 for both comparison and versus placebo). Between baseline and 4 weeks Total Cholesterol
(TC) levels showed an average reduction of 6.5% (95%CI: −10.9 to −1.9) in the beta-glucan sequence;
while non-HDL-C plasma concentrations decreased by 11.8% (95%CI: −14.6 to −4.5). Moreover,
after 8 weeks of beta-glucan supplementation TC was reduced by 8.9% (95%CI: −12.6 to −2.3)
and non-HDL-C levels by 12.1% (95%CI: −15.6 to −5.3). Decreses in TC and non HDL-C were
significant also versus placebo (respectively p < 0.05 and p < 0.01 to both follow-up visits). Fasting
plasma glucose and self-perceived intestinal well-being were not affected by both beta-glucan and
placebo supplementation.

Keywords: beta-glucan; fiber; lipid profile; cholesterol; intestinal function

1. Introduction

The consumption of dietary supplements to control plasma cholesterol levels has become
widespread in recent years, alongside the publication of several systematic reviews and meta-analyses
showing the cholesterol lowering effect of some of these products, including fibers [1–3].

A comprehensive meta-analysis of 58 clinical trials and 3974 subjects has recently showed that oat
beta-glucan significantly affects the serum concentrations of low-density lipoprotein cholesterol (LDL-C),
non-high-density lipoprotein cholesterol (non-HDL-C) and apolipoprotein-B (apo-B), concluding that
the inclusion of oat-containing foods in the diet may be a valid strategy to prevent the onset of
cardiovascular disease [2]. In particular, another meta-analysis presented a dose-response curve
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between fibre intakes and the reduction of total serum cholesterol, estimating a mean reduction for
total cholesterol (TC) and LDL-C levels of 0.045 mmol/L and 0.057 mmol/L respectively, for each gram
of dietary fiber [1]. These effects can theoretically play a major preventive role among the general
population, since each 1% reduction in TC or LDL-C corresponds to an equivalent 1% decrease in the
risk of developing a coronary heart disease event over time [3].

The mechanisms underlying the lipid-lowering properties of dietary fiber are still not fully
understood [4]. The ability of soluble dietary fiber to form viscous solutions that prolong gastric
emptying, and inhibit the transport of triglycerides and cholesterol across the intestine is a plausible
explanation of their capacity to reduce LDL-C levels [5]. The consequences of the increased viscosity
of the luminal contents manifest via the amplification of the thickness of the water layer and in the
decrease of cholesterol uptake from the intestinal lumen [6].

The contribution of beta-glucans from oat and barley to the maintenance of normal blood
cholesterol levels and their efficacy in the reduction of blood cholesterol levels at a dosage of 3 g
per day was formally recognized by the European Food Safety Authority (EFSA) following specific
applications and health claims that were authorized in the European Union (Commission Regulation
(EU) 432/2012) [7]. However, the available clinical trials investigated the short-term lipid-lowering effect
of beta-glucan administration on relatively small population samples and rarely involved European
subjects [8,9]

In this context, we deemed interesting to evaluate the effect of a proprietary formulation of
beta-glucans, at the dosage of 3 g/day on fasting plasma lipids and glucose, as well as its tolerability, in
an Italian sample of subjects with mild hypercholesterolemia.

2. Materials and Methods

2.1. Study Design and Participants

The Beta-glucan Effects on Lipid profile, glycaemia and inTestinal health (BELT) Study was a
medium-term, double-blind, placebo-controlled, cross-over randomized clinical trial, which enrolled a
sample of Italian free-living subjects with moderate hypercholesterolemia recruited from the Lipid
clinic of the S. Orsola-Malpighi University Hospital, Bologna, Italy.

Participants were required to be aged between 20 and 65 years, with moderately high levels of TC
(TC ≥ 5.17 mmol/L and ≤ 6.2 mmol/L) and LDL-C (LDL-C ≥ 3.36 mmol/L and ≤ 4.91 mmol/L) and an
estimated 10-year cardiovascular risk <10%, as per the country-specific risk charts from the CUORE
project [10]. Exclusion criteria included having previously experienced any vascular event, suffering
from type 1 or type 2 diabetes, massive hypertriglyceridemia (TG > 4.52 mmol/L), alcoholism, obesity
(body mass index (BMI) > 30 kg/m2), liver failure, renal failure (estimated glomerular filtration rate
(eGFR) < 0.5 mL/s), irritable bowel syndrome, inflammatory bowel diseases and food allergies, as well
as having been treated in the previous 2 months with fiber based dietary supplements and/or probiotics
and/or lipid-lowering drugs or any other drugs potentially able to affect the lipid metabolism.

Participants were adhering to a standardized diet for four weeks before being randomized to
receive adequate supplies of either the beta-glucan supplement or placebo, in order to complete the
one of two 2-month treatment sequences. The crossover to the second treatment was preceded by a
4-week wash-out period. Finally, participants were asked to return for follow-up visits two and four
weeks after stopping supplementation. The study timeline is described in detail in Figure 1.

At enrollment, subjects were instructed to follow the general indications of a Mediterranean diet,
avoiding an excessive intake of diary and red meat derived products.

Once every two visits, subjects were provided with a food diary to record their 3-day intake (two
week-days and one week-end day), which they were requested to complete and return during their
subsequent visit. In particular, the food diaries were collected and the diets analyzed at the beginning
and at the end of each treatment phase.

226



Nutrients 2020, 12, 686

The analysis of diet composition was performed using a dedicated software (MètaDieta®) based
on a large food database that is frequently updated with values from the main official Italian databases
(INRAN/IEO 2008 revision/ADI). Data were handled in compliance with the company procedure IOA87.

The study was conducted in accordance with the Good Clinical Practices and fully complied with
the ethical guidelines of the Declaration of Helsinki. All subjects received an informational document
describing the study and signed a consent form for study participation. The study was approved by
the Bologna University Ethical Committee (Code: BELT_2016) and registered on www.clinicaltrial.gov
(ID: NCT03313713).

Figure 1. The flow-chart summarizes the study timeline.

2.2. Treatment

At visit at the beginning of supplementation the enrolled subjects were provided with boxes
containing 28 white sachets of 15 g each; the same amount of product was provided after four weeks
and at the beginning and after four weeks of the second supplementation phase. The sachets contained
either 3 g oat beta-glucan (The Oatwell™ based Beta Heart®, Herbalife) or an oat-based isocaloric
placebo without beta-glucan. The tested products had a similar macronutrient composition (Total
energy: 50 kcal; Lipids: 1.4 g; Carbohydrates: 4 g; Proteins: 2 g) and were indistinguishable in color
and taste. In particular, the Oatwell™ composition per 100 gr included 22 gr of beta-glucan soluble
fiber characterized by very high molecular weight polysaccharides (>2000 kDa) and high viscosity
(Table 1) [11].

Randomization was performed centrally, by computer-generated codes, and blocks were stratified
by sex and age. The study staff and the investigators were blinded to the group assignment, as well as
all the enrolled volunteers.

For the entire duration of the study, the subjects were instructed to take the dietary supplement
regularly, dissolving the contents of one sachet in a glass of water every day in the morning.
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All unused sachets were retrieved for inventory, and product compliance was assessed by counting
the number of the sachets returned at the time of specific clinic visits [12]. The acceptability of the food
supplements was assessed by a 10-point visual analogue score (VAS).

Table 1. Nutritional composition per 100 g of OatWell® 22.

Total dietary fiber 44 g

- Glucan soluble fiber 22 g

Carbohydrate 22 g

Protein 20 g

Total lipids 5 g

- Saturated FA 1 g

- Polyunsaturated FA 2 g

- Monounsaturated FA 2 g

Water 5 g

Minerals

- Sodium (Na) 3 mg

- Magnesium (Mg) 250 mg

- Calcium (Ca) 120 mg

- Potassium (K) 700 mg

- Iron (Fe) 9 mg

- Zinc (Zn) 6 mg

2.3. Assessments

2.3.1. Clinical Data and Anthropometric Measurements

Subjects’ personal history was evaluated taking particular attention to cardiovascular and metabolic
diseases, dietary and smoking habits assessment (both evaluated with validated semi-quantitative
questionnaires) [13], physical activity, and pharmacological treatments.

Waist circumference (WC) was measured at the end of a normal expiration, in a horizontal plane
at the midpoint between the inferior margin of the last rib and the superior iliac crest. Height and
weight were measured to the nearest 0.1 cm and 0.1 kg, respectively, 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. Blood Pressure Measurements

Systolic and diastolic blood pressure measurements were performed in each subject, supine and
at rest, using a validated oscillometric device, with a cuff of the appropriate size applied on the right
upper arm. To improve detection accuracy, three blood pressure (BP) readings were sequentially
obtained at 1-min intervals. The first one was then discarded, and the average between the second and
the third was recorded [14].

2.3.3. Laboratory Data

The biochemical analyses were carried out on venous blood, withdrawn after overnight fasting
(at least 12 h). Plasma was obtained by addition of disodium ethylenediaminetetraacetate (Na2EDTA)
(1 mg/mL) and blood centrifugation at 3000 RPM for 15 min at room temperature.

Trained personnel performed laboratory analyses according to standardized methods [15],
immediately after centrifugation, to assess TC, HDL-C, TG, Apo-B, apolipoprotein A1 (Apo-A1), fasting
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plasma glucose (FPG), creatinine, estimated glomerular filtration rate (eGFR) and liver transaminases.
LDL-C was obtained by the Friedewald formula. Non-HDL-C resulted from the difference between
TC and HDL-C.

2.3.4. Safety and Tolerability

Safety and tolerability were evaluated through continuous monitoring 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 study treatment.

Even if the fiber amount supplemented was low to modify the bowel function, an ad-hoc
semi-quantitative questionnaire (Intestinal function assessment (Supplementary Material)) was
administered at each visit, in order to collect information regarding possible changes in self-perceived
intestinal well-being during the different phases of the study. The questionnaire evaluated the number
of daily evacuations, the stool consistency and the personal perception of discomfort, swelling, stool
expulsion ease and complete expulsion [16].

2.3.5. Statistical Analyses

Sample size was calculated for the change in LDL-C. Considering a type I error of 0.05, a power of
0.80 and expecting a LDL-C reduction of 7–10% with beta-glucans and 0–3% with placebo, expecting a
20% dropout rate, we calculated to enroll 80 subjects.

Data were analyzed using intention to treat by means of the Statistical Package for Social Sciences
(SPSS) version 22.0 (IBM Corporation, Armonk, NY, USA) for Windows.

A full descriptive analysis of the collected parameters was carried out as per protocol. Categorical
variables were expressed as absolute number and percentage and compared with the Fisher corrected
chi-square test or the Wilcoxon-Rank test, based on whether they were nominal or ordinal. Continuous
variables were expressed as mean ± standard deviation (SD) or mean and standard error (SEM), and
compared by analysis of variance (ANOVA) followed by post-hoc Tukey test or by Kruskal-Wallis
non parametric analysis of variance followed by Dunn’s pairwise test, depending on their statistical
distribution (if it was normal or not). To verify the basic assumption of cross-over design, the presence
of a carryover effect was excluded.

The minimum level of statistical significance was set to p < 0.05 two-tailed. The Dixon’s Q test
was always carried out to exclude the extreme values.

Efficacy analyses were performed considering the intention-to-treat (ITT) population, i.e., all
subjects with at least one post-baseline control. A sensitivity analysis of the primary variable was also
planned in the per-protocol population, i.e., all subjects without major protocol violations.

The primay efficacy outcome analysis was also repeated by gender, age group (20–40 vs. 40–65 years
old) and weight group (body mass index < 27 kg/m2 vs. ≥ 27 kg/m2).

Safety results were reported in all subjects who had assumed at least one dose of one
study supplement.

3. Results

A total of 95 volunteers were screened, and 83 subjects underwent randomization from April
through September 2017.

Subjects’ characteristics at the screening visit are summarized in Table 2.
All enrolled subjects (men: 35, women: 48) successfully completed the trial according to the study

design. The final distribution between men and women, when considering the treatment sequences,
did not show any significant differences (p > 0.05). Furthermore, the study groups were well matched
for all the considered variables at baseline.
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Table 2. Pre-diet standardization parameters, expressed as mean ± SD.

Parameters
Pre-Diet Standardization

(N = 83)

Age (years) 52.3 ± 4.4
Weight (kg) 74.5 ± 17.4
Waist (cm) 91.3 ± 14.6

Systolic blood pressure (mmHg) 128.3 ± 15.3
Diastolic blood pressure (mmHg) 81 ± 9.6

Total cholesterol (mmol/L) 5.75 ± 0.49
Triglycerides (mmol/L) 1.51 ± 0.80

HDL-cholesterol (mmol/L) 1.28 ± 0.29
Non-HDL-cholesterol (mmol/L) 4.48 ± 0.49

LDL-cholesterol (mmol/L) 3.78 ± 0.42
VLDL-cholesterol (mmol/L) 0.33 (0.32)
Apolipoprotein-A1 (mg/dL) 149.3 ± 22.9
Apolipoprotein -B (mg/dL) 100.8 ± 18.5

Fasting plasma glucose (mmol/L) 4.97 ± 0.73
Aspartate aminotransferase (μkat/L) 0.38 ± 0.12
Alanine aminotransferase (μkat/L) 0.39 ± 0.24

HDL = High-Density Lipoprotein; LDL = Low-Density Lipoprotein; VLDL = Very-Low-Density Lipoprotein.

No statistically significant changes were observed in the dietary habits of the enrolled subjects
from randomization until the end of the study, nor in total energy and macronutrient intake (Table 3).

Table 3. Diet composition and total fiber intake (g/day) at the enrollment. Values are reported as mean
± SD or mean and variation range.

Parameters Diet Composition

Total Energy (kcal/day) 1388.7 ± 245.7
Alcohol (% of total energy) 4.4 (0.1–10.4)
Lipids (% of total energy) 32.9 ± 4.9

Saturated Fatty Acids (% of total energy) 7.9 ± 2.4
Monounsaturated Fatty Acids (% of total energy) 12.4 ± 3.1
Poliunsaturated Fatty Acids (% of total energy) 4.4 ± 1.1

Proteins (% of total energy) 18.3 ± 5
Animal Proteins (% of total energy) 10.2 ± 6
Vegetal Proteins (% of total energy) 5.1 ± 2.1
Carbohydrates (% of total energy) 50.4 ± 5.9

Soluble Charbohydrates (% of total energy) 15.9 ± 3.7
Starch (% of total energy) 25.3 ± 4.5

Total dietary fibers (% of total energy) 2.2 ± 0.9
Cholesterol (mg/day) 148.4 ± 22.3

During the placebo phase, the subjects did not experience any statistically significant change in
the evaluated parameters (Table 4 and Table S1 (Supplementary Materials)).

On the contrary, the active supplementation reduced mean LDL-C levels from baseline by 12.2%
(95%CI: −15.4 to −3.8) after 4 weeks and by 15.1% (95%CI: −17.8 to −5.9) after 8 weeks (p < 0.01 for
both comparison), which corresponded to an absolute decrease of 0.59 mmol/L (95%CI: −0.8 to −0.39)
at the end of the intervention period (Table S2 (Supplementary Materials)). Repeating the analysis
by gender and predefined age and body mass index groups, after 8 weeks we observed a slight but
significantly higher LDL-lowering effect of beta-glucans effect in women than in men (women: 16.3%
(95%CI: −17.8 to −6.7) vs. men: 14.9% (95%CI: −14.1 to −5.9); p = 0.04), in younger subjects (16.4%
(95%CI: −17.5 to −8.3) vs. older 14.7% (95%CI: −17.1 to −5.2)) while no difference has been detected as
regards body mass index classes (p > 0.05).
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Table 4. Anthropometric, hemodynamic, and blood chemistry parameters from the baseline/end of
wash-out to the end of the placebo sequence, expressed as mean ± SD.

