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Abstract

Cardiovascular diseases (CVDs) are globally the major causes of morbidity and mortality. Evidence shows that
smaller and denser low-dense lipoprotein (sdLDL) particles are independent atherogenic risk factors for CVD
due to their greater susceptibility to oxidation, and permeability in the endothelium of arterial walls. sdLDL
levels are an independent risk factor and of more predictive value than total LDL-C for the assessment of
coronary artery disease and metabolic syndrome. Functional food ingredients have attracted significant
attention for the management of dyslipidemia and subsequently increase cardio-metabolic health. However,
to date there is no study that has investigated the effect of these bioactive natural compounds on sdLDL
levels. Therefore, the aim of the present review is to summarize the evidence accrued on the effect of special
dietary ingredients such as omega-3 polyunsaturated fatty acids, nutraceuticals and herbal medicines on the
levels of sdLDL, LDL particle number, and LDL particle size. Based on the results of the existing clinical trials
this review suggests that natural products such as medicinal plants, nutraceuticals and omega-3 fatty acids
can be used as adjunct or complementary therapeutic agents to reduce sdLDL levels, LDL particle numbers
or increase LDL particle size and subsequently may prevent and treat CVD, with the advantage that theses
natural agents are generally safe, accessible, and inexpensive.
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Introduction

Cardiovascular diseases (CVDs) are a global problem
and the leading cause of morbidity and mortality [1]. It
is projected that the prevalence of death from CVDs will
be greater than 23.6 million people by 2030 [2]. Multiple
risk factors, including unhealthy diet, physical inactivity,
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diabetes, dyslipidemias, and hypertension are considered
to be modifiable factors in CVD [3]. It is well known
that progression of CVD and increased atherosclerotic
risk are positively linked with dyslipidemia. Hence, opti-
mal levels of lipid profile play an important role in redu-
cing atherosclerotic process [4].

LDL-C is one type of lipoprotein that composed of a
heterogeneous group of molecules with different sizes,
density, lipid composition and physical properties.
Smaller and denser LDL particles are considered as an
atherogenic risk factor for CVD due to their greater sus-
ceptibility to oxidation, and their permeability through
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the endothelium of arterial walls [5, 6]. Large buoyant
LDL particles (diameter > 25 nm) have been considered
as phenotype pattern A and small, dense LDL particles
with sizes 19.0-20.5 nm have been considered as pheno-
type pattern B [7-9]. The positive link between individ-
uals with high triglycerides and low HDL-C
concentrations and LDL pattern B has been established,
which are the features of the metabolic syndrome [10].
Small dense low-density lipoprotein (sdLDL) particles
are a subfraction of LDL that are characterized by
changes in their chemical content, and they are free of
cholesterol and cholesterol ester, as well as having a de-
crease in phospholipid content, whilst the triglyceride
content remains unchanged [11]. sdLDL is produced by
very low-density lipoproteins (VLDL) in triglyceride-rich
conditions derived from the liver. VLDL particles are ini-
tially converted to LDL class III and IV by the lipopro-
tein lipase (LPL) enzyme. Subsequently, the enzyme of
cholesteryl ester transfers protein (CETP) with the help
of hepatic lipase (HL) transfer TG to sdLDL particles
leading to increased levels of sdLDL particles. At low
TG levels, VLDL particles are converted to
intermediate-density lipoprotein (IDL) and large LDL
subclasses (Fig. 1) [5, 12]. Previous studies have shown
that sdLDL levels are an independent risk factor and
more predictive than total LDL-C for the assessment of
coronary artery disease [13, 14] and metabolic syndrome
[15]. sdLDL particles play a crucial role in the etiology
of ischemic heart disease (IHD) and coronary heart dis-
ease (CHD) [16, 17]. Guidelines of the Association of
Clinical Endocrinologists (AACE) recommended that
LDL particle number is a more powerful tool to predict
CVD events than LDL particle size or sdLDL [10]. Over-
all, measurement of sdLDL or LDL particle number to-
gether with the lipid profile (LDL-C, triglycerides, HDL-
C and cholesterol) can be useful in the evaluation and
management of CVD [10, 18].