Parameters Baseline
Treatment Period Wash-Out Period

4 Weeks 8 Weeks 2 Weeks 4 Weeks

Weight (kg) 73.8 ± 17.2 73.8 ± 17.1 73.7 ± 17.1 73.8 ± 17.9 74 ± 17.2
Waist (cm) 90.9 ± 14.4 90.8 ± 14.3 90.6 ± 14 90.6 ± 14.9 90.7 ± 14.1

Systolic blood pressure (mmHg) 120.9 ± 15.8 120.9 ± 15.2 120.3 ± 15.8 120.2 ± 16.7 121.1 ± 15.1
Diastolic blood pressure (mmHg) 78.5 ± 8.6 78.8 ± 8.6 79.2 ± 9.9 78.1 ± 8.4 78 ± 9.1

Heart rate (bpm) 71.9 ± 10.6 66.3 ± 4.7 70.78 ± 12.9 72.6 ± 10.2 70.2 ± 9.6
Total cholesterol (mmol/L) 5.75 ± 0.77 5.84 ± 0.73 5.75 ± 0.75 5.79 ± 0.81 5.85 ± 0.87

Triglycerides (mmol/L) 1.48 ± 0.70 1.46 ± 0.88 1.4 ± 0.78 1.59 ± 0.81 1.5 ± 0.76
HDL-cholesterol (mmol/L) 1.31 ± 0.29 1.33 ± 0.29 1.31 ± 0.3 1.26 ± 0.3 1.34 ± 0.28
LDL-cholesterol (mmol/L) 3.76 ± 0.75 3.84 ± 0.65 3.8 ± 0.65 3.81 ± 0.8 3.83 ± 0.80

Non HDL-cholesterol (mmol/L) 4.44 ± 0.71 4.51 ± 0.73 4.44 ± 0.72 4.53 ± 0.75 4.51 ± 0.83
Apolipoprotein A1 (mg/dL) 157.3 ± 32.5 151.2 ± 25.7 151.6 ± 26. 5 148.4 ± 25.7 161 ± 29.2
Apolipoprotein B (mg/dL) 101.4 ± 22.7 101.6 ± 15.3 99.8 ± 17.6 102.9 ± 14.4 100.3 ± 17.1

VLDL-cholesterol (mmol/L) 0.68 ± 0.32 0.71 ± 0.65 0.68 ± 0.62 0.73 ± 0.37 0.69 ± 0.35
Fasting plasma glucose (mmol/L) 5.01 ± 0.56 5.06 ± 0.50 5.02 ± 0.49 4.99 ± 0.51 5.09 ± 0.59

Aspartate aminotransferase (μkat/L) 0.36 ± 0.09 0.37 ± 0.11 0.37 ± 0.12 0.36 ± 0.10 0.35 ± 0.08
Alanine aminotransferase (μkat/L) 0.36 ± 0.17 0.4 ± 0.27 0.44 ± 0.37 0.4 ± 0.18 0.41 ± 0.20

HDL = High-density lipoprotein; LDL = Low-density lipoprotein; VLDL = Very-low-density lipoprotein.

Considering the first-ranked secondary endpoints, the mean percentage change in TC levels
between baseline and 4 weeks was a reduction of 6.5% (95%CI:−10.9 to−1.9) in the beta-glucan sequence,
while non-HDL-C plasma concentrations decreased by 11.8% (95%CI: −14.6 to −4.5). Moreover, after
8 weeks of treatment, beta-glucan reduced TC by 8.9% (95%CI: −12.6 to −2.3), corresponding to an
absolute decrease of 0.52 mmol/L (95%CI: −0.72 to −0.32), and non-HDL-C levels were reduced by
12.1% (95%CI: −15.6 to −5.3), which corresponded to 0.53 mmol/L (95%CI: −0.73 to −0.33) (Table S2
(Supplementary Materials)).

Descriptions and results of exploratory analyses of the other secondary endpoints, the effect on
which were considered non-significant, are provided in Table 5.

Table 5. Changes in anthropometric, hemodynamic, and blood chemistry parameters from the
baseline/end of washout to the end of the supplementation with beta-glucan, expressed as mean ± SD.

Parameters Baseline
Treatment Period Wash-Out Period

4 Weeks 8 Weeks 2 Weeks 4 Weeks

Weight (kg) 73.9 ± 17.6 73.8 ± 17.7 73.4 ± 17.6 73.9 ± 14.6 73.6 ± 17.7
Waist (cm) 90.3 ± 14.2 90.2 ± 14.0 89.9 ± 13.7 88.5 ± 13.7 90.3 ± 13.8

Systolic blood pressure (mmHg) 124.3 ± 16.0 121.1 ± 14.1 119.5 ± 15.2 122.2 ± 16.5 120.7 ± 14.2
Diastolic blood pressure (mmHg) 80.4 ± 9.6 78.6 ± 8.8 79.4 ± 9 80.4 ± 8.9 78.4 ± 9.4

Heart rate (bpm) 72.1 ± 11.5 68 ± 1.4 72.3 ± 12.9 72.1 ± 11.8 72 ± 8.2
Total cholesterol (mmol/L) 5.77 ± 0.68 5.38 ± 0.58 *,◦ 5.24 ± 0.57 *,◦ 5.76 ± 0.71 5.81 ± 0.76

Triglycerides (mmol/L) 1.48 ± 0.81 1.6 ± 0.89 1.62 ± 1.10 1.46 ± 0.80 1.52 ± 0.72
HDL-cholesterol (mmol/L) 1.29 ± 0.33 1.32 ± 0.29 1.3 ± 0.29 1.28 ± 0.32 1.33 ± 0.29
LDL-cholesterol (mmol/L) 3.8 ± 0.64 3.33 ± 0.60 *,§ 3.21 ± 0.65 *,§ 3.82 ± 0.64 3.78 ± 0.74

Non HDL-cholesterol (mmol/L) 4.48 ± 0.67 4.07 ± 0.60 *,§ 3.95 ± 0.62 *,§ 4.49 ± 0.66 4.48 ± 0.73
Apolipoprotein A1 (mg/dL) 151.7 ± 27.2 149.1 ± 27.5 147.33 ± 26.9 150.1 ± 25.7 166.8 ± 27.6
Apolipoprotein B (mg/dL) 99.2 ± 16.7 101.5 ± 16 100.1 ± 15.4 96.9 ± 14.6 102.8 ± 14.4

VLDL-cholesterol (mmol/L) 0.66 ± 0.32 0.73 ± 0.41 0.81 ± 0.83 0.67 ± 0.36 0.7 ± 0.33
Fasting plasma glucose (mmol/L) 4.78 ± 0.55 5.05 ± 0.48 5.02 ± 0.52 4.97 ± 0.51 5.07 ± 0.52

Aspartate aminotransferase (μkat/L) 0.38 ± 0.10 0.38 ± 0.11 0.37 ± 0.1 0.37 ± 0.10 0.36 ± 0.10
Alanine aminotransferase (μkat/L) 0.37 ± 0.18 0.42 ± 0.21 0.42 ± 0.22 0.36 ± 0.18 0.42 ± 0.20

* p < 0.05 versus baseline; ◦ p < 0.05 versus placebo; § p < 0.01 versus placebo. HDL =High-Density Lipoprotein;
LDL = Low-Density Lipoprotein; VLDL = Very-Low-Density Lipoprotein.

After treatment discontinuation, both TC and LDL-C rapidly reversed to basal values. Lipid
plasma levels assessed after 2 weeks of washout were comparable with those measured at baseline and
not significantly different from those observed at the end of the wash-out period (Table 5).
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The compliance with the treatment was almost complete (89%) during both treatment periods.
The tolerability profile of the beta-glucan supplement used was rated as acceptable by most

subjects. During supplementation with beta-glucan, three subjects experienced moderate abdominal
discomfort (reported as reversible abdominal cramps and diarrhoea) and one subjects experienced
dysphagia. No one experienced adverse events regarding laboratory parameters during the trial. No
volunteer discontinued the trial because of adverse events that occurred during the treatment and no
effects reported in conjunction with use of the placebo.

In particular, the tested products did not exert any significant unvafourable effect on the
self-perceived intestinal well-being. The results of the second-ranked secondary endpoint are
summarized in Table 6.

Table 6. Pre-versus post-treatment effects on intestinal function of the tested products.

Parameters
Placebo Beta-Glucan

Mean p Mean p

Number of defecations per week 7 0.264 7 0.730
Stool consistency 3 0.482 3 0.438

Easiness of stool expulsion 4 0.610 3 0.699
Perception of total expulsion 3 0.691 4 0.583

Abdominal discomfort intensity 2 0.744 2 0.923
Abdominal swelling perception 3 0.749 3 0.760

4. Discussion

Beta-glucans (1-3,1-4 beta-D-glucans) are polysaccharides naturally occurring in the cell wall of
grains and cereals, especially barley and oats [17]. In our double-blind, placebo-controlled, cross-over
randomized clinical trial, 3 g/day of oat beta-glucan were shown to safely reduce LDL-C, TC and
non-HDL-C in a large sample of adults characterized by mild hypercholesterolemia and with a low
cardiovascular risk profile. The trial failed to detect any significant change in FPG. On the other hand,
no significant adverse effects have been assessed on the self-perceived intestinal wellbeing and of both
the beta-glucan supplement and the placebo were considered accettable.

The observed effect on TC and LDL-C are larger (0.53 and 0.59 mml/L, on average, corresponding
to 15.1% and 8.9% of baseline values respectively) than expected, based on the most recent meta-analysis
and EFSA opinion, which estimate respectively a mean change in LDL-C of 0.3 mmol/L and 0.21 mmol/L
(about 7–10% of baseline concentratios) [7,18]. The reasons of such better performance are not easily
explained, but it should be considered the possibility that the tested formulation, to be dissolved in
fluids before consumption, might have specific pharmaceutic properties able to enhance the efficacy of
the fibers in binding cholesterol and/or its metabolites (i.e., bile salts) and/or dietary fat. However, the
supply of oat beta-glucan in the form of beverages (where nutrients are in contact with free water)
has been found to have, in general, a more regular effect on cholesterol reduction compared to more
complex matrices [19]. Moreover, the beta-glucan used for the BELT study consists of very high
molecular weight beta-glucan, which has been proved to be more effective in cholesterol lowering then
that with medium and low molecular weight [11,20].

Furthermore, the observed effect might also be due to the characteristics of the considered
population sample. In this regard, a reliable meta-regression analysis recently demonstrated a
significant inverse association between baseline LDL-C levels and the extent of LDL-C reduction after
supplementation with oat beta-glucan [2]. These results are of particular interest, also considering
that the observed effect is larger than the one expected after the administration of most available
lipid-lowering nutraceuticals [21,22].

Similarly, the lack of any significant effect on FPG in the trial might be due to the characteristics of
the enrolled subjects, being all euglycemic. Actually, a recent meta-analysis found that oat beta-glucan
intake was more effective in people with type 2 diabetes [23].
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The lack of changes in metabolic parameters during supplementation with placebo may be
attributed to both the enrollment in the setting of a lipid clinic (and consequently, presumably, of
subject a priori more attentive to a healthy lifestyle) and to the run-in stabilization diet period preceding
the treatment phase, during which possible dietary mistakes were corrected before the start of the trial.
Thus, the results obtained with beta-glucan supplementation are more representative of what would
be observed in a setting of clinical practice.

At the same time, the lack of effects of beta-glucans on intestinal function parameters in our study
should be related to the Mediterranean diet pattern of the enrolled subjects and the exclusion from the
enrolment of subjects affected by irritable bowel syndrome, inflammatory bowel diseases and food
allergies, but also because of the low amount of supplemented fibers.

The observed results are largely supported by the mechanisms of action by wich beta-glucans can
improve cholesterolemia. The LDL-C lowering effect of beta-glucans has mainly related to the their
ability to act as dietary fibers, consequently entrapping bile acid micelles, impairing their ability to
interact with luminal membrane transporters on the intestinal epitelium, thereby increasing the fecal
cholesterol output. [24] The following decrease in bile acid level up-regulates the 7-alpha-hydroxylase
expression in the liver, thus further contributing to LDL-C decrease. [11] This seems to be more evident
with high molecular weight and high viscosity of the fibers [25], as the one we tested in our trial. More
recent literature suggesta that a part of the LDL-C reducing effect of beta-glucans could be mediated
by modulation of microbiota [26]. A part of the beta-glucans effects (i.e., the antinflammatory and
immunomodulatory ones) seems to be dependent by the contact of beta-glucans with dectin-1 [27], but
this could be less relevant for th metabolic activities.

The BELT Study has some relevant limitations. For instance, the observational period was not
long enough to assess any adaptation phenomena possibly occurring by changes in the gut microbiota
composition. For this reason, further longer-term clinical studies are needed to confirm if the dietary
intake of beta-glucan enriched foods is able to maintain the observed positive metabolic effect over
the time.

Secondly, we did not evaluate any marker of intestinal absorption during the study, since the aim
of this study was a clinical and not a pharmacological evaluation of the effects of supplementation
with beta-glucan-enriched dietary supplement in moderately hypercholesterolemic subjects.

However, the BELT Study is the first placebo-controlled clinical trial testing the effect of oat
beta-glucan supplementation on a large sample of a South European population strictly adherent to the
Mediterranean diet. This is of particular interest because the high fiber content of the Mediterranean
diet might have theoretically reduced the effect of beta-glucan supplementation on serum lipids [28],
while this actually did not occur. Moreover, the observation that both total and LDL-C concentrations
tend to return to basal values after weeks of wash-out, highlights the importance of a regular and
constant supplementation with beta-glucan to achieve clinically relevant results in the long term.
Finally, the profile of tolerability of the product might suggest that compliance to long term treatment
with beta-glucan formulation might be good.

5. Conclusions

In conclusion, the BELT study confirms the medium-term efficacy of supplementation with 3 g/day
of beta-glucan in reducing LDL-C, TC and non-HDL-C in mild hypercholesterolemic subjects, even in
the context of a Mediterranean setting.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/3/686/s1,
Table S1: Changes in the collected parameters during supplementation with placebo in the overall study
population, Table S2: Changes in the collected parameters during supplementation with beta-glucan in the overall
study population.
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Abstract: Diet and other lifestyle habits have been reported to contribute to the development of
dyslipidemia in various populations. Therefore, this study investigated the association between
dyslipidemia and dietary and other lifestyle practices among Saudi adults. Data were collected from
adults (≥20 years) not previously diagnosed with diabetes in a cross-sectional design. Demographic,
anthropometric, and clinical characteristics, as well as lifestyle and dietary habits were recorded
using a predesigned questionnaire. Fasting blood samples were drawn to estimate the serum lipid
profile. Out of 1385 people, 858 (62%) (491 men, 367 women) had dyslipidemia. After regression
analysis to adjust for age, body mass index, and waist circumference, an intake of ≥5 cups/week
of Turkish coffee, or carbonated drinks was associated with increased risk of dyslipidemia in men
(OR (95% CI), 2.74 (1.53, 4.89) p = 0.001, and 1.53 (1.04, 2.26) p = 0.03 respectively), while the same
intake of American coffee had a protective effect (0.53 (0.30, 0.92) p = 0.025). Sleep duration <6 h,
and smoking were also associated with increased risk in men (1.573 (1.14, 2.18) p = 0.006, and 1.41
(1.00, 1.99) p = 0.043 respectively). In women, an increased intake of fresh vegetables was associated
with increased risk (2.07 (1.09, 3.94) p = 0.026), which could be attributed to added salad dressing.
Thus, there are sex differences in response to dietary and lifestyle practices.

Keywords: dyslipidemia; serum cholesterol; serum triglycerides; serum low density lipoprotein;
serum high density lipoprotein; dietary intake; lifestyle
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1. Introduction

Cardiovascular diseases (CVD) are major health problems contributing to 31% of global death in
2017 according to the World Health Organization (WHO) [1]. The prevalence of CVD in Saudi Arabia
in 2004 has been reported to be 5.5% [2], accounting for almost 45.7% of deaths [3]. CVD has many
modifiable and non-modifiable risk factors, including certain diseases and disorders such as diabetes,
hypertension, and dyslipidemia, which commonly coexist in various populations [4–6]. Indeed,
dyslipidemia, defined as any abnormalities in serum lipids is considered atherogenic, and is reported
to be associated with an increased risk of ischemic heart disease [7,8]. Several studies have been
conducted to investigate the prevalence of dyslipidemia in Saudi Arabia in the past reporting an overall
prevalence of 20–54% [9–11]. A more recent study published in 2018 on people in the eastern region
of Saudi Arabia reported that the prevalence of (diagnosed and borderline) hypercholesterolemia,
hypertriglyceridemia, increased low-density lipoprotein (LDL-C)-cholesterol, and decreased high
density lipoprotein (HDL-C)-cholesterol were 51%, 26.9%, 38.1%, and 90.5%, respectively [12].