One of the most important therapeutic targets for re-
ducing CVD risk is to improve sdLDL-C levels [18].
Life-style changes emphasizing a healthy diet could play
an important role in decreasing the atherogeneity of the
lipid profile [19-21]. Functional food ingredients have
attracted significant attention as natural products for the
management of dyslipidemia and subsequently increase
cardio-metabolic health [22-28]. Although nutraceuti-
cals and herbal medicine have been previously studied as
a non-pharmacological management of dyslipidemia
[29-35], greater clarity on the effects of these bioactive
natural compounds in improving sdLDL for the reduc-
tion in the relative risk of CVD is needed. To date, there
is no study that has investigated the effect of these bio-
active natural compounds on sdLDL levels. Therefore,
the aim of the present review is to summarize the evi-
dence accrued on the effect of special diet ingredients
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such as n-3 polyunsaturated fatty acids, nutraceuticals
and herbal medicines on the levels of sdLDL, LDL par-
ticle number, and LDL particle size.

Search strategy

The present narrative review was performed based on
the PRISMA guidelines. The databases of PubMed, Web
of Science, Google Scholar, and Scopus were searched
up to August 2019 and limited to English language.
Search strategies were included the following keywords
in titles abstracts: (medicinal plants OR herbal bioactive
OR bioactive natural compounds OR nutraceutical);
AND (random OR randomized OR randomly OR
randomization OR “randomized controlled trial” OR
“randomized trial” OR “randomized study” OR “random
number” OR placebo) AND (Small dense low-density
lipoprotein OR sdLDL OR “LDL particle number” OR
“LDL particle size” OR “LDL subfraction”).

Phytosterols and vegetable oils

Phytosterols (plant sterols and stanol esters) have been
reported to prevent the development of several chronic
diseases including cancer, CVD and diabetes [36—39].
The results of previous meta-analyses indicated that
phytosterols might improve lipid profile levels [40-42].
Phytosterols may decrease oxidized LDL and can be
considered as an atherogenic modification for LDL. In a
cross-over controlled trial, 25 healthy male volunteers
were recruited to ingest 25 mL/d raw low-polyphenol-
content olive oil (LPCOO; 366mg/kg) or high-
polyphenol-content olive oil (HPCOO; 2.7 mg/kg) for 3
weeks, separated by a two-week washout period. At the
end of the study, in comparison to the baseline and
LPCOO group, HPCOO intervention resulted in a sig-
nificant reduction in small LDL particles. Conversely
compared to baseline, LPCOO significantly increased
small LDL particles [43]. In a trial study, 108 metabolic
syndrome patients were randomized to receive one of
two plant sterol-enriched yogurt mini drinks that con-
tained 4 g phytosterols, or a yogurt beverage without
phytosterols (control). After 2 months intervention, phy-
tosterol supplementation significantly reduced sdLDL
levels in the intervention group compared with the con-
trol group [44]. In another study, 59 children between
4.5-15.9 years of age were divided into 2 groups: (i) 25
subjects with a LDL-C > (130 mg/dl to receive a yogurt-
drink enriched with 2g of plant sterols for 6 to 12
months (intervention group) or (ii) 34 subjects with a
LDL-C <130 mg/dl (control group). Results indicated
that plant sterol consumption reduced sdLDL in the
intervention group compared to the control group in
which they were unchanged [45]. In a previous study, 56
healthy participants received a diet that contained high
amounts of saturated fat for 2 weeks; and subsequently
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Fig. 1 Schematic summary of pathways of endogenous lipid metabolism and pathways of the atherogenic and anti-atherogenic lipoproteins.
sdLDL: small dense low density lipoprotein, Apo: apolipoprotein, VLDL: very-low-density lipoprotein, IDL: intermediate-density lipoprotein, LDL:
low-density lipoprotein; LDL-R: low-density lipoprotein receptor, HDL: high-density lipoprotein, TG: triglycerides, CE: cholesteryl esters, +:

were randomized to one of three dietary intervention
treatments; refined olive oil, rapeseed oil or sunflower
oil as the principal source of fat for 4 weeks. The re-
sults showed that during the oil diet phase, LDL size
significantly reduced though differences between
groups were not significant and oil consumption did
not significantly change LDL size variation [46]. In a
recent report, 40 healthy subjects were randomly allo-
cated to drink an inositol-enriched beverage (IEB)
that contained inositols 2.23 g in 250 ml or a sucrose-

sweetened beverage (SB) twice daily for 12 weeks. The
study showed that those subjects in the IEB arm had
a significant increase in LDL particle size compared
to the SB group [42]. Shrestha et al. conducted a ran-
domized, crossover study, in which 33 healthy adults
were allocated to treatment cookies (7.68 g/d psyllium
and 2.6 g/d plant sterols) and a placebo cookie (0g
psyllium and plant sterols) for 4 weeks (each sepa-
rated by a 3-week washout period). At the end of the
study, psyllium and plant sterol cookies reduced the
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medium-small LDL particles, and markedly increased
mean and peak LDL particle sizes compared with pla-
cebo [47, 48]. In a randomized double-blind clinical
trial, 54 adults with LDL-C level > 3.33 mmol/L were
randomized into two groups to receive four capsules
of phytosterol esters (2.6 g/day phytosterol esters) or
placebo (canola oil) per day for 12 weeks. At the end
of the study the proportion of LDL, mean and peak
LDL particle sizes did not differ between groups [49].
Matvienko et al. conducted a clinical trial study in
which 34 men with moderate hypercholesterolemia
and hypertriglyceridemia were randomly divided into
two groups to consume ground beef with 2.7g of
phytosterols that included 67% sterol esters and 33%
free sterols, or ground beef alone as the control
group. After 4 weeks of intervention there were no
differences between groups for small LDL particle and
LDL peak particle size, though there was a trend for
mean LDL particle number to decrease in the phytos-
terol treated group compared with the control group
[50]. In another trial, 28 participants with familial
combined hyperlipidemia (FCHL) and elevated triacyl-
glycerols consumed 2.5g plant stanol ester-enriched
margarine per day or margarine without stanols as
control for 3 weeks. No cholesterol-lowering drugs
were used 2 weeks before and during the study. At
the end of the study after stanol supplementation the
number of total LDL particles decreased, but sdLDL
particles did not differ compared with baseline [51].
Utarwuthipong et al. [52] also reported a study of 16
hyperlipidaemic women who were recommended a
National Cholesterol Expert Panel diet (55% carbohy-
drate, 15% protein, 30% fat, <300 mg/day of choles-
terol) as a run in baseline diet for 8weeks. All
participants were subsequently randomized into four
treatment groups to take either diet plus SBO (soy-
bean oil, 20% of total energy), or diet plus RBO (rice
bran oil, 20% of total energy) or diet plus PO (palm
oil, 20% of total energy) or diet plus RBO/PO (20% of
total energy as mixture of (3:1) RBO/PO). Every 10
weeks, they were crossed over to another group and
therefore they participated for a total of 48 weeks.
The sdLDL particles were measured via a sequential
ultracentrifugation technique. Results showed that
SBO and RBO/PO significantly reduced sdLDL-
cholesterol levels, though PO significantly increased
sdLDL-cholesterol levels and RBO did not differ com-
pared to the control diet (Table 1). Overall, in almost all
of the studies reviewed here, vegetable oils and phytos-
terols showed promising effects on sdLDL-cholesterol
levels, and LDL-particle size. In 4 studies out of 6, sdLDL
was decreased after the intervention with vegetable oils
and phytosterols, and in 2 studies out of 4, LDL particle
size increased after the intervention. In the 2 studies that
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sdLDL did not decrease and in one study that LDL par-
ticle size did not change, LDL particle number signifi-
cantly decreased.