Many factors contribute to the development of dyslipidemia, including genetics, sex, ethnicity,
increased body mass index (BMI), dietary habits, and smoking [13]. In addition, changes in sleeping
patterns, and a short duration of sleep have also been associated with dyslipidemia [14]. Studies in
Saudi Arabia showed that age, sex, high BMI, and waist circumference (WC), smoking, low physical
activity, as well as intake of margarine were associated with dyslipidemia [10–12]. In spite of their
reported importance in controlling dyslipidemia and CVD [15,16], the association of dietary as well as
other lifestyle practices, including sleeping duration, with dyslipidemia were not fully investigated in
previous Saudi studies. Saudi Arabia is a very large country, with each region having its own dietary
and lifestyle characteristics. Therefore, we aimed to investigate such associations in more detail in
inhabitants of the city of Jeddah, the largest city in the western region, and the gateway to the two holy
cities of Islam, with a population of mixed ethnicities, bringing with them their own dietary habits.
We hope that our results will help in the formulation of evidence-based dietary and lifestyle guidelines
for people in our region to decrease the prevalence of dyslipidemia, which can be adopted in future,
more comprehensive programs for the prevention of CVD.

2. Materials and Methods

2.1. Study Design and Sample Collection

Presented data in this study were obtained between July 2016 and February 2017 from a
cross-sectional survey conducted in the city of Jeddah to develop a Saudi Dysglycemia Risk Score.
The Committee on the Ethics of Human Research at the Faculty of Medicine-King Abdulaziz University,
Jeddah approved the study (Reference No. 338-10). A full explanation of the sampling methodology
has been outlined in an earlier publication [17] and is summarized here as follows: adults (age ≥
20 years), not previously diagnosed with diabetes, were recruited from attendees of primary health
care centers (PHCC) in Jeddah, Saudi Arabia. An informed consent form was signed by consenting
volunteers. Demographic, dietary, and lifestyle variables, as well as medical history, and family history
of chronic diseases were collected from recruits using a predesigned questionnaire in the Arabic
language which was based on validated questionnaires used in previous risk score studies [18–22]
including an Arabic one [23]. The questionnaire was completed during a face to face interview by
trained medical students. Anthropometric and clinical measurements (weight, height, WC, and
blood pressure (BP)) were measured using standardized equipment and techniques as previously
explained [17]. Weight and fat percentage were measured using a portable calibrated scale (Omron
BF511; OMRON Healthcare, Kyoto, Japan). Weight and height were used to calculate BMI. A value
less than 18.5 indicates underweight, while a value of 18.5–<25 kg/m2 indicates healthy normal weight,
25–<30 indicates overweight, and ≥30 indicates obesity. Using WC to indicate abdominal adiposity the
first cut-off value for increased risk was defined as >94 cm for men, >80 cm for women, and the second
cut-off value as >102 cm for men, >88 cm for women [24,25].
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The section on dietary practices consisted of food frequency questions including 17 questions
covering intake of fruits, vegetables, red meat, whole grain bread/cereals, and various commonly
consumed beverages including fruit juices (fresh and otherwise), carbonated beverages, energy drinks,
different types of coffee such as Arabic, American, Turkish, and cappuccino, and various teas such as
red, green, cinnamon, and hibiscus tea. Participants were asked to specify whether they consumed
each item more than once daily, once daily, 5–6 portions per week, 1–4 portions per week, or not at all.
Food models representing portion sizes of relevant food items were presented to all participants to
help in making the correct decisions.

Fasting blood samples were taken, and serum was separated and stored at−80 ◦C for the estimation
of the lipid profile. A flow chart outlining steps in data collection is presented in Supplementary
Figure S1.

2.2. Biochemical Assays

Serum samples were sent regularly every 10 to 12 weeks to a collaborating laboratory at the
National Guard Hospital in Jeddah which is accredited by the College of American Pathologist.
Total cholesterol (TC), HDL-C and triglycerides (TG) levels were measured by spectrophotometric
methods using Architect c8000 auto-analyzer (Abbott Park, IL, USA). LDL-C was calculated using the
Friedewald equation [26].

2.3. Diagnosis of Dyslipidemia

Dyslipidemia was defined as LDL-C ≥ 3.37 mmol/L, HDL-C < 1.04 mmol/L for men and
< 1.3 mmol/L for women, TC ≥ 5.18 mmol/L, TG ≥ 1.7 mmol/L or treatment with lipid-lowering drugs
with all lipid levels in the normal range [27,28].

2.4. Statistical Analysis

IBM SPSS statistics version 20.0 for Windows was used to enter and analyze collected data.
The baseline characteristics of the study population were calculated statistically and described as mean,
standard deviations (SD), and frequencies.

Demographic, lifestyle, and clinical factors of people with high levels of TC, LDL-C, and TG,
and/or low level of HDL-C, as well as dyslipidemia in general, were analyzed by comparing to those
with normal lipid levels. Factors with continuous variables were analyzed using an independent t-test
to compare two groups, while those with categorical variables were analyzed using the Chi-square
test or Fisher’s exact test, as appropriate. Unadjusted and adjusted logistic regression models were
used for assessing the association between demographic, lifestyle, and dietary variables, and outcome
variables: specific and general types of dyslipidemia. Stepwise regression analysis was performed to
determine the dietary factors that had an influence on dyslipidemia. Independent factors included age,
BMI, and WC. Only related independent variables, where p < 0.15 after an initial logistic regression
between the dependent and independent variable was used in the corresponding stepwise regression
model to avoid excluding important covariates from the final model and to include predictors that
are serious or have high potential effect [29]. Values of p < 0.05 (two-sided test) were accepted as
statistically significant.

3. Results

A total of 1477 adults were recruited by the end of February 2017 (Supplementary Figure S1).
Complete data were obtained for 1385 people. Missing data were mainly due to missing, hemolysed,
broken, or unlabeled blood samples. This was completely random and is not expected to affect validity.
Following biochemical measurements, a total of 527 people (38%) (287 men, and 240 women) were
found to be normolipidemic, and 858 (62%) (491 men, and 367 women) had dyslipidemia. Thus,
there was no association between sex and dyslipidemia in general. The most prevalent type of
dyslipidemia was high LDL-C found in 567 people (40.9%) (341 men and 226 men), followed by high

239



Nutrients 2020, 12, 2441

TC in 480 people (34.7%) (277 men and 203 women), and low HDL-C in 338 people (24.4%) (171 men
and 167 women) and the least prevalent type of dyslipidemia was high TG levels in 301 people (21.7%)
(218 men and 83 women). Therefore, increased LDL-C and TG were significantly more common in men
(p < 0.05 and p < 0.001 respectively) whereas low HDL-C was significantly more common in women
(p < 0.05).

3.1. Association between Dyslipidemia with Anthropometric Measurements

Demographic, clinical, and anthropometric characteristics of the study groups for men and
women are presented in Supplementary Table S1. There was a significant difference in demographic
and anthropometric measurements between the normolipidemic and dyslipidemic groups, with the
dyslipidemia group having a significantly higher means of age, BMI, weight, body fat percentage, neck,
waist and hip circumferences, and waist to hip and waist to height ratios (all p < 0.001, Supplementary
Table S1). In addition, men and women with dyslipidemia also had significantly higher means of
systolic and diastolic Bp and significantly higher means of TC, TG, LDL-C, and lower HDL-C compared
with people with normolipidemia (Supplementary Table S1). Comparing the distribution of various
characteristics between the normolipidemic and the dyslipidemic groups of men and women, age, BMI,
and WC were found to be significantly and directly associated with dyslipidemia (p < 0.001 at least,
Supplementary Table S2) and all its types (p < 0.015 at least, Supplementary Table S2). Dyslipidemia
was detected in 75% of participants over 30 years of age compared with 48.8% of those <30 years.
Moreover, dyslipidemia was present in 74.8% and 72% of obese men and women compared with
53.5% and 43.7% of normal weight and 29.2% and 32% underweight men and women respectively
(Supplementary Table S2a,b).

3.2. Patterns of Food Intake in Studied Men and Women

Recorded frequencies of the questionnaire were recategorized to no intake, 1–4 and 5 or more
portions per week due to small numbers in some categories. The difference in the recorded pattern of
food intake between men and women is shown in Table 1. Women reported eating more fresh and
cooked vegetables than men, whereas men had a higher intake of red meat (p < 0.001 at least, Table 1).
In addition, men reported drinking more fresh and non-fresh juice, soft drinks, energy drinks, red
tea, and American coffee compared with women (p < 0.01 at least, Table 1) whereas women reported
drinking more green tea, Arabic coffee, and cinnamon drink compared with men (p < 0.05 at least,
Table 1). There were no sex-differences in the consumption of fruits, whole grain products, Turkish
coffee, and hibiscus drink (Table 1).

The association between diet and dyslipidemia was analyzed in each sex group separately due to
the sex differences in both the prevalence of some types of dyslipidemia as well as food intake patterns.

3.2.1. Association between Food Intake and Dyslipidemia in Men

Comparing dietary habits in men between the two groups, a high intake of Turkish coffee was
significantly associated with dyslipidemia (p < 0.001, Table 2). On the other hand, people with a
moderate intake of 1–4 portions/week of American coffee had a lower prevalence of dyslipidemia
(p = 0.027, Table 2). Dyslipidemia was detected in 79% of people drinking five or more portions a
week Turkish coffee and in 65% of people who did not drink American coffee (Table 2). Turkish coffee
consumption was associated in particular with low HDL-C and high TC (p = 0.036 and p = 0.018,
respectively, Table 2). This association had a U-shape association as low HDL-C was detected in 22% in
people with no intake, in 15% of those with an intake of 1–4 portions per week and in 29% in those with
a weekly intake of five or more portions of Turkish coffee (Table 2). A similar U-shaped association
was found between American coffee consumption and TC (Table 2).
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Table 1. Food intake pattern by sex.

Men Women
χ2 (p-Value)

N (N%) N (N%)

Fruit (portion)
No intake 111 (14.0%) 72 (11.8%) 1.727

p = 0.4221–4/week 399 (50.4%) 323 (52.8%)
5 or more/week 281 (35.5%) 217 (35.5%)

Fresh vegetable (portion)
No intake 115 (14.5%) 53 (8.7%)

15.259
p < 0.001

1–4/week 310 (39.2%) 225 (36.8%)
5 or more/week 366 (46.3%) 334 (54.6%)

Cooked vegetable (portion)
No intake 164 (20.7%) 67 (10.9%)

27.975
p < 0.001

1–4/week 356 (45.0%) 278 (45.4%)
5 or more/week 271 (34.3%) 267 (43.6%)

Whole grains (portion)
No intake 113 (14.3%) 93 (15.2%) 3.187

p = 0.2031–4/week 146 (18.5%) 91 (14.9%)
5 or more/week 532 (67.3%) 428 (69.9%)

Red meat (portion)
No intake 58 (7.3%) 139 (22.7%)

77.64
p < 0.001

1–4/week 453 (57.3%) 335 (54.7%)
5 or more/week 280 (35.4%) 138 (22.5%)

Fresh juice (portion)
No intake 182 (23.0%) 186 (30.4%)

10.039
p = 0.007

1–4/week 412 (52.1%) 281 (45.9%)
5 or more/week 197 (24.9%) 145 (23.7%)

Non fresh juice (portion)
No intake 252 (31.9%) 259 (42.3%)

20.572
p < 0.001

1–4/week 253 (32.0%) 191 (31.2%)
5 or more/week 286 (36.2%) 162 (26.5%)

Soft drinks (portion)
No intake 247 (31.2%) 298 (48.7%)

56.848
p < 0.001

1–4/week 233 (29.5%) 175 (28.6%)
5 or more/week 311 (39.3%) 139 (22.7%)

Red tea (portion)
No intake 166 (21.0%) 182 (29.7%)

14.346
p = 0.001

1–4/week 201 (25.4%) 133 (21.7%)
5 or more/week 424 (53.6%) 297 (48.5%)

Green tea (portion)
No intake 464 (58.7%) 323 (52.8%)

7.39
p = 0.025

1–4/week 168 (21.2%) 130 (21.2%)
5 or more/week 159 (20.1%) 159 (26.0%)

Arabic coffee (portion)
No intake 347 (43.9%) 232 (37.9%)

10.33
p = 0.006

1–4/week 214 (27.1%) 153 (25.0%)
5 or more/week 230 (29.1%) 227 (37.1%)

Turkish coffee (portion)
No intake 565 (71.4%) 440 (71.9%) 0.112

p = 0.9461–4/week 124 (15.7%) 92 (15.0%)
5 or more/week 102 (12.9%) 80 (13.1%)
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Table 1. Cont.

Men Women
χ2 (p-Value)

N (N%) N (N%)

American coffee (portion)
No intake 626 (79.1%) 531 (86.8%)

14.183
p = 0.001

1–4/week 81 (10.2%) 43 (7.0%)
5 or more/week 84 (10.6%) 38 (6.2%)

Cappuccino (portion)
No intake 536 (67.8%) 368 (60.1%)

9.881
p = 0.007

1–4/week 157 (19.8%) 139 (22.7%)
5 or more/week 98 (12.4%) 105 (17.2%)

Energy drinks (portion)
No intake 623 (78.8%) 545 (89.1%)

26.237
p < 0.001

1–4/week 115 (14.5%) 45 (7.4%)
5 or more/week 53 (6.7%) 22 (3.6%)

Hibiscus drinks (portion)
No intake 719 (90.9%) 556 (90.8%) 0.57

p = 0.7521–4/week 58 (7.3%) 42 (6.9%)
5 or more/week 14 (1.8%) 14 (2.3%)

Cinnamon drink (portion)
No intake 707 (89.4%) 478 (78.1%)

37.241
p < 0.001

1–4/week 52 (6.6%) 100 (16.3%)
5 or more/week 32 (4.0%) 34 (5.6%)

Data is shown as frequency and percentages of all people in the sex group. χ2 is the Chi-square test value followed
by its p-value. Significant differences between groups are shown in bold font.

After adjusting for age, BMI, and WC the weekly intake of five or more portions of Turkish coffee
was associated in men with a 2.77 increased odds for having dyslipidemia compared with those with
no intake (p < 0.001, Table 3), while a moderate and high intake of American coffee was associated with
0.55 and 0.55 decreased odds for having dyslipidemia compared with those with no intake (p = 0.037
and p = 0.031, respectively; Table 3). After performing the multivariable regression analysis for each
type of dyslipidemia separately and adjusting for age, BMI, and WC, there was no longer a significant
effect of Turkish coffee on any type; however, the effect of American coffee appeared only for moderate
consumption (1–4 portions/week) which was only significant for high TC (OR = 0.50; 95% CI: 0.27, 0.94;
p = 0.038) (data not shown).

There was no significant association between the consumption of carbonated drinks and
dyslipidemia when analyzed by Chi-square test. However, the regression analysis showed that
the weekly intake of five or more portions of carbonated drinks was associated with a 1.56 increased
odds for having dyslipidemia in general (but not specific types of dyslipidemia) in men compared
with those with no intake after adjusting for age, BMI, and WC (OR = 1.53 (CI: 1.04, 2.26) p = 0.03,
data not shown).

There was a U-shaped association between some other dietary variables and dyslipidemia when
analyzed by the Chi-square test. For example, fruits, fresh and cooked vegetables, and red tea
consumption had a U-shaped relationship with low HDL-C in men. However, these food types were
not predictors of dyslipidemia when analyzed using regression, adjusting for age and BMI (Table 3).
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Table 3. Unadjusted and adjusted Odds Ratios (OR) with its 95% Confidence Interval (CI) for dietary
and lifestyle predictors of dyslipidemia in men.

Covariate
Unadjusted Adjusted for Age, BMI and WC

OR (95% CI) P OR (95% CI) P

Turkish coffee intake
p for trend p < 0.001 p = 0.001
No intake (reference)
1–4 /week 0.955 (0.604, 1.512) p = 0.846 0.929 (0.573, 1.507) p = 0.766
5 or more /week 2.783 (1.566, 4.944) p < 0.001 2.737 (1.532, 4.889) p = 0.001

American coffee intake
p for trend p = 0.005 p = 0.025
No intake (reference)
1–4 /week 0.469 (0.273, 0.805) p = 0.006 0.577 (0.326, 1.021) p = 0.059
5 or more /week 0.544 (0.318, 0.933) p = 0.027 0.525 (0.298, 0.923) p = 0.025

Carbonated drinks intake
p for trend p > 0.15 p = 0.093
No intake (reference)
1–4 /week 1.226 (0.815, 1.842) p = 0.326
5 or more /week 1.533 (1.041, 2.257) p = 0.03

Sleep duration
p for trend p = 0.011 p = 0.012
6–8 h (reference)
<6 h 1.566 (1.155, 2.123) p = 0.004 1.573 (1.137, 2.175) p = 0.006
>8 h 1.545 (0.795, 3.003) p = 0.2 1.844 (0.88, 3.864) p = 0.105

Smoking
p for trend p > 0.15 p = 0.073
Non-smokers (reference)
Smokers 1.41 (1.001, 1.986) p = 0.043
Previous smokers 0.755 (0.381, 1.497) p = 0.422

Variables having a p > 0.15 in the initial logistic regression analysis between the dependent and independent
variables were not included in the stepwise regression model. Significant differences between groups are shown in
bold font.

3.2.2. Association between Food Intake and Dyslipidemia in Women

Comparing dietary habits in women between the two groups of normolipidemia and dyslipidemia,
a high intake of the cinnamon drink was significantly associated with dyslipidemia in general (p = 0.027)
and high LDL-C (p = 0.036) and TC in specific (p = 0.002) (Table 4). Dyslipidemia was present in 77%
of women drinking five or more portions a week cinnamon drink compared to 58% in women who do
not. The weekly intake of five or more portions of the cinnamon drink was associated with 2.6 times
increased odds for having dyslipidemia in women compared with those with no intake. However,
after adjusting for age, BMI, and WC, these odds became insignificant (Table 5). The adjustment for age
and BMI regression analysis for each type of dyslipidemia separately showed that the weekly intake
of five or more portions of the cinnamon drink was associated with a 2.57 times increased odds for
having high TC in women compared with those with no intake (OR = 2.57; 95% CI: 1.22, 5.42; p = 0.02),
but this was not significant after adjustment for age, BMI, and WC.
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Table 5. Unadjusted and adjusted Odds Ratio (OR) with its 95% Confidence Interval (CI) for the
predictors of dyslipidemia in women.

Covariate
Unadjusted Adjusted for Age, BMI and WC

OR (95% CI) P OR (95% CI) P

Fresh vegetables intake
p for trend p = 0.007 p = 0.024
No intake (reference)
1–4/week 2.683 (1.416, 5.085) p = 0.002 2.499 (1.285, 4.859) p = 0.007
5 or more/week 2.489 (1.34, 4.624) p = 0.004 2.072 (1.089, 3.941) p = 0.026

Cinnamon drink intake
p for trend p = 0.027 p > 0.15
No intake (reference)
1–4/week 1.395 (0.873, 2.228) p = 0.163
5 or more/week 2.613 (1.142, 5.978) p = 0.023

Variables having a p > 0.15 in the initial logistic regression analysis between the dependent and independent
variables were not included in the stepwise regression model. Significant differences between groups are shown in
bold font.

Moderate and high intakes of fresh vegetables were also found to be significantly associated with
dyslipidemia (p < 0.001; Table 4) and mainly high LDL-C and TC (p = 0.034 and p = 0.008 respectively,
Table 4). Dyslipidemia was diagnosed in 61% and 65% of women who ate either five or more portions
of fresh vegetables/week or 1–4 times per week respectively compared to 38% of women who did
not. This was associated with 2.50 and 2.07 times increased odds of having dyslipidemia, respectively,
compared with those with no intake after adjusting for age, BMI, and WC (OR = 0.50 (95% CI: 1.29,
4.86) p = 0.007 and OR = 2.07 (95% CI: 1.09, 3.94) p = 0.026 respectively; Table 5).

Following the finding of this interesting results, further analysis was performed to identify the
characteristics of females with high intake of fresh vegetables. Women who reported to have an intake
of 1–4 and 5 or more portions per week were significantly older than those who reported no intake
(p <0.01 at least). They also had a significantly higher mean weight and neck circumference (p <0.05 at
least). In addition, a higher proportion of these women were previously diagnosed with dyslipidemia
and taking medication, however, this was not statistically significant (Supplementary Table S3).

There was no effect of other food types on dyslipidemia in women when analyzed using regression
analysis after adjusting for age, BMI, and WC.

3.3. Association between Lifestyle Characteristics and Dyslipidemia in Men and Women

After analyzing sex groups separately, only short and long sleep durations were associated with
general dyslipidemia in men only (Supplementary Table S2a, p = 0.012). Dyslipidemia was detected in
68.5% and 68.2% of men who reported sleeping either <6 h/day, or >8 h/day respectively compared
with 58.1% of people who slept 6–8 h per day. This association was particularly evident for increased
TC (p < 0.029). There was no association between sleep duration and dyslipidemia in women.

There was no association between physical activity or daily sitting duration and dyslipidemia in
general (Supplementary Table S2a,b). However, low physical activity was associated with high TC and
TG in men (p = 0.024 and p = 0.048 respectively; Supplementary Table S2a). High TC and TG were
detected in 39.1% and 30.9% of men reporting low physical activity compared with 31.3% and 24.5%,
respectively, in men who were more physically active. In women, low physical activity was associated
with low HDL-C only (p = 0.024; Supplementary Table S2b). Low HDL-C was detected in 41% of
women reporting low physical activity compared with 32% of women who were more physically
active. On the other hand, very short sitting duration (<4 h per day) was associated with decreased
HDL-C in women as it was found in 36.3% of women reporting sitting for <4 h per day compared with
20–26% of those sitting for more than 4 h (p = 0.031, Supplementary Table S2b).

Smoking was not associated with dyslipidemia in general (Supplementary Table S2a,b). However,
it was associated with high TG in men (p = 0.011; Supplementary Table S2a). High TG was detected
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in 34.2% of men who smoke compared with 25.7% of non-smoking men. In women, smoking was
associated with low HDL-C (p = 0.035; Supplementary Table S2b). Low HDL-C was detected in 50% of
women who smoked compared with 36.1% of who were non-smokers.

After adjusting for age, BMI, and WC, only sleep duration and smoking were predictors for
dyslipidemia in men (Table 3). Having <6 h of sleep per day was associated with increased odds of
having general dyslipidemia compared with those sleeping 6–8 h (OR = 1.57 (CI: 1.14, 2.18) p = 0.006;
Table 3). In addition, smoking was associated with increased odds of having general dyslipidemia
compared with those who did not smoke (OR = 1.42 (CI: 1.00, 1.98) p = 0.043; Table 3).

Lifestyle characteristics were not predictors for dyslipidemia in women after adjusting for age,
BMI, and WC.

4. Discussion

In this study, we investigated the association between dyslipidemia, dietary, and other lifestyle
practices among Saudi adults not previously diagnosed with diabetes. Dyslipidemia was found to
be associated with increased age, BMI, and WC in men and women. However, notable differences
between sexes in the association of dyslipidemia with dietary and other lifestyle practices were noted.
In men, an increased risk of dyslipidemia was found to be associated with high consumption of Turkish
coffee, and carbonated drinks, short (<6 h) and long (>8 h) sleep duration, and smoking, while high
consumption of American coffee was associated with decreased risk after adjusting for age, BMI and
WC. However, only increased consumption of fresh vegetables was associated with an increased risk
of dyslipidemia in women after adjusting for confounding factors.

The prevalence of dyslipidemia among Saudi adults in our study was 62% which is higher than
previously reported [10,11]. The difference could be due to the variations in dietary, and lifestyle
practices between regions of the Kingdom as well ethnic origin of studied populations since ethnicity
among Saudi nationals can vary to some extent and influence genetic and lifestyle factors. Our study
was conducted in the city of Jeddah in the Western Region of the Kingdom, while the previous
study [10,11] included people from all the regions in Saudi Arabia. Another reason could be the
variation in defining dyslipidemia and all its types. In this study, the used dyslipidemia definition
was more comprehensive as it included laboratory-measured high TG, high fasting serum cholesterol,
low fasting plasma HDL-C and/or high fasting plasma LDL-C levels, as well as treatment with
hyperlipidemic drugs [27,28].

The most prevalent type of dyslipidemia in this study was high LDL-C which was detected in
40.9% of studied Saudi adults. This was followed by high TC in 34.7%, low HDL-C in 24.4%, and least
of all high TG levels in 21.7% of the study population. A comparably high prevalence of high LDL-C
and hypercholesterolemia in a Saudi population was reported in previous large community-based
national cross-sectional studies [9–11]. However, one of these studies [9] reported a much higher
prevalence for hypertriglyceridemia despite using similar definition. This could be caused by the
difference in the age range of participants as the previous study [9] included people aged 30–70 years,
whereas the current study included adults ≥18 years of age.

As reported in previous studies on Saudi and other populations [9–11,30,31] older age, increased
BMI and WC were associated with a higher prevalence of dyslipidemia in general, and all its types.
The prevalence of high TG in the current study was lower than previously reported [11] being 11.4%
for young adults aged 30 years or under compared to with 32% in the older adults aged more than
30 years. This difference in prevalence is due to the variation in the cut-off point to determine
hypertriglyceridemia as it was ≥ 1.7 mmol/L in our study as well as in that of Al-Amri et al. [32]
whereas ≥ 1.27 mmol/L was adopted in the previous study [11]. The cut-off point in this previous study
allowed a wider range of the population to be diagnosed with hypertriglyceridemia, and therefore a
higher prevalence was reported.

In our study sex had no effect on the prevalence of dyslipidemia in general but both
hypertriglyceridemia and high LDL-C were more prevalent in men than women. Similar sex-differences
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were reported previously [9,11]. This could be due to the higher proportion of smokers, and the higher
prevalence of low sleep duration (<6 h) among men. These lifestyle factors were associated with both
hypertriglyceridemia and elevated LDL-C in this study. On the other hand, low HDL-C was more
prevalent among women, which is different from that previously reported [11]. Similar sex differences
in the prevalence of low HDL-C was previously found in Iranian population [33], which reported a
much higher prevalence in both men and women compared with that found in our study.

Emerging evidence collected from self-reported data indicated that both short and long sleep
duration are associated with adverse health consequences including obesity hypertension, diabetes
mellitus, and CVDs, showing a curvilinear relationship between habitual sleep duration and these
conditions [34–36]. In line with this, in our study in men but not in women, both short (<6 h) and
long (>8 h) sleep durations were associated with dyslipidemia, particularly with elevated LDL-C and
TG levels. In contrast, a recent systemic review, meta-analysis, and meta-regression suggested that
a causal relationship existed between short sleep durations and adverse health outcomes including
increased risk of diabetes, hypertension, and CVD [14]. However, there was insufficient data to draw a
conclusion regarding the association between short sleep duration and dyslipidemia [14,34]. On the
other hand, another systematic review indicated that long sleep may have more adverse health effect
than short sleep [37]. Findings from cross-sectional data for the middle-aged and older Chinese
population partly supported our finding that both short and long sleep durations were associated with
dyslipidemia; since their cohort data suggested that long sleep duration (>9 h) only was associated
with dyslipidemia [35].

In experimental studies, sleep debt has shown to induce alterations in the endocrine functions,
so that sleep debt for 4 h resulted in raising evening cortisol concentrations, suggesting that it
results in the disturbance of the negative-feedback regulation of the hypothalamus-pituitary-adrenal
axis [37,38]. A previous cross-sectional study reported that excess cortisol secretion was linked to
increased TG concentrations in South Asians [39]. The association between sleep duration, cortisol
secretion, and dyslipidemia needs to be further investigated [40]. Even though the cortisol level
was not measured in our study, dysregulated cortisol secretion might be the cause for the observed
association between short sleep duration and dyslipidemia.

High consumption of Turkish coffee in this study was associated with dyslipidemia in men only.
This is consistent with findings from previous clinical studies [41]. In contrast, we found that high
consumption of American coffee was associated with decreased risk of dyslipidemia in men also, which
contradicts findings in a clinical cohort study reporting that abstention from filtered coffee for 3 weeks
resulted in a decrease in TC [42]. In an attempt to explain the different findings, a previous review
suggested that brewing and preparation techniques influence this association as the long contact of
beans with hot water in unfiltered coffee results in the formation of cholesterol elevating compounds,
such as cafestol and kahweol, and that up to 90% of these diterpenes may be carried by floating coffee
bean particles [43]. The same review suggested that the predicted rise in serum cholesterol levels
with consumption of five cups of Turkish coffee per day is 0.25 mmol/L whereas filtered coffee is not
predicted to increase serum cholesterol levels. In addition to diterpene alcohols, other compounds are
found in the complex coffee beverage [43]. Moreover, a previous meta-regression analysis revealed that
coffee consumption, particularly unfiltered coffee, is related to increased LDL-C, TC, and TG in a dose
dose-dependent manner [42]. Coffee also contains antioxidant and anti-inflammatory compounds
such as chlorogenic acid [43]. This might explain the observed U-shaped relationship between coffee
consumption and low HDL-C and high TC in the current study. The observation that Turkish coffee
was related to increased dyslipidemia in men but not women in the current study cannot be explained
by variation in consumption patterns between sexes since these were comparable. Similar to our
findings, a previous Norwegian study reported that unfiltered coffee consumption was associated with
elevated cholesterol levels in men but not women [44].

In the current study fruit and vegetable intake were associated with dyslipidemia in men in a
U-shaped manner. However, following adjustment for age, BMI, and WC consumption of fruits and
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vegetables lost their association with dyslipidemia in men. This suggests that this association could be
caused by the high intake of total food in general and thus confounded by other constituents of diet.
On the other hand, the consumption of fruit and fresh vegetables was associated with an increased
risk of dyslipidemia, particularly elevated TC, in women, thus contradicting the previously reported
beneficial effects of fruits and vegetables on serum lipids [45]. However, following adjustment for age,
BMI, and WC, only the consumption of fresh vegetables retained its association with dyslipidemia.
This could be a chance finding given several statistical comparisons, or due to the residual confounding
since we did not collect data on all possible factors that may be associated with dyslipidemia. Following
this unexpected finding, further statistical analysis was carried out, and the mean neck circumference
(NC) was found to be higher in women reporting medium and high intake of fresh vegetables. In a
systemic review and meta-analysis, positive associations between NC, high TC, and LDL-C, and low
HDL-C concentrations were found, and subjects with higher NC had approximately two-fold higher
risk for hypertriglyceridemia compared to those with lower NC [46]. NC was not adjusted for in
our study, hence its increased mean in women consuming fresh vegetables could contribute to the
noted association. Another reason could be that women who knew about their dyslipidemia or were
trying to lose weight had modified their diet to include more fresh vegetables, i.e., representing reverse
causation. Indeed, the mean weight of women ingesting fresh vegetables was significantly higher than
the mean of those reporting no intake, and a higher percentage were on lipid-lowering therapy, but
the difference to those reporting no intake did not reach statistical significance. Also, the addition of
salad dressings to fresh vegetable salads is a very common dietary practice. Salad dressings often
contain around 40% of fat, and a considerable amount of high fructose corn syrup, which has been
proven to increase lipid synthesis and is associated with dyslipidemia [47]. Furthermore, mayonnaise
is a major ingredient as a salad dressing alone or as part of other popular dressings (e.g., thousand
islands), and studies have found that the use of palm oil, a cheaper oil comparatively, in its preparation
caused an increase in total and LDL-C compared to the use of soybean oil, which is a more expensive
type [48]. Therefore, the consumption of dressing can distort potential beneficial influences of vegetable
consumption on serum lipids.

Studies with more detailed dietary assessment methods such as food diaries that provide
information about consumed additives to vegetables are required to get a clear picture of the influence
of vegetable consumption on serum lipids in Saudis.

It was interesting to note that in men, smoking and high consumption of carbonated drinks
were significantly associated with dyslipidemia only following adjustment for age, BMI, and WC.
Both cigarette smoking and dyslipidemia are well-established major risk factors for cardiovascular
disease. Studies on different populations reported an increased risk of dyslipidemia in smokers [1–3].
A Korean cross-sectional study [49] conducted in adults aged ≥19 years reported that there was an
increased risk of low HDL-C, high TG and high LDL-C in male smokers compared with non-smokers.
On the other hand, female smokers were found to have a significantly increased risk for high TC,
high TG, and high LDL-C compared with non-smokers. These results emphasize the sex difference in
response to the same lifestyle factors as noted in our study. A Tunisian study [50] reported an increased
risk of high triglyceridemia, and low HDL-C in smokers in a dose-response manner. Our study did not
investigate the amount or type of smoking, however it was noted that a higher percentage of smokers
had hypertriglyceridemia. Similar findings were reported in a Chinese study of elderly adults [51] that
concluded that smoking was an independent risk factor for dyslipidemia and that it had a bigger effect
than other studied factors including alcohol intake, BMI, and age.

High consumption of carbonated drinks was a predictor of dyslipidemia in men. A prospective
study reported that daily consumption of carbonated drinks was associated with increased risk
of hypertriglyceridemia and low HDL-C. In a cross-sectional study performed in Oslo, Norway,
the consumption of colas but not other carbonated drinks was associated with low serum HDL-C,
as well as high TG and LDL-C [52]. The association between high carbonated drink intake and
dyslipidemia could be attributed to the high sucrose content in these drinks as it was reported to be
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linked to hypertriglyceridemia previously [53]. The questionnaire that was used in this study did not
provide specific data about the type of carbonated drink. Future work should include more details on
type of drinks, and whether it was sugar-free or not.