Eicosapentaenoic acid and docosahexaenoic acid

Eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) derived from alpha-linolenic acid (ALA) are one
of the family of essential fatty acids derived from the diet,
as they cannot be made endogenously, that are involved in
cell membrane stability [53]. It is suggested that EPA and
DHA may have beneficial effects on the treatment of
NAFLD [54], diabetes [55] and cardiovascular disease [56,
57]. However, there has been concern whether n-3 fatty-
acid enhances the susceptibility of LDL to oxidation,
though the data remains inconclusive [58—60]. In a com-
parative study, 5 g/day fish oil supplement containing 1.9—
2.2 g EPA and 1.1 g DHA were given to 210 healthy adults
for 6 weeks. At post intervention, there was no significant
change in LDL particle size compared to baseline [61].
Oelrich et al. conducted a clinical trial in which 60 sub-
jects with moderate hypertriglyceridemia randomly were
divided into 4 groups to consume 4 g/day fish oil supple-
mentation in three formulations ((i) 90% TG formulation,
(i) 60% TG formulation, or (iii) 0% TG ethyl esters) with
a soy oil supplement as the control group. LDL particles
were assessed by gradient gel electrophoresis. After 12
weeks intervention, in all fish oil groups, four particle sizes
in terms of LDL;, LDL,, and LDL3 significantly increased
in comparison to the baseline, though the concentration
of LDL, did not differ [62]. In a double blind, placebo con-
trolled trial, 42 diabetic patients with moderate hyperchol-
esterolemia were treated with corn oil capsules (4 g/ day)
for 4 weeks, then they were randomly divided into two
groups to consumed fish oil tablets (2.6 g EPA and DHA,
plus 13.4 mg vitamin E), or corn oil tablets (1g corn oil
plus 13.4 mg vitamin E) four times a day. Results of this
study showed that sdLDL particles did not significantly
change in the EPA/DHA intervention group compared
with control group [63]. In a randomized crossover trial,
20 hypertensive adults ingested four capsules of fish oil (4
g per day) or corn oil tablet as a placebo for 6 weeks that
resulted in an increase in LDL size (+ 0.16 nm) in the fish
oil group [64]. In another clinical trial, 121 healthy indi-
viduals with normal lipid profiles were randomly assigned
to take 600 mg/day EPA, 1800 mg/day EPA, 600 mg/day
DHA or 6 g/day olive oil that was used as the comparator.
After 6 weeks of supplementation, sdLDL was unchanged
between and within the four groups [65]. Satoh et al. [66]
randomized 44 obese participants with >2 risk factors of
metabolic syndrome into two groups; diet plus 1.8 g/day
EPA (intervention group) or diet alone (control group) for
3 months. The diet was that of the Japan Atherosclerosis
Society Guidelines and included 60% of total energy from
carbohydrates, 15-20% from protein and 20-25% from fat
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by following the ratio 3:4:3 as polyunsaturated, monoun-
saturated and saturated fatty acids, respectively. In
addition, the daily diet was based on 25 kcal/kg of ideal
body weight. Results indicated that sdLDL and sdLDL
proportion significantly decreased in the EPA group com-
pared with baseline, but did not differ between the two
groups. In another study, 59 overweight adults with mild
hypercholesterolemia were randomized to consume 4g
EPA every day, or DHA or olive oil as the comparative
control for 6 weeks. There was no significant difference in
LDL particle size between and within groups; however,
after adjustment for baseline values, LDL particle size sig-
nificantly increased (0.25+0.08 nm) in the DHA group
compared with olive oil (placebo) [67]. In a study of 34
healthy or mildly hyperlipidemic men who were random-
ized to two groups: (i) 7.5 g/day DHA (~ 3 g/day DHA),
(ii) 7.5 g/day olive oil (comparator). After 90 days of inter-
vention, participants who consumed DHA had fewer small
dense LDL particles though this did not differ compared
to the control, though there was a significant increase in
mean LDL particle compared with baseline [68]. In an-
other clinical trial, 57 subjects with below average levels of
HDL were given either DHA capsules (1.52g DHA per
day) or olive oil capsules as a control group for 6 weeks.
Results revealed that DHA had no effect on sdLDL though
the percentage of cholesterol in the small dense LDL was
significantly decreased by DHA in comparison with the
control group [69]. In another crossover study, 15 healthy
adult males were randomized into 2 groups to receive 10 g
flaxseed oil (549 g of a-Linolenic acid) or 10g corn oil
(0.09 g of a-Linolenic acid) as placebo for 12 weeks. Re-
sults showed that in the intervention group, the concen-
tration of sd-LDL significantly reduced after 4 and 12
weeks of flaxseed oil supplementation compared with
baseline (-25.8% and -21.2% respectively). In addition,
sd-LDL concentrations decreased significantly compared
with the control group after 4 weeks [70]. In a study of 56
patients without known coronary heart disease, they were
assigned to receive 5.2 g flaxseed oil (3 g/d of ALA), or 5.2
g of olive oil as control per day for 26 weeks. At the end of
the study there was no effect of flaxseed oil on atherogenic
LDL subfractions (LDL; and LDL,); however, flaxseed oil
significantly increased the less atherogenic LDL subfrac-
tions (LDL; and LDL,) as compared to the control olive
oil [71] (Table 2). Overall, in 3 out of 5 studies reviewed
here, LDL particle size significantly increased after the
intervention; however, in 2 studies out of 6 studies sdLDL
was significantly decreased though other studies did not
find any significant changes.