A number of lifestyle practices showed an association initially, but this association was lost after
adjustment for confounding factors. These practices include decreased physical activity and sitting
duration. Physical activity and sedentary behavior are common factors reported to be associated
with serum lipid levels [54,55]. A previous review on the effect of aerobic exercise on serum lipids
recommended that clinicians should rely more on physical activity and less on lipid lowering drugs to
modify lipid variables, thus to reduce the risk of myocardial infractions and CVD [56]. Low physical
activity was found to be associated with dyslipidemia and particularly with high TC and TG in men,
but it was not a significant predictive factor. However, the questionnaire used in our study did not
provide detailed information about the type, timing, and intensity of physical activity. People tend
to start exercising in an attempt to control weight, and various ill-health conditions, which could
explain the loss of association following adjustment for BMI and WC in our study. Specific specialized
questionnaires should be used in future work to provide more detailed information about physical
activity, which would aid in providing more information about the association between physical
activity and dyslipidemia in the Saudi population.

Very short sitting duration (for less than 4 h) was associated with a decreased level of HDL-C in
women in the current study. Short sitting duration might be associated with stress at work. Indeed,
it has been observed in individuals whose career requires high labor work and low sitting hours
and provides low salaries [57]. A previous cross-sectional study on women employees of a retail
company in Japan reported that employees with effort-reward imbalance had a 4.4-fold higher risk of
low HDL-C compared with employees who have balanced effort-reward [57]. This suggests that the
stress in careers or other work-related factors could distort the relationship between physical activity
and dyslipidemia and might explain the observed relationship between low sitting duration and
unfavorable HDL-C profile noted in our study.

Another unexpected finding in this study was that cinnamon drink consumption was associated
with increased risk of dyslipidemia, particularly elevated TC, in women before adjustment for
confounding factors. This was not observed in men probably due to the higher intake of cinnamon
drink in women. In contrast, a previous systematic review and meta-analysis suggested that
cinnamon supplementation has an anti-lipidemic effect especially on plasma cholesterol and TG
in a duration-dependent but not dose-dependent manner [58]. After adjusting for age, BMI, and
WC the association ceased to exist in our study. The inverse association between cinnamon drink
consumption and dyslipidemia observed might be due to the addition of sugar to the drink which is a
common practice among Saudis. Another possible explanation could be due to changes in the diet by
individuals who have been recently diagnosed with dyslipidemia or hyperglycemia. The current study
had a cross-sectional design, which is the main limitation since it did not provide information on the
duration of the recorded dietary pattern. Cinnamon drink is commonly ingested by Saudi individuals
who are diagnosed with dysglycemia due to the common belief that cinnamon lowers blood sugar.
Since dysglycemia occurs more in individuals with dyslipidemia particularly high LDL-C [32], changes
in dietary habits such as increasing consumption of cinnamon drink or fresh vegetables in individuals
diagnosed with dysglycemia or dyslipidemia can result in biased observations regarding the effect
of these food types on serum lipids. In order to obtain a clear picture, future studies should include
information on the duration of the recorded dietary habits, and whether dietary practices have been
changed due to medical advice.

There are limitations to our study. First, its cross-sectional design did not allow for inferences
about cause and effect and can suggest associations only. In addition, collected data was based
on a questionnaire providing self-reported dietary and lifestyle data, hence errors of reporting are
expected. However, conducting face to face interviews by trained data collectors is believed to minimize
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such errors. In addition, our study had a relatively small sample size, but it was enough to detect
several associations.

In spite of the limitation, our study has many points of strength. The first being that bias was
avoided by a random selection of PHC and included volunteers. Secondly, standardized methods for
data collections by well-trained data collectors were used. Moreover, a comprehensive definition was
used to diagnose dyslipidemia, and all collected samples were analyzed in one accredited lab to avoid
variations leading to misclassification.

5. Conclusions

In this studied population, there was a high prevalence of dyslipidemia among men and women
which was found to be associated with increased age, BMI, and WC. Dyslipidemia was associated with
several lifestyle and dietary factors, which was sex-specific. After adjusting for age, BMI, and WC, short
(<6 h), and long (>8 h) sleep duration, and high consumption of Turkish coffee and carbonated drinks
were associated with increased risk of dyslipidemia in men, while high consumption of American
coffee was associated with a decreased risk. However, in women, only increased consumption of fresh
vegetables was associated with an increased risk of dyslipidemia after adjusting for confounding factors.

This highlights the necessity of the adjustment of these modifiable risk factors since individuals
with dyslipidemia are at increased risk of developing CVD. More detailed cohort studies are needed to
reach firmer conclusions and lead to prevention recommendations. Nevertheless, results from this
study provide useful information for the planning of future preventive actions against CVD.
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Abstract: Phytosterols and red yeast rice are largely studied cholesterol-lowering nutraceuticals,
respectively inhibiting the bowel absorption and liver synthesis of cholesterol. Our aim was to
test the effect of combined nutraceutical-containing phytosterols and red yeast rice vs. a placebo
on the lipid profile. We performed a parallel arms, double-blind, placebo-controlled clinical trial,
randomizing 88 moderately hypercholesterolemic subjects to treatment with a combined nutraceutical
containing phytosterols (800 mg) and red yeast rice, standardized to contain 5 mg of monacolins
from Monascus purpureus, with added niacin (27 mg) and policosanols (10 mg) (LEVELIP DUO®),
or placebo. The mean LDL-Cholesterol (LDL-C) change at Week 8 was −32.5 ± 30.2 mg/dL (−19.8%)
in the combined nutraceutical group and 2.5 ± 19.4 mg/dL (2.3%) in the placebo group. The estimated
between-group difference of −39.2 mg/dL (95% CI: −48.6; −29.8) indicates a statistically significant
difference between treatments in favor of the combined nutraceutical (p < 0.0001). Total Cholesterol
(TC), non-HDL cholesterol (non-HDL-C), Apolipoprotein B, TC/HDL-C and LDL-C/HDL-C improved
in a similar way in the combined nutraceutical group only. No significant changes in other clinical
and laboratory parameters were observed. In conclusion, the tested combined nutraceutical was
well tolerated, while significantly reducing the plasma levels of LDL-C, TC, non-HDL-C, ApoB,
TC/HDL-C and LDL-C/HDL-C ratios in mildly hypercholesterolemic patients. Trial registration
(ClinicalTrials.gov): NCT03739242.

Keywords: monacolins; LDL-cholesterol; phytosterols; red yeast rice; nutraceuticals; clinical trial;
endothelial function

1. Introduction

Hypercholesterolemia is a largely prevalent cardiovascular disease risk factor in the
general population, and its early reduction seems to be an effective preventive strategy [1].
However, pharmacologically treating moderately hypercholesterolemic subjects without other
cardiovascular risk factors in the primary prevention for cardiovascular disease is still debated [2].
In fact, the guidelines suggest managing these subjects with a more conservative approach, stressing the
need for a therapeutic lifestyle promotion, eventually added with lipid-lowering nutraceuticals and/or
functional foods [1,3].
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In the last few decades, a relatively large number of nutraceuticals and functional foods has been
studied for their ability to decrease cholesterolemia in humans [4]. The most clinically studied include
soluble fibers, phytosterols, soy proteins, monacolins from red yeast rice, berberine, and garlic and
artichoke extracts [5]. In particular, the most recent guidelines for dyslipidaemia management from the
European Atherosclerosis Society and from the European Cardiology Society suggest increasing the
amounts of fiber and omega 3 polyunsaturated fatty acids in the diet, while adding phytosterols and
monacolins as dietary supplements, when a lifestyle intervention is needed to reduce cholesterolemia [6].

Plant sterols and stanols (phytosterols) are natural constituents of the plant cell membrane [7].
From a chemical point of view, they are very similar to cholesterol, with minor differences in the
relative positions of ethyl and methyl groups. Based on this similarity, phytosterols may compete with
dietary and biliary cholesterol for micellar solubilization in the intestinal lumen, impairing intestinal
cholesterol absorption [8]. Moreover, several clinical trials have consistently shown that an intake of
2–3 g/day of plant sterols is associated with a significant lowering (between 4% and 15%) of low-density
lipoprotein-cholesterol (LDL-C) [9,10]. The variability in the observed LDL-reduction is mainly related
to genetic factors [11]. Based on the available data, the European Food Safety Agency (EFSA) accepted
a health claim for the phytosterols’ LDL-C-lowering effect [12].

Red yeast rice is a nutraceutical obtained by the fermentation of rice (Oryza sativa) as result
of a yeast (in general Monascus purpureus), whose typical red coloration is due to the presence of
some specific pigments, by-products of the fermentative metabolism process [13]. Monascus yeast
produces a family of substances called monacolins, including monacolin K. Monacolins act as reversible
inhibitors of the 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase, the key enzyme in cholesterol
biosynthesis [14].

A recent meta-analysis of 20 randomized clinical trials, including 6663 subjects, showed that,
after 2–24 months of treatment, red yeast rice (RYR) reduced LDL-C on average by 39.4 mg/dL
compared to placebo, which was comparable to the reduction achieved with regular-dosed statins
(pravastatin 40 mg, simvastatin 10 mg, lovastatin 20 mg) [15]. Based on these data, the EFSA
has expressed a scientific opinion supporting the health claims for the relationship between the
administration of RYR and the control of plasma LDL-C levels [16]. Even if recently the same EFSA
raised some concerns about RYR’s safety [17], a recent large metanalysis of 53 randomized clinical
trials, including 8535 subjects, has shown that monacolin K administration is not associated with an
increased risk of Statin Associated Muscle Symptoms (SAMS) (odds ratio (OR) = 0.94, 95% confidence
interval (CI) 0.53, 1.65) for daily doses of monacolin K of between 3 and 10 mg [18].

In this context, the primary objective of the study was to evaluate the effects of LEVELIP DUO®

on LDL-C blood levels in subjects with sub-optimal blood cholesterol levels over an 8-week period.
The secondary objective was the evaluation of effects of the tested combined nutraceuticals on other
lipoproteins and on the estimated cardiovascular risk.

2. Materials and Methods

This parallel-armed, double-blind, randomized clinical trial was carried out in 90 moderately
hypercholesterolemic subjects, non-smokers, pharmacologically untreated, in primary prevention for
cardiovascular diseases, consecutively enrolled in the ambulatory service of cardiovascular disease
prevention in the Medical and Surgical Sciences Department of the University of Bologna.

The inclusion criteria were age between 30 and 75, and LDL-C level between 115 and 190 mg/dL,
confirmed in at least two sequential checks prior to signing the consent form.

The exclusion criteria were as follows:

• Personal history of cardiovascular disease or risk equivalents;
• Triglycerides (TG) ≥400 mg/dL;
• Obesity (Body Mass Index > 32 kg/m2);
• Assumption of lipid-lowering drugs or supplements affecting lipid metabolism;

262



Nutrients 2020, 12, 3127

• Uncontrolled diabetes mellitus;
• Known thyroid, liver, renal or muscle diseases.

The study was fully conducted in accordance with the Declaration of Helsinki, its protocol was
approved by the Ethical Committee of the University of Bologna, and informed consent was obtained
from all patients before inclusion in the study (Clinical trial.gov ID NCT03739242).

The study design has been detailed in Figure 1.

Figure 1. Study design.

At the enrollment visit (T-1, Day-14), patients were given standard behavioral and qualitative
(not quantitative) dietary suggestions to correct unhealthy habits. Standard diet advice was given by a
dietitian and/or specialist doctor. A dietitian and/or specialist doctor periodically provided instructions
on dietary intake recording procedures as part of a behavior modification program, and then later used
the subject’s food diaries for counseling. In particular, the subjects were instructed to follow the general
structure of a Mediterranean diet, avoid excessive intakes of dairy products and red meat-derived
products during the study, and maintain overall constant dietary habits [19]. Individuals were also
generically encouraged to increase their physical activity by walking briskly for 20 to 30 min, 3 to 5
times per week, or by cycling [20].

After 2 weeks of diet and physical activity (Randomization visit, T0), if the LDL-C and TG values
were confirmed, the patients were randomly allocated to a treatment with LEVELIP DUO® or placebo,
one tablet after dinner. LEVELIP DUO® is a registered combination of phytosterols (800 mg) and
other registered ingredients including red yeast rice standardized to contain 5 mg monacolins from
Monascus purpureusi, with niacin (27 mg) and policosanols (10 mg) (Dif1/Stat®) [21,22]. The red yeast
rice extract used was certified to be highly purified in monacolins, without chromatographically
detectable levels of dehydromonacolins, decalin derivatives and contaminants. The phytosterol dose
was chosen based on the minimal efficacious dose identified by the meta-analysis of randomized
clinical trials, performed by Demonty et al. [23].

The active products and placebo were administered as indistinguishable tablets (kindly provided
by Menarini IFR, Firenze, Italy). The treatment then continued for 8 weeks. Clinical and laboratory
data have been obtained at the baseline (T0), after 4 weeks (T1) and at the end of the trial (8 weeks, T2).

A computer-generated randomization list produced by the trial statistician randomized patients
to one of the two treatment groups (LEVELIP DUO® or placebo) in a 1:1 ratio. A paper-based
randomization procedure assigned a randomization number to the patient, which has been used to
link the patient to a treatment arm and specified a unique kit number for the package of treatment to
be dispensed to the patient. The randomization numbers were generated using a procedure to ensure
that treatment assignment is unbiased.

Throughout the study, we instructed patients to take the first dose on the day after they were
given the study product in a blinded box. At the end of the study, all unused products were retrieved
for inventory. Product compliance was assessed by counting the number of product doses returned at
the times of specified clinic visits.

At each visit, enrolled patients were interviewed about eventual changes in lifestyle and possible
adverse events raised in the previous weeks. Then, anthropometric measurement and vital signs were
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recorded, and a plasma sample was obtained after a 12-h overnight fast. Venous blood samples were
drawn by a nurse from all patients between 8:00 a.m. and 9:00 a.m. The serum used was centrifuged
at 3000 g for 15 min at ambient temperature. Immediately after centrifugation, the samples were
frozen and stored at −80 ◦C for no more than 3 months. The following parameters were evaluated
via standardized methods [24,25]: total cholesterol (TC), HDL-C, TG, apolipoprotein B100 (apoB),
glucose, creatinine, serum uric acid, liver transaminases, gamma-glutamyl transferase, and creatinine
phosphokinase (CPK). All measurements were performed by trained personnel in the Lipid Clinic
laboratory of the Medicine and Surgery Sciences Department, by the S. Orsola-Malpighi University
Hospital. Since hypertriglyceridemia was an exclusion criterion, the LDL-C level was estimated by the
application of the Friedewald’s formula (LDL-C = TC − HDL-C − TG/5).

As post-hoc analysis, the cardiovascular disease risk was estimated with a validated nation-specific
algorithm (Progetto CUORE) [26].

Considering the primary endpoint of the study as the reduction from baseline to week 8 in LDL
cholesterol level, and the data available from literature [27], a reduction in LDL level of approximately
10% is expected after the intake of the nutraceutical. Therefore, assuming a baseline LDL level of
145 ± 19 mg/dL, a power of 90% and a 5% two-sided alpha level to detect a difference in mean
change in LDL from baseline to week 8 equal to 15 mg/dL between the nutraceutical and the placebo
group, the total number of patients to be evaluated should be 35 per treatment arm in a 1:1 ratio
(NQuery Advisor, 7.0). Allowing for an approximate 20% dropout rate, at least 88 patients should be
randomized—44 patients in each treatment group.

Statistical tables, figures, listings and analyses were produced using SAS® for Windows release 9.4
(64-bit) or later (SAS Institute Inc., Cary, NC, USA). For each secondary efficacy variable, an ANCOVA
model was used to estimate the treatment’s effect on the changes from baseline at week 8, considering the
planned treatment group as the factor and the baseline value of the parameter as the continuous
covariate. The results are reported as Least Squares Means together with associated two-tailed 95% CI.
The difference in Least Squares Means between the nutraceutical combination group and placebo
group was estimated with two-tailed 95% CI and p value. If the assumption of the normality of the
residuals was violated, the ANCOVA model was fitted to rank transformed data. A p value less than
0.05 was considered significant for all tests.

3. Results

Enrolled patients were age- and sex-matched. We enrolled 38 men (19 randomized to the combined
nutraceutical, 19 to placebo) and 47 women (24 randomized to the combined nutraceutical, 23 to
placebo). The baseline characteristics of patients assigned to the different treatments (active and
placebo) were similar, and no significant differences were observed regarding the studied parameters
(Table 1). Patient disposition is outlined in Figure 2.

264



Nutrients 2020, 12, 3127

Table 1. Baseline characteristics of the enrolled subjects: non-statistically significant difference has been
detected between the treatment groups (values reported as mean ± standard deviation; No significant
difference between groups has been observed).

Active Treatment Placebo

Age (years) 51.3 ± 9.6 51.8 ± 10.7
Height (m) 1.69 ± 0.09 1.69 ± 0.10
Weight (kg) 70.3 ± 12.0 71.2 ± 14.8
Body Mass Index (kg/m2) 24.5 ± 3.2 24.7 ± 3.1
Waist circumference (cm) 89.5 ± 10.6 91.6 ± 11.1
Systolic Blood Pressure (mmHg) 124 ± 16 124 ± 15
Diastolic Blood Pressure (mmHg) 77 ± 10 78 ± 9
Heart Rate (bpm) 70 ± 10 70 ± 9
Total cholesterol (mg/dL) 229.1 ± 27.9 232.6 ± 21.6
LDL cholesterol (mg/dL) 155.1 ± 19.9 161.5 ± 21.3
HDL cholesterol (mg/dL) 51.0 ± 13.5 49.0 ± 11.3
Non-HDL cholesterol (mg/dL) 178.1 ± 25.5 183.6 ± 22.2
Triglycerides (mg/dL) 114.9 ± 46.2 110.4 ± 46.3
Apolipoprotein B (mg/dL) 106.9 ± 13.6 110.8 ± 15.8
TC/HDL-Cholesterol 4.76 ± 1.22 4.98 ± 1.19
LDL-C/HDL-Cholesterol 3.25 ± 0.99 3.48 ± 0.93
Fasting Glucose (mg/dL) 89.1 ± 11.6 88.8 ± 11.4
Alanine aminotransferase (U/L) 22.5 ± 8.6 23.4 ± 10.3
Aspartate aminotransferase (U/L) 20.9 ± 5.6 21.7 ± 4.0
Gamma-glutamyl transferase (U/L) 22.1 ± 13.6 21.2 ± 13.1
Serum uric acid (mg/dL) 4.4 ± 1.3 4.2 ± 0.9
Serum creatinine (mg/dL) 0.94 ± 0.13 0.96 ± 0.16
Estimated GFR (ml/min/1.73 m2) 77.3 ± 8.3 76.1 ± 11.9
Creatine phosphokinase (U/L) 110 ± 65 131 ± 77

Figure 2. Patient disposition.

Overal, 85 subjects (94.4%), 43 in the active treatment group and 42 in the placebo group,
were compliant (compliance levels between 80% and 120%). One patient (2.33%) in the active treatment
group had compliance lower than 80%, whereas 1 patient (2.33%) in the placebo group had compliance
greater than 120%.

Dietary habits remained overall unchanged during the study.
The primary variable of the study was the change from baseline at week 8 in LDL cholesterol

(Figure 3).
The LDL-C levels decreased from visit to visit in the combined nutraceutical group, and, on the

contrary, increased in the placebo group. The mean change at week 8 was −32.5 ± 30.2 mg/dL (−19.8%)
in the combined nutraceutical group and 2.5 ± 19.4 mg/dL (2.3%) in the placebo group. The ANCOVA
model results for the estimated change from baseline at week 8 in LDL-C levels, adjusting for the
baseline value of LDL-C, provided Least Squares Means equal to −34.5 mg/dL (95% CI: −41.1; −27.9)
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for the combined nutraceutical group and 4.6 mg/dL (95% CI: −2.0; 11.3) for the placebo group.
The estimated between-group difference of −39.2 mg/dL (95% CI: −48.6; −29.8) indicates a statistically
significant difference between treatments in favor of the combined nutraceutical (p < 0.0001).

Figure 3. Plasma LDL-Cholesterol level percentage change from the baseline to 4 and 8 weeks in
subjects treated with the tested combined nutraceutical or placebo.

The Least Squares Means of TC changes from baseline at week 8, adjusting for baseline value,
were −33.0 mg/dL (95% CI: −40.4; −25.7) for the combined nutraceutical group and 8.2 mg/dL (95% CI:
0.8; 15.7) for the placebo group. The estimated between-group difference of −41.2 mg/dL (95% CI:
−51.7; −30.7) and a p < 0.0001 suggest a statistically significant difference between treatments in favor
of the combined nutraceutical.

The Least Squares Means of non-HDL cholesterol change from baseline at week 8, estimated adjusting
for baseline value, were equal to −34.2 mg/dL (95% CI: −41.1; −27.3) in the combined nutraceutical group
and 7.5 mg/dL (95% CI: 0.5; 14.5) in the placebo group. The between-group difference of −41.7 mg/dL
(95% CI: −51.6; −31.8) was significantly in favor of treatment with the combined nutraceutical (p < 0.0001).

The Least Squares Means of Apo B change at week 8, adjusting for baseline value, were−15.2 mg/dL
(95% CI: −19.6; −10.8) for the combined nutraceutical group and 2.0 mg/dL (95% CI: −2.4; 6.5) for
placebo. The between-group difference of −17.3 mg/dL (95% CI: −23.5; −11.0) indicates a statistically
significant difference between treatments in favor of the combined nutraceutical (p < 0.0001).

The Least Squares Means of the TC/HDL-C ratio change from baseline at week 8, adjusting for
baseline value, were −0.8 (95% CI: −1.0; −0.6) for the combined nutraceutical group and 0.1 (95% CI:
−0.1; 0.3) for placebo. The estimated between-group difference was −0.9 (95% CI: −1.2; −0.6), and a
p < 0.0001 indicates a significantly greater change in the TC/HDL ratio in subjects treated with the
combined nutraceutical.

The Least Squares Means of the LDL-C/HDL-C ratio change from baseline at week 8, adjusting for
baseline value, were −0.8 (95% CI: −0.9; −0.6) for the combined nutraceutical group and 0.02 (95% CI:
−0.1; 0.2) for the placebo group. The between-group difference of −0.8 (95% CI: −1.1; −0.6) was
statistically significant (p < 0.0001).

Body weight, BMI, waist circumference, blood pressure, FPG, HDL-C, TG, GOT, GPT, gGT, SUA,
eGFR and CPK did not significantly change in both groups during the study (Table 2).

During the study, no treatment-emergent adverse event was reported. The trends of hematology
and clinical chemistry values did not indicate any safety concerns.
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Table 2. Laboratory parameter changes during the study (values reported as mean ± standard deviation).

Variable Active Treatment Placebo

Baseline (T0) Day 28 (T1) Day 56 (T2) Baseline (T0) Day 28 (T1) Day 56 (T2)

TC (mg/dL) 229.1 ± 27.9 196.7 ± 24.1 * ◦ 197.1 ± 28.3 * ◦ 232.6 ± 21.6 237.5 ± 23.6 239.8 ± 23.6
LDL-C (mg/dL) 155.1 ± 19.9 124.0 ± 22.3 * ◦ 122.6 ± 24.7 * ◦ 161.5 ± 21.3 163.3 ± 22.3 164.0 ± 20.4
HDL-C (mg/dL) 51.0 ± 13.5 52.0 ± 13.1 51.8 ± 12.1 49.0 ± 11.3 50.3 ± 13.9 50.1 ± 11.9
Non-HDL-C (mg/dL) 178.1 ± 25.5 144.7 ± 23.6 * ◦ 145.3 ± 26.5 * ◦ 183.6 ± 22.2 187.2 ± 24.3 189.6 ± 24.0
Triglycerides (mg/dL) 114.9 ± 46.2 103.7 ± 53.9 113.5 ± 46.8 110.4 ± 46.3 119.5 ± 71.9 127.9 ± 79.6
Apo B (mg/dL) 106.9 ± 13.6 88.5 ± 14.6 *◦ 92.1 ± 17.0 * ◦ 110.8 ± 15.8 111.8 ± 15.9 112.4 ± 19.6
TC/HDL-C 4.76 ± 1.22 4.01 ± 1.07 * ◦ 3.97 ± 0.92 * ◦ 4.98 ± 1.19 5.02 ± 1.34 5.05 ± 1.28
LDL-C/HDL-C 3.25 ± 0.99 2.54 ± 0.81 * ◦ 2.49 ± 0.74 * ◦ 3.48 ± 0.93 3.47 ± 1.05 3.46 ± 0.95
FPG (mg/dL) 89.1 ± 11.6 88.5 ± 12.7 88.2 ± 12.5 88.8 ± 11.4 88.7 ± 12.2 87.2 ± 12.2
ALT (U/L) 22.5 ± 8.6 26.3 ± 12.6 27.1 ± 13.8 23.4 ± 10.3 27.2 ± 17.1 26.3 ± 14.6
AST (U/L) 20.9 ± 5.6 23.6 ± 7.6 21.8 ± 5.6 21.7 ± 4.0 21.7 ± 5.5 22.6 ± 4.8
γ-GT (U/L) 22.1 ± 13.6 22.9 ± 16.4 23.2 ± 17.5 21.2 ± 13.1 24.4 ± 25.8 24.3 ± 21.2
SUA (mg/dL) 4.4 ± 1.3 4.1 ± 0.9 4.1 ± 1.0 4.2 ± 0.9 4.2 ± 0.9 4.2 ± 0.9
Serum creatinine (mg/dL) 0.94 ± 0.13 0.95 ± 0.13 0.94 ± 0.11 0.96 ± 0.16 0.99 ± 0.14 0.96 ± 0.15
sGFR (mL/min/1.73 m2) 77.3 ± 8.3 77.2 ± 7.9 77.4 ± 7.8 76.1 ± 11.9 77.2 ± 10.9 76.9 ± 9.3
CPK (U/L) 110 ± 65 125 ± 85 112 ± 61 131 ± 77 124 ± 76 124 ± 61

* p < 0.01 vs. baseline; ◦ p < 0.01 vs. control. TC = Total Cholesterol, ApoB = Apolipoprotein B, FPG = Fasting
Plasma Glucose, ALT = Alanine Aminotranferase, AST = Aspartate Aminotranferase, gGT = γ-glutamyl transferase,
SUA = Serum Uric Acid, eGFR = estimated glomerular filtration rate, CPK = creatine phosphokinase.

Figure 4. Change in estimated 10-year cardiovascular disease risk in the two treatment groups (post-hoc
analysis; * p < 0.05).

4. Discussion

The Mediterranean diet remains a milestone in cardiovascular disease prevention, [28] even if
its impact on LDL-cholesterolemia is limited. For this reason, the ESC/EAS guidelines [6] and
the International Lipid Expert Panel (ILEP) [5] consider the use of some dietary supplements
(namely, red yeast rice and phytosterols) as a support to a balanced diet in order to improve
cholesterolemia control. Many trials evaluating the effect of nutraceuticals on lipid pattern are
not adequately designed, being often not double-blinded and underpowered.

In our double-blind, placebo-controlled, randomized clinical trial, we observed that the LEVELIP
DUO® was able in the short-term to significantly reduce the plasma levels of LDL-C, TC, non-HDL-C,
and apoB, and the TC/HDL-C and LDL-C/HDL-C ratios. In particular, the estimated between-group
difference in LDL-C was −39.2 mg/dL (95% CI: −48.6; −29.8). This effect was observed after 4 weeks of
treatment and confirmed after 8 weeks, excluding short-term adaptation phenomena. This is compatible
with the mechanism of action of the nutraceutical components of the tested product. The LDL-C
reduction that was achieved is near to that 39.8 mg/dL, which is estimated to be associated in long-term
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trials with a corresponding 22% reduction in cardiovascular mortality and morbidity [29]. This is also
in line with our observation that the estimated cardiovascular risk was significantly modified by the
tested treatment, but not by the placebo. This impressive result was partly expected. In fact, it confirms
what we already observed in a previous smaller pilot study, where the association of phytosterols and
red yeast rice was able to increase red yeast rice’s LDL-C-lowering efficacy [30]. On the other side,
because the mechanisms of action of red yeast rice and phytosterols should be additive or synergistic,
they represent the natural alternative to the synergistic association of statins with ezetimibe [27].

In this context, the tested combined nutraceutical was shown to be effective and well-tolerated.
In 2017, the ILEP [5] classified the association of phytosterols and red yeast rice as recommendation
IIa (should be considered), based on a level of evidence classified as B (Data derived from single
randomized clinical trial or large non-randomized studies). Considering the results of our current trial
and of our previous one [31], combined with the ESC/EAS suggestion, the class of recommendation
could probably improve.

We can argue that the greater part of the observed effect of LEVELIP DUO® is be related to the
contents of phytosterols and red yeast rice. However, the minor components of the products could
have also minimally contributed to the final effect. In particular, EFSA approves the health claim of
niacin supporting energy metabolism and macronutrient metabolism [32]. Policosanols seem to have a
small impact on hypercholesterolemia, however their efficacy when consumed with red yeast rice has
been observed in a large number of trials [5].

Our study has some relevant limitations. The first one is the relatively low number of subjects
investigated per treatment group, while, however, the study was sufficiently powered to detect
differences between treatment groups. Of course, we could have used a cross-over design, but we
feared losing the volunteers’ compliance to the treatment if the study duration was excessive. The second
one is the lack of the measurement of markers of cholesterol absorption and synthesis, as cholesterol
hyperabsorbers could have manifested a more significant LDL-C reduction than standard cholesterol
absorbers [31]. Finally, the study was relatively short, so that we do not know if the observed effect
could be confirmed in the long term. However, since the monacolins’ and phytosterols’ mechanisms of
action are the same as those of statins and ezetimibe, drugs that have largely proven to maintain their
efficacy over decades, we could reasonably assume that this evidence could be translated to the tested
combined nutraceutical. Moreover, the study was adequately powered, so that we can be confident in
the reported results.

5. Conclusions

LEVELIP DUO® was well-tolerated while significantly reducing the plasma levels of LDL-C,
TC, non-HDL-C, ApoB, TC/HDL-C and LDL/HDL-C ratios in mildly hypercholesterolemic patients.
Further long-term studies are needed to confirm the maintenance of this impressive effect over time.
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Abstract: Armolipid Plus® is a multi-constituent nutraceutical that claims to improve lipid profiles.
The aim of this PRISMA compliant systematic review and meta-analysis was to globally evaluate
the efficacy and safety of Armolipid Plus® on the basis of the available randomized, blinded, con-
trolled clinical trials (RCTs). A systematic literature search in several databases was conducted in
order to identify RCTs assessing the efficacy and safety of dietary supplementation with Armolipid
Plus®. Two review authors independently identified 12 eligible studies (1050 included subjects
overall) and extracted data on study characteristics, methods, and outcomes. Meta-analysis of
the data suggested that dietary supplementation with Armolipid Plus® exerted a significant effect
on body mass index (mean difference (MD) = −0.25 kg/m2, p = 0.008) and serum levels of total
cholesterol (MD = −25.07 mg/dL, p < 0.001), triglycerides (MD = −11.47 mg/dL, p < 0.001), high-
density lipoprotein cholesterol (MD = 1.84 mg/dL, p < 0.001), low-density lipoprotein cholesterol
(MD = −26.67 mg/dL, p < 0.001), high sensitivity C reactive protein (hs-CRP, MD = −0.61 mg/L,
p = 0.022), and fasting glucose (MD = −3.52 mg/dL, p < 0.001). Armolipid Plus® was well tolerated.
This meta-analysis demonstrates that dietary supplementation with Armolipid Plus® is associated
with clinically meaningful improvements in serum lipids, glucose, and hs-CRP. These changes are
consistent with improved cardiometabolic health.

Keywords: Armolipid Plus®; red yeast rice; berberine; nutraceutical; supplementation; lipids; blood
pressure; fasting plasma glucose

1. Introduction

Atherosclerosis cardiovascular diseases (ASCVD) are the leading cause of mortality
worldwide, and the main cause of death in persons under 75 years old in Western countries,
with a huge social and economic impact [1]. Pooling data from 204 countries, the Global
Burden of Disease (GBD) Study recently showed that prevalent cases of total CVD nearly
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doubled from 271 million in 1990 to 523 million in 2019, and the number of CVD deaths
steadily increased from 12.1 million in 1990, reaching 18.6 million in 2019 [2].

High serum levels of low-density lipoprotein cholesterol (LDL-C) are the most impor-
tant risk factor for the development of ASCVD [3]. The American Heart Association (AHA)
2016 update on heart disease and stroke statistics verified that only 75.7% of US children
and 46.6% of US adults have total cholesterol (TC) within the advised ranges (< 170 mg/dL
for untreated children and < 200 mg/dL for untreated adults), with comparable rates for
other Western countries [4,5].