Fruits

Fruits are a rich source of flavonoids, polyphenols, fiber
and have antioxidant properties that have been reported
to have beneficial effects on various metabolic disorders
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[72-75]. In a randomized 3-period crossover study de-
sign, 45 overweight participants with baseline LDL en-
tered into a 2-week run-in period taking an average
American diet (51% carbohydrate, 16% protein, 34% fat,
13% saturated fat). Following a run-in period, partici-
pants were randomly allocated to receive either an avo-
cado diet (one fresh Hass avocado contained 136 g fruit
pulp and 13 g monounsaturated fatty acids (MUFA)) or
a low-fat diet (59% carbohydrate, 16% protein, 24% fat,
7% saturated fat contained grains instead of SFA) or a
moderate-fat diet (49% carbohydrate, 16% protein, 34%
fat, 6% saturated fat that contained high oleic acid oils,
sunflower oil and canola oil). After a 5 week period, sub-
jects were washed out over a 2-week period and crossed
over for each of the interventions. Results showed that
LDL particle number and small dense LDL cholesterol
number were significantly lower following the AV diet
compared with baseline. LDL particle size was reduced
in all diets, but compared with the LF diet the AV diet
led to a significant rise in LDL particle size [76]. In a
controlled, 3-arm, crossover study, 31 overweight or
obese subjects with a fasting glucose that ranged 5.0—
6.4 mmol/L. were randomized to either Half-Avocado
group who received 68 g/d fresh avocado or Whole-
Avocado contained 136 g avocado per day or control
group (without any avocado). After 6 h following inges-
tion, lipoprotein particles were measured by NMR spec-
tra of frozen plasma. Those that consumed a whole
avocado showed a significant reduction in sdLDL parti-
cles compared with the control [77]. In a clinical trial,
27 subjects with metabolic syndrome were divided into
either strawberry or control groups. The strawberry
group received 2 cups of strawberry beverage plus 2
cups of water while the control group were given only 4
cups of water per day Following strawberry supplemen-
tation there was a significant reduction in the concentra-
tion of small LDL particles compared to control;
however, LDL mean particle size was unchanged be-
tween the two groups [78]. In a recent study, 60 subjects
with elevated lipid profiles were randomly assigned to ei-
ther low-dose freeze-dried strawberries (FDS) [LD-FDS;
25 g strawberries with 2 cups of water] or low-dose con-
trol [LD-C; 4 g of fiber plus 20 g of cane sugar with 2
cups of water] or high-dose FDS [HD-FDS; 50 g straw-
berries with 2 cups of water] or 4) high-dose control
[HD-C; 8 g of fiber plus 36 g of cane sugar with 2 cups
of water] for 12 weeks. Results showed that, the HD-FDS
diet significantly decreased small LDL particles com-
pared with the HD-C diet, and this differed significantly
compared to the LD-FDS diet [79]. In a randomized
cross-over design, 20 obese adults were randomized into
two groups and followed for 3 weeks. The intervention
group received 80 g strawberry powder four times daily,
the control group were given a strawberry flavoured
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preparation dyed with red food color. The results
showed that LDL particle size significantly increased in
the intervention group in comparison to the control
group; however, the strawberry diets had no effect on
the concentrations of small LDL [80]. In an another
cross-over study, 24 obese adults were randomized to ei-
ther the intervention group (46g freeze-dried grape
powder with 240 ml of water two times a day) or the
control group (46 g fructose, glucose, organic acids and
fiber with 240 ml of water two times a day). After a 3
week intervention period separated by 3 week washout
periods, LDL particle size and concentrations of small
LDL did not change in the study groups [81]. A pro-
spective study evaluated the effectiveness of Bergamot
supplementation for the treatment of dyslipidemic pa-
tients. A total 80 participants with moderate hyperchol-
esterolemia received 150 mg/day Bergavit® (Bergamot
flavonoids containing 16% of neoeriocitrin, 47% of neo-
hesperidin and 37% of naringin) for 6 months. After 6
months, Bergavit® supplementation significantly reduced
sdLDL-3, -4, and 5 particles compared to baseline [82].
In another study, 107 subjects with metabolic syndrome
and NAFLD were given 1300 mg/d Bergamot poly-
phenolic fraction (BPF) in a capsule which contained fla-
vonoids composed of 370 ppm of neoeriocitrin, 520 ppm
of naringin, and 310 ppm of neohesperidin. The results
showed that sdLDL particles were significantly reduced
after the 120day intervention with BFP compared to
baseline [83] (Table 3). Overall, in 6 out of 7 studies
sdLDL was significantly reduced by fruit consumption,
and in 2 out of 4 studies LDL particle size increased. In
one study, in addition to the significant decrease in
sdLDL, LDL particle number was also decreased.

Nuts

Nuts contain unsaturated fats, soluble fiber, antioxidants,
and phytosterols that have potentially beneficial effects
on serum lipids, blood pressure, and on inflammation
[85]. A meta-analysis of clinical trials concluded that nut
intake led to a significant beneficial effect on triglycer-
ides, total cholesterol, LDL, and Apo B [86]. Further-
more, the findings of a previous systematic review
showed that nuts especially almonds, pistachios, brazil
nuts, peanuts, and hazelnuts may provide protection
from oxidation LDL to due to the presence of bioactive
antioxidant compounds in nuts. However, in some nuts
such as walnuts due to their high content of unsaturated
fatty acids this may increase the sensitivity to oxidation
[87, 88]. In a randomized crossover study, a pistachio-
supplemented diet (50% carbohydrates, 33% fat, included
57 g/day of pistachios) and control diet (55% carbohy-
drates, 30% fat) was administrated to 54 prediabetic pa-
tients for 2weeks, with a 2-week washout period
between interventions. The results showed that the small
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LDL number was significantly decreased in the
pistachio-supplemented diet compared to the control
diet, whereas the LDL particle size did not differ be-
tween the groups [89]. Oliver Chen et al. conducted a
randomized, crossover intervention, in which 45 patients
with coronary artery disease were given a control diet
without nuts (National Cholesterol Education Program
(NCEP) diet) or an intervention diet of 85g per day of
almonds added to the NCEP diet for a 6 week period
(each separated by a 4 week washout period). At the end
of the study, no significant effect was observed on small
density LDL-C levels following the consumption of al-
monds [90]. In a single-intervention study design, 21
healthy adults were given a hazelnut-enriched diet of 1
g/kg/day of hazelnuts for 4 weeks. After 30 days, small
LDL levels were significantly decreased compared with
baseline [88]. In another study, 18 hyperlipidemic adults
(13 postmenopausal women and 5 men), sequentially en-
tered 4 stages of the interventional diet; 1) a habitual
diet, 2) a habitual diet plus walnuts, 3) a low-fat diet,
and 4) a low-fat diet plus walnuts. Each diet was under-
taken for 4 to 6 weeks. At the end of the study, the re-
sults showed that all four diets did not affect LDL
particle size; however, walnut supplementation (48¢g
walnuts/8460 k] energy intake) led to a significant reduc-
tion in the distribution of cholesterol in the small LDL
compared with a habitual diet [91]. In a randomized 4-
period crossover study, 48 overweight adults were ran-
domized to four groups to consume 42.5 g/d of almonds
(ALD), 18 g/d of cocoa powder and 43 g/d of dark choc-
olate (CHOC), a combination of almonds, cocoa, and
chocolate (CHOC+ALD), or an average American diet
(AAD) as the control group. Each intervention was over
a 4-week period with a 2-week washout periods between
each. Results showed that, the concentration of sdLDL
particles were significantly reduced in (CHOC+ALD)
group compared with the control group (AAD), suggest-
ing that the combination of almonds, cocoa, and choc-
olate could have a benefit to improve the risk of
coronary heart disease [92]. In the PREDIMED trial, 169
diabetics, hyperlipidemic or hypertensive were randomly
divided into those taking a Mediterranean diet (MeD-
iet) + extra-virgin olive oil (EVOO; 1 L/weekl) or MeDiet
plus mixed nuts containingl5 g walnuts, 7.5 g hazelnuts
and 7.5 g almonds, or control group who were advised
on a low-fat diet, for 1 year. At the end of the study,
compared with the baseline, MeDiet + nuts led to a sig-
nificant reduction in medium-small LDL (10%), very
small LDL (11%) and a significant rise in LDL size (+ 0.2
nm). In addition, sdLDL particle levels decreased signifi-
cantly in the MeDiet + nuts group compared with the
control group, and the increase in the LDL size change
was statistically significant compared to the other groups
[93]. In a three-period, cross-over study, 28 healthy
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adults were assigned into three groups of; a 1 serving of
pistachio per day (1 PD) diet that contained 30% energy
from total fat (TF), 8% from SFA, and 10% from pista-
chios (one serving of pistachios/d or 32-63 g/d), a 2PD
diet that contained 34% energy from TF, 8% from SFA,
and 20% from pistachios (two serving of pistachios/d or
63-126 g/d), or a control diet that contained 25% energy
from TF and 8% from SFA (lower-fat diet). Each of the
diets was conducted over a 4-week period with a 2-week
washout period between the diets. The results showed
that the 2PD treated group had a significant reduction in
sdLDL in compared to both the 1PD and control groups
[94] (Table 4). Overall, in 5 out of 6 studies consump-
tion of nuts significantly reduced sdLDL. LDL particle
size was increased in 1 out of 3 studies, in 1 study the
distribution of cholesterol in the small LDL was
decreased.

Curcumin

Curcumin is an active ingredient of turmeric spices
(Curcuma longa L.) and has been used as a food spice
and herbal remedy for centuries in different traditional
medicine systems [95]. Because of its highly bioactive
compounds it has been reported to have several pharma-
cological effects including anti-inflammatory, anti-
tumor, lipid-modifying, antioxidant, anti-steatotic, anti-
fibrotic, cardioprotective and antithrombotic activities
[96-105]. The anti-atherosclerotic and cardioprotective
effects are thought to be mediated through reduced
LDL-oxidation [106, 107]. In a recent report, 117 meta-
bolic syndrome patients were asked to consume 1000
mg/day curcuminoids plus 5mg piperine (intervention
group) or 5mg piperine as the comparative control for
8 weeks. At the end of the study, sdLDL levels signifi-
cantly decreased in the intervention group compared
with baseline and between the two groups [97]. In a
randomized crossover study, 30 obese participants
with hyperlipidemia who were treatment naive were
randomized into either the curcuminoids group (1000
mg/day +5mg piperine) or the placebo group (5mg
piperine) for a 4-week period, with a 2-week washout
period and then crossed over for a further 4 week
period. At the end of the trial, no significant change
in sdLDL concentrations were observed after taking
the curcumin supplement compared