To reach the LDL-C target, the international guidelines recommend lifestyle changes
and lipid-lowering therapy depending on the severity of dyslipidemia and global CV
risk [6,7]. Specific lifestyle interventions for hypercholesterolemia include a diet low in
saturated fat, moderate to high-intensity physical activity, smoking cessation, as well as
weight loss for overweight and obese patients [8,9]. If maintained over the long term, these
lifestyle modifications can reduce LDL-C by 5% to 15% and improve ASCVD risk [10].
However, patients unable to reach their target LDL-C goals through lifestyle interventions
can consider using lipid-lowering nutraceuticals [11], as also suggested by the International
Lipid Expert Panel [12].

Nutraceuticals with a detectable lipid-lowering effect can be divided into natural
inhibitors of hepatic cholesterol synthesis, inhibitors of intestinal cholesterol absorption,
and enhancers of the excretion of LDL-C on the basis of their mechanisms of action [12].
However, the lipid-lowering effect of most nutraceuticals occurs through multiple mech-
anisms. The possibility that they act synergistically on multiple stages of lipid-induced
vascular damage makes them potential candidates for improving the lipid-lowering effects
when used in combination with diet, medications, or other nutraceuticals [13].

Armolipid Plus® is a widely tested and used proprietary formulation of six naturally
occurring substances containing red yeast extract (200 mg, corresponding to 3 mg of
monacolin K), policosanols (10 mg), and berberine (500 mg), in addition to folic acid
(0.2 mg), astaxanthin (0.5 mg), and coenzyme Q10 (2 mg), with a detectable effect on serum
lipids, blood pressure (BP), fasting plasma glucose (FPG), and several markers of insulin
resistance with a good safety profile [14].

Given the increasing number of good quality studies on this nutraceutical combination,
the aim of our systematic review and meta-analysis was to evaluate the efficacy and safety of
Armolipid Plus® on the basis of the available randomized, blinded, controlled clinical trials.

2. Materials and Methods

The study was designed according to guidelines inthe 2009 preferred reporting items
for systematic reviews and meta-analysis (PRISMA) statement [15], and was registered in
the PROSPERO database (Registration number CRD42020212600). Due to the study design
(meta-analysis), neither institutional review board (IRB) approval nor patient informed
consent were required.

2.1. Search Strategy

PubMed, EMBASE, SCOPUS, Google Scholar, Web of Science by Clarivate, and
ClinicaTrial.gov (accessed on 1 February 2021) databases were searched, with no language
restriction, using the following search terms: “Armolipid Plus®” AND (“Cholesterol” OR
“LDL” OR “Triglycerides” OR “Body mass index” OR “BMI” OR “Plasma Glucose” OR
“Glycemia” OR “Insulin”). The wild-card term “*” was used to increase the sensitivity of
the search strategy, which was limited to studies in humans. The reference list of identified
papers was manually checked for additional relevant articles. In particular, additional
searches for potential trials included the references of review articles on the topic of the
meta-analysis and relevant abstracts from selected congresses. The literature was searched
from inception to 3 February 2021.

All paper abstracts were screened by two reviewers (F.F. and A.F.G.C.) in an initial
process to remove ineligible articles. The remaining articles were obtained in full text and
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assessed again by the same two researchers, who evaluated each article independently
and carried out data extraction and quality assessment. Disagreements were resolved by
discussion with a third party.

2.2. Study Selection Criteria

Original studies were included if they met the following criteria: (i) being a clinical
trial with either a multicenter or single-center design, (ii) having an appropriate controlled
design for Armolipid Plus®, (iii) investigating the effect of Armolipid Plus® on plasma
lipids, (iv) testing the safety of Armolipid Plus®, and (v) reporting all the adverse events
that occurred during the supplementation.

Exclusion criteria included the following: (i) lack of a control group for Armolipid
Plus® administration, (ii) lack of blinding, (iii) lack of sufficient information about plasma
lipids at baseline or follow-up, and (iv) lack of sufficient information about the preva-
lence and specification of adverse events. Studies were also excluded if they contained
overlapping subjects with other studies.

2.3. Data Extraction

Data abstracted from the eligible studies were: (i) first author’s name; (ii) year of
publication; (iii) study design; (iv) main inclusion criteria and underlying disease; (v)
treatment duration; (vi) study groups; (vii) number of participants in the active and control
group; (viii) background lipid-lowering treatment; (ix) age and sex of study participants; (x)
weight, body mass index (BMI), waist circumference, systolic BP (SBP), diastolic BP (DBP),
TC, triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), LDL-C, aspartate
aminotransferase (AST), alanine aminotransferase (ALT), creatine phosphokinase (CPK),
FPG, fasting plasma insulin (FPI), homeostatic model assessment for insulin resistance
(HOMA-IR) and high sensitivity C reactive protein (hs-CRP) at baseline; and (xi) discon-
tinuation of treatment and adverse events occurred during the trials. All data extraction
and database typing were reviewed by the principal investigator (A.F.G.C.) before the final
analysis, and doubts were resolved by mutual agreement among the authors.

2.4. Quality Assessment

A systematic assessment of risk of bias in the included studies was performed using the
Cochrane criteria [16]. The following items were used: adequacy of sequence generation,
allocation concealment, blind addressing of dropouts (incomplete outcome data), selective
outcome reporting, and other probable sources of bias [17]. Risk-of-bias assessment was
performed independently by 2 reviewers (F.F. and A.F.G.C.); disagreements were resolved
by a consensus-based discussion.

2.5. Data Synthesis

Meta-analysis was entirely conducted using Comprehensive Meta-Analysis (CMA)
V3 software (Biostat, NJ) [18].

Net changes in the investigated parameters (change scores) were calculated by sub-
tracting the value at baseline from the one after intervention, in the active-treated group
and in the control one. All values were collated as mean change from baseline. Standard
deviations (SDs) of the mean difference were obtained as follows, as reported by Foll-
man et al.: SD = square root [(SDpre-treatment)2 + (SDpost-treatment)2 − (2R × SDpre-treatment
× SDpost-treatment)], assuming a correlation coefficient (R) = 0.5 [19]. If the outcome mea-
sures were reported in median and range (or 95% confidence interval (CI)), mean and
SD values were estimated using the method described by Wan et al. [20]. The findings of
the included studies were combined using a fixed-effect model or a random-effect model
(using the DerSimonian–Laird method) and the generic inverse variance method based
on the level of inter-study heterogeneity, which was quantitatively assessed using the
Higgins index (I2) [21]. For continuous parameters, effect sizes were expressed as absolute
mean differences (MD) and 95%CI, standardized by the change score in SD. For treatment
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emergent adverse events, odd ratios (OR) and 95%CI intervals were calculated using the
Mantel–Haenszel method [22]. A safety analysis was performed by excluding studies
with zero events in both arms. If one or more outcomes could not be extracted from a
study, the study was removed only from the analysis involving those outcomes. Adverse
events were considered for the analysis only if they occurred in at least two of the included
clinical trials.

In order to evaluate the influence of each study on the overall effect size, a sensitivity
analysis was conducted using the leave-one-out method (i.e., removing one study at a time
and repeating the analysis) [23]. Two-sided p-values ≤ 0.05 were considered statistically
significant for all tests.

2.6. Publication Biases

Potential publication biases were explored using a visual inspection of Begg’s funnel
plot asymmetry, Begg’s rank correlation test, and Egger’s weighted regression test [24]. The
Duval and Tweedie “trim and fill” method was used to adjust the analysis for the effects of
publication biases [25]. Two-sided p-values < 0.05 were considered statistically significant.

3. Results

3.1. Flow and Characteristics of the Included Studies

After database searches were performed according to inclusion and exclusion criteria,
445 published articles were identified, and the abstracts were reviewed. Of these, 112 were
excluded because they were not original articles. Another 314 were eliminated because
they did not meet the inclusion criteria. Thus, 19 articles were carefully assessed and
reviewed. An additional 7 studies were excluded because of a lack of a controlled design
for Armolipid Plus® administration (n = 3) or lack of blinding (n = 4). Finally, 12 studies
were eligible and included in the meta-analysis [26–37]. The study selection process is
shown in Figure 1.

Figure 1. Flow chart of the number of studies identified and included in the systematic review.

Data were pooled from 12 clinical trials comprising 24 treatment arms, which included
1050 subjects, with 544 in the actively treated arm and 536 in the control one.

Eligible studies were published between 2010 and 2020. Follow-up periods ranged
between 4 weeks and 12 months. All selected trials were designed with parallel groups
and were multicenter [29,35,37] or single-center [26–28,30–34,36] clinical studies. Enrolled
subjects were patients in primary prevention for CVD [28–30,32,36], patients with docu-
mented coronary artery disease (CAD) [33], with a metabolic syndrome [26,30,34–36], or
with a good status of health [28,37]. The baseline characteristics of the evaluated studies
are summarized in Tables 1 and 2.
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3.2. Risk of Bias Assessment

Almost all of the included studies were characterized by sufficient information regard-
ing sequence generation, allocation concealment, and personal and outcome assessments.
All showed low risk of bias because of incomplete outcome data and selective outcome
reporting. Details of the quality of bias assessment are reported in Table 3.

Table 3. Quality of bias assessment of the included studies according to the Cochrane guidelines.

First Author,
Year

Sequence
Generation

Allocation
Concealment

Blinding of
Participants,

Personnel, and
Outcome

Assessment

Incomplete
Outcome Data

Selective
Outcome
Reporting

Other
Potential

Threats to
Validity

Affuso, 2012
[26] L L L L L U

Affuso, 2010
[27] L L L L L U

Cicero, 2012
[28] L L L L L L

D’Addato, 2017
[29] L L L L L L

Galletti, 2019
[30] L L L L L L

Gentile, 2015
[31] L L L L L U

Gonnelli, 2014
[32] L L L L L U

Marazzi, 2017
[33] L L L L L L

Marazzi, 2011
[34] L L L L L U

Mercurio, 2020
[35] L L L L L L

Ruscica, 2014
[36] L L L L L U

Solà, 2014 [37] L L L L L L

H = High risk of bias; L = Low risk of bias; U = Unclear risk of bias.

3.3. Effect of Armolipid Plus® on Anthropometric Measures, Blood Pressure, Serum Lipids, and
Other Metabolic Parameters

Meta-analysis of the data suggested that Armolipid Plus® supplementation exerted a
significant effect on BMI (MD = −0.25 kg/m2, 95%CI(−0.43,−0.06) Kg/m2, p = 0.008; I2 = 0%)
(Figure 2) and serum levels of TC (MD = −25.07 mg/dL, 95%CI(−33.17,−16.97) mg/dL,
p < 0.001; I2 = 87%), TG (MD = −11.47 mg/dL, 95%CI(−17.85,−5.08) mg/dL, p < 0.001;
I2 = 34%), HDL-C (MD = 1.84 mg/dL, 95%CI(0.92,2.77) mg/dL, p < 0.001; I2 = 0%), LDL-
C (MD = −26.67 mg/dL, 95%CI(−33.76,−19.58) mg/dL, p < 0.001; I2 = 82%) (Figure 3),
hs-CRP (MD = −0.61 mg/L, 95%CI(−1.13,−0.09) mg/L, p = 0.022; I2 = 47%) (Figure 4),
FPG (MD = −3.52 mg/dL, 95%CI(−5.1,−1.94) mg/dL, p < 0.001; I2 = 49%) (Figure 5),
without affecting weight (MD = −0.89 kg, 95%CI(−4.60,2.82) kg, p = 0.638; I2 = 0%), waist
circumference (MD = −0.5 cm, 95%CI(−3.17,2.17) cm, p = 0.714; I2 = 0%) (Figure S1), SBP
(MD =− 0.57 mmHg, 95%CI(−3.2,2.06) mmHg, p = 0.670; I2 = 12%), DBP (MD = −0.89 mmHg,
95%CI(−2.61,0.83) mmHg, p = 0.312; I2 = 0%) (Figure S2), FPI (MD = −0.58 mU/L,
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95%CI(−1.24,0.09), p = 0.091; I2 = 30%), and HOMA-IR (MD = −0.09, 95%CI(−0.44,0.26),
p = 0.599; I2 = 61%) (Figure S3).

Figure 2. Forest plot displaying mean differences and 95% confidence intervals for the impact of the
supplementation with Armolipid Plus® on BMI.

Figure 3. Cont.
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Figure 3. Forest plot displaying mean differences and 95% confidence intervals for the impact of the
supplementation with Armolipid Plus® on serum levels of TC, TG, HDL-C, and LDL-C.

Figure 4. Forest plot displaying mean differences and 95% confidence intervals for the impact of the
supplementation with Armolipid Plus® on serum levels of hs-CRP.

Figure 5. Forest plot displaying mean differences and 95% confidence intervals for the impact of the
supplementation with Armolipid Plus® on FPG.

The effect sizes were robust in the leave-one-out sensitivity analysis and not mainly
driven by a single study (data not shown).

A visual inspection of Begg’s funnel plots did not show significant asymmetry, suggest-
ing no potential publication bias for the effect of Armolipid Plus® on the efficacy outcomes
(Figures S4–S7). This finding was confirmed by the results of Begg’s rank correlation test
and Egger’s linear regression (Table 4).

The Duval and Tweedie trim-and-fill method identified three potentially missing
studies on the left side of the funnel plot that resulted in the pooled effect size for DBP
reaching statistical significance (Table 4).
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Table 4. Assessment of publication bias on efficacy outcomes.

Outcomes

Adjustment with Duval and Tweedie’s Trim-and-Fill Method Begg’s Rank
Correlation

Test

Egger’s Linear
Regression

Number of
Trimmed
Studies

Adjusted Effect Sizes

MD
95% Confidence Interval

p-Value p-Value
Lower Bound Upper Bound

Weight - - - - 0.602 0.672

BMI 2 −0.262 −0.440 −0.085 1 0.174

Waist
circumference 1 −0.819 −3.10 1.462 0.174 0.6

SBP 2 1.044 −1.287 3.374 0.624 0.485

DBP 3 −1.764 −3.192 −0.336 0.624 0.186

TC 1 −26.708 −29.212 −24.203 0.815 0.981

TG 2 −10.559 −16.861 −4.257 0.337 0.238

HDL-C 2 1.658 0.778 2.537 0.484 0.587

LDL-C 2 −29.049 −31.667 −26.432 0.392 0.478

FPG 2 −4.007 −5.521 −2.492 0.532 0.563

FPI - - - - 0.652 0.842

HOMA-IR - - - - 0.851 0.852

BMI = body mass index; DBP = diastolic blood pressure; FPG = fasting plasma glucose; FPI = fasting plasma insulin; HDL-C = high-density
lipoprotein cholesterol; HOMA-IR = homeostatic model assessment for insulin resistance; LDL-C = low-density lipoprotein cholesterol;
MD = mean difference; SBP = systolic blood pressure; TC = total cholesterol; TG = triglycerides.

3.4. Safety Analysis

Supplementation with Armolipid Plus® exerted a slight, though clinically insignificant,
increase in serum levels of ALT (MD = 2.16 U/L, 95%CI(0.68,3.64) U/L, p = 0.004; I2 = 0%)
(Figure 6), without affecting AST (MD = 0.63 U/L, 95%CI(−0.96,2.21) U/L, p = 0.437;
I2 = 0%) or CPK (MD = 7.37 U/L, 95%CI(−1.20,15.93) U/L, p = 0.092; I2 = 39%) (Figure S8).

Figure 6. Forest plot displaying mean differences and 95% confidence intervals for the impact of the
supplementation with Armolipid Plus® on serum levels of ALT.

Moreover, supplementation with Armolipid Plus® was not associated with increased
risk of either musculoskeletal disorders (OR = 0.78, 95%CI(0.29,2.11), p = 0.618; I2 = 0%) or
gastrointestinal disorders (OR = 1.19, 95%CI(0.35,4.06), P = 0.786; I2 = 0%) (Figure S9).

The effect sizes were robust in the leave-one-out sensitivity analysis and not mainly
driven by a single study (data not shown).

A visual inspection of Begg’s funnel plots did not show significant asymmetry, suggest-
ing no potential publication bias for the effect of Armolipid Plus® on the safety outcomes
(Figures S9–S13). This finding was confirmed by the results of Begg’s rank correlation test
and Egger’s linear regression (Table 5).
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Table 5. Assessment of publication bias on safety outcomes.

Safety
Parameters

Adjustment with Duval and Tweedie’s Trim-and-Fill Method Begg’s Rank
Correlation

Test

Egger’s Linear
Regression

Number of
Trimmed
Studies

Adjusted Effect Sizes

MD
95% Confidence Interval

p-Value p-Value
Lower Bound Upper Bound

ALT 1 2.275 0.851 3.699 0.497 0.611

AST 1 0.583 −0.983 2.15 0.497 0.601

CPK 1 7.868 −
0.365 16.101 0.174 0.552

Treatment-
Emergent
Adverse
Events

Adjustment with Duval and Tweedie’s Trim-and-Fill Method Begg’s Rank
Correlation

Test

Egger’s Linear
Regression

Number of
Trimmed
Studies

Adjusted Effect Sizes

OR
95% Confidence Interval

p-Value p-Value
Lower Bound Upper Bound

Musculoskeletal
disorders - - - - 1 0.759

Gastrointestinal
disorders 1 1.014 0.321 3.201 0.602 0.951

ALT = alanine aminotransferase; AST = aspartate aminotransferase; CPK = creatine phosphokinase; MD = mean difference; OR = odds ratio.

The Duval and Tweedie trim-and-fill method yielded one potentially missing study on
the right side of the funnel plot, increasing the pooled effect size for ALT, and one potentially
missing study on the right side of the funnel plot, increasing the pooled effect size for CPK.
In addition, Duval and Tweedie’s trim-and-fill method yielded one potentially missing
study on the left side of the funnel plot, decreasing the pooled effect size for AST, and one
potentially missing study on the left side of the funnel plot, decreasing the estimated risk
of gastrointestinal disorders (Table 5).

4. Discussion

According to our findings, dietary supplementation with Armolipid Plus® exerts
a significant effect on BMI and serum levels of TC, TG, HDL-C, LDL-C, hs-CRP, and
FPG. Importantly, it is not associated with an increased risk of musculoskeletal symptoms
and gastrointestinal disorders, though it results in a slight, though clinically insignificant,
increase in ALT serum levels.

To our knowledge, this is the first systematic review and meta-analysis to compre-
hensively and critically evaluate the existing body of evidence for the use of Armolipid
Plus® in daily clinical practice. As a matter of fact, previous meta-analyses on this topic are
outdated and not PRISMA compliant [38,39]. Moreover, they included clinical trials that
were not adequately controlled for Armolipid Plus® supplementation and clinical studies
with an observational design that finally led to not fully reliable results [40–44].

Armolipid Plus® is a dietary supplement widely used in clinical practice and the only
combined lipid-lowering nutraceutical recommended by the International Lipid Expert
Panel (ILEP) for the management of hypercholesterolemia in statin-intolerant patients [45].
In effect, red yeast rice at the dosage contained in Armolipid Plus® has been shown to be
safe also following a recent large meta-analysis of 53 randomized controlled clinical trials
enrolling 8535 participants overall [46]. Dietary supplementation with Armolipid Plus®

in statin-intolerant patients previously treated with ezetimibe resulted in reductions of
approximately 35% in LDL-C and 25% in TG [47], which was similar to results reported for
moderate-intensity statins, according to the latest guidelines from the European Society of
Cardiology (ESC) and the European Atherosclerosis Society (EAS) [48].

The lipid-lowering effect of red yeast rice (alone or combined with other lipid-lowering
nutraceuticals) is well known, as it has been verified by several meta-analyses of random-
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ized controlled clinical trials [49,50]. The interaction between red yeast rice and other
natural products with different mechanisms of action, such as the other components of
Armolipid Plus®, may have additive or synergistic lipid-lowering effects [51]. As a matter
of fact, the inhibition of HMG-CoA reductase by monacolins contained in red yeast rice
might be advantageously coupled with other nutraceuticals to enhance the hepatic uptake
of cholesterol (berberine, soybean proteins), increase lipid excretion in the bowel (soluble
fibers, plant sterols, glucomannan, probiotics), or induce LDL-C excretion (berberine, soy
proteins, chlorogenic acid) [52,53]. Furthermore, several studies evaluated the efficacy and
safety of red yeast rice in combination with policosanols, a mixture of aliphatic alcohols
derived from purified sugar cane, even though the mechanism underlying their lipid-
lowering effect is still being discussed [54,55]. Policosanols, together with berberine, may
also be responsible for the reduction in FPG levels observed after dietary supplementation
with Armolipid Plus® [56].

Although there are no trials showing that Armolipid Plus® reduces the risk of ASCVD
events, some studies have shown benefits in terms of improved vascular function, as
demonstrated by flow-mediated dilation [27] and carotid-femoral pulse wave velocity [57].
Absolute and relative risk reduction (RRR) in CV events with Armolipid Plus® is chal-
lenging to estimate based on the available short-term data. There is a linear association
between LDL-C reduction and a decrease in ASCVD events, as reported originally by the
CTT’s(Cholesterol Treatment Trialists’) meta-analyses of the statin trials where a 1 mmol/L
(~39 mg/dL) LDL-C reduction was associated with a 21–23% RRR in CV events over five
years [58]. Robust and growing evidence highlights that this linear association is observed
regardless of the LDL lowering approach adopted, i.e., low-fat diet, anion exchange resins,
ezetimibe, etc. [59]. On the basis of our findings, it is therefore plausible to expect a 14–15%
ASCVD event reduction after long-term dietary supplementation with Armolipid Plus®.

Despite its strengths, this systematic review and meta-analysis has some limitations.
One limitation is the heterogeneity for the effect size on TC and LDL-C, which was moder-
ately high, proving that additional evidence is needed to establish the extent of cholesterol
reduction that can be achieved following supplementation with Armolipid Plus®. In ad-
dition, we had to exclude a relatively large number of clinical trials not compliant with
the inclusion criteria for this meta-analysis. The sample size on some laboratory and clini-
cal outcomes was consequently reduced. In particular, some non-significant results (e.g.,
changes in weight and waist circumference) might be related to a low statistical power.

Nonetheless, the observed results are in line also with a large trial carried out in
a setting of the general population involving 1751 volunteers but not included in the
meta-analysis, as it did not meet our pre-specified inclusion criteria [42].

Other lipid-lowering nutraceutical combinations could exert a relevant lipid-lowering
effect, but the data on Armolipid Plus® are currently most robust.

5. Conclusions

Pooling data from the available randomized controlled clinical studies, the current
systematic review and meta-analysis provides data in support of the use of Armolipid Plus®

in clinical practice as add-on treatment to lifestyle modifications for hypercholesterolemia
in order to promote improved cardiometabolic health. Further studies to identify a benefit
in terms of CV outcomes are required.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-664
3/13/2/638/s1, Figure S1: Forest plot displaying mean differences and 95% confidence intervals
for the impact of supplementation with Armolipid Plus® on weight and WC, Figure S2: Forest
plot displaying mean differences and 95% confidence intervals for the impact of supplementation
with Armolipid Plus® on SBP and DBP, Figure S3: Forest plot displaying mean differences and 95%
confidence intervals for the impact of supplementation with Armolipid Plus® on FPI and HOMA-IR,
Figure S4: Funnel plots detailing publication bias for the effect of supplementation with Armolipid
Plus® on weight, BMI, and waist circumference, Figure S5: Funnel plots detailing publication bias
for the effect of supplementation with Armolipid Plus® on blood pressure, Figure S6: Funnel plots
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detailing publication bias for the effect of supplementation with Armolipid Plus® on serum lipid
concentrations, Figure S7: Funnel plots detailing publication bias for the effect of supplementation
with Armolipid Plus® on glycemia and markers of insulin resistance, Figure S8: Forest plot displaying
mean differences and 95% confidence intervals for the impact of supplementation with Armolipid
Plus® on AST and CPK, Figure S9: Forest plots displaying the risk of treatment-emergent adverse
events during supplementation with Armolipid Plus®, Figure S10: Funnel plot detailing publication
bias for the effect of supplementation with Armolipid Plus® on serum concentrations of ALT, Figure
S11: Funnel plot detailing publication bias for the effect of supplementation with Armolipid Plus®

on serum concentrations of AST, Figure S12: Funnel plot detailing publication bias for the effect of
supplementation with Armolipid Plus® on serum concentrations of CPK, Figure S13: Funnel plot
detailing publication bias for risk of treatment-emergent adverse events during supplementation
with Armolipid Plus®.

Author Contributions: Conceptualization, F.F. and A.F.G.C.; methodology, F.F. and A.F.G.C.; soft-
ware, F.F.; validation, F.F. and A.F.G.C.; formal analysis, F.F.; investigation, F.F., M.B., P.P.T., and
A.F.G.C.; data curation, F.F., M.B., and A.F.G.C.; writing—original draft preparation, F.F. and A.F.G.C.;
writing—review and editing, C.K., T.K., M.B., C.M.G.G., A.Š., and P.P.T.; supervision, A.F.G.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study, due
to the study design (meta-analysis).

Informed Consent Statement: Patient consent was waived due to the study design (meta-analysis).

Data Availability Statement: Data supporting findings of this analysis are available from the Corre-
sponding Authors upon reasonable request.

Conflicts of Interest: A.F.G.C. served as consultant to Meda-Mylan and Sharper; F.F. served as
consultant to Meda-Mylan and Neopharmed Gentili s.p.a. The other authors declare no conflict
of interest.

References

1. World Health Organization (WHO). Cardiovascular Diseases. Available online: http://www.who.int/mediacentre/factsheets/
fs317/en/ (accessed on 26 December 2020).

2. Roth, G.A.; Mensah, G.A.; Johnson, C.O.; Addolorato, G.; Ammirati, E.; Baddour, L.M.; Barengo, N.C.; Beaton, A.Z.; Benjamin,
E.J.; Benziger, C.P.; et al. Global Burden of Cardiovascular Diseases and Risk Factors, 1990–2019. J. Am. Coll. Cardiol. 2020, 76,
2982–3021. [CrossRef]

3. Colantonio, L.D.; Bittner, V.; Reynolds, K.; Levitan, E.B.; Rosenson, R.S.; Banach, M.; Kent, S.T.; Derose, S.F.; Zhou, H.; Safford,
M.M.; et al. Association of Serum Lipids and Coronary Heart Disease in Contemporary Observational Studies. Circulation 2016,
133, 256–264. [CrossRef]

4. Mozaffarian, D.; Benjamin, E.J.; Go, A.S.; Arnett, D.K.; Blaha, M.J.; Cushman, M.; Das, S.R.; De Ferranti, S.; Després, J.-P.; Fullerton,
H.J.; et al. Heart Disease and Stroke Statistics—2016 Update: A Report from the American Heart Association. American Heart
Association Statistics Committee, Stroke Statistics Subcommittee. Circulation 2016, 133, e38–e360. [CrossRef] [PubMed]

5. NCD Risk Factor Collaboration (NCD-RisC); Taddei, C.; Jackson, R.; Zhou, B.; Bixby, H.; Danaei, G.; Di Cesare, M.; Kuulasmaa,
K.; Hajifathalian, K.; Bentham, J.; et al. National trends in total cholesterol obscure heterogeneous changes in HDL and non-HDL
cholesterol and total-to-HDL cholesterol ratio: A pooled analysis of 458 population-based studies in Asian and Western countries.
Int. J. Epidemiol. 2019, 49, 173–192. [CrossRef]

6. Wilson, P.W.F.; Polonsky, T.S.; Miedema, M.D.; Khera, A.; Kosinski, A.S.; Kuvin, J.T. Systematic Review for the 2018
AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA Guideline on the Management of Blood
Cholesterol: A Report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice
Guidelines. Circulation 2019, 139, e1144–e1161. [CrossRef]

7. Zeitouni, M.; Sabouret, P.; Kerneis, M.; Silvain, J.; Collet, J.-P.; Bruckert, E.; Montalescot, G. 2019 ESC/EAS Guidelines for
management of dyslipidaemia: Strengths and limitations. Eur. Hear. J. Cardiovasc. Pharmacother. 2020, 77. [CrossRef]

8. Piepoli, M.F.; Hoes, A.W.; Agewall, S.; Albus, C.; Brotons, C.; Catapano, A.L.; Cooney, M.-T.; Corrà, U.; Cosyns, B.; Deaton,
C.; et al. 2016 European Guidelines on cardiovascular disease prevention in clinical practice. Atherosclerosis 2016, 252, 207–274.
[CrossRef] [PubMed]

285



Nutrients 2021, 13, 638

9. Arnett, D.K.; Blumenthal, R.S.; Albert, M.A.; Buroker, A.B.; Goldberger, Z.D.; Hahn, E.J.; Himmelfarb, C.D.; Khera, A.; Lloyd-
Jones, D.; McEvoy, J.W.; et al. 2019 ACC/AHA Guideline on the Primary Prevention of Cardiovascular Disease: A Report of the
American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. Circulation 2019, 140,
e596–e646. [CrossRef]

10. Poli, A.; Barbagallo, C.M.; Cicero, A.F.; Corsini, A.; Manzato, E.; Trimarco, B.; Bernini, F.; Visioli, F.; Bianchi, A.; Canzone, G.; et al.
Nutraceuticals and functional foods for the control of plasma cholesterol levels. An intersociety position paper. Pharmacol. Res.
2018, 134, 51–60. [CrossRef]

11. Cicero, A.F.G.; Colletti, A.; Bajraktari, G.; Descamps, O.; Djuric, D.M.; Ezhov, M.; Fras, Z.; Katsiki, N.; Langlois, M.; Latkovskis,
G.; et al. Lipid-lowering nutraceuticals in clinical practice: Position paper from an International Lipid Expert Panel. Nutr. Rev.
2017, 75, 731–767. [CrossRef] [PubMed]

12. Patti, A.M.; Toth, P.P.; Giglio, R.V.; Banach, M.; Noto, M.; Nikolic, D.; Montalto, G.; Rizzo, M. Nutraceuticals as an Important Part
of Combination Therapy in Dyslipidaemia. Curr. Pharm. Des. 2017, 23, 2496–2503. [CrossRef] [PubMed]

13. Cicero, A.F.G.; Fogacci, F.; Colletti, A. Food and plant bioactives for reducing cardiometabolic disease risk: An evidence based
approach. Food Funct. 2017, 8, 2076–2088. [CrossRef] [PubMed]

14. Barrios, V.; Escobar, C.; Cicero, A.F.G.; Burke, D.; Fasching, P.; Banach, M.; Bruckert, E. A nutraceutical approach (Armolipid
Plus) to reduce total and LDL cholesterol in individuals with mild to moderate dyslipidemia: Review of the clinical evidence.
Atheroscler. Suppl. 2017, 24, 1–15. [CrossRef]

15. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. For the PRISMA Group Preferred reporting items for systematic reviews and
meta-analyses: The PRISMA statement. BMJ 2009, 339, b2535. [CrossRef]

16. Higgins, J.; Green, S. Cochrane Handbook for Systematic Reviews of Interventions; Report Version 5.0.2.2009; John Wiley and Sons Ltd.:
Chichester, UK, 2010.

17. Fogacci, F.; Ferri, N.; Toth, P.P.; Ruscica, M.; Corsini, A.; Cicero, A.F.G. Efficacy and Safety of Mipomersen: A Systematic Review
and Meta-Analysis of Randomized Clinical Trials. Drugs 2019, 79, 751–766. [CrossRef] [PubMed]

18. Borenstein, M.; Hedges, L.; Higgins, J.; Rothstein, H. Comprehensive Meta-Analysis Version 3; Biostat: Englewood, NJ, USA, 2005;
Volume 104.

19. Follmann, D.; Elliott, P.; Suh, I.; Cutler, J. Variance imputation for overviews of clinical trials with continuous response. J. Clin.
Epidemiol. 1992, 45, 769–773. [CrossRef]

20. Wan, X.; Wang, W.; Liu, J.; Tong, T. Estimating the sample mean and standard deviation from the sample size, median, range
and/or interquartile range. BMC Med Res. Methodol. 2014, 14, 1–13. [CrossRef]

21. Melsen, W.G.; Bootsma, M.C.J.; Rovers, M.M.; Bonten, M.J.M. The effects of clinical and statistical heterogeneity on the predictive
values of results from meta-analyses. Clin. Microbiol. Infect. 2014, 20, 123–129. [CrossRef]

22. Haenszel, W.; Hon, N.B. Statistical approaches to the study of cancer with particular reference to case registers. J. Chronic Dis.
1956, 4, 589–599. [CrossRef]

23. Fogacci, F.; Banach, M.; Cicero, A.F.G. Resveratrol effect on patients with non-alcoholic fatty liver disease: A matter of dose and
treatment length. Diabetes Obes. Metab. 2018, 20, 1798–1799. [CrossRef]

24. Fogacci, F.; Rizzo, M.; Krogager, C.; Kennedy, C.; Georges, C.M.; Knežević, T.; Liberopoulos, E.; Vallée, A.; Pérez-Martínez,
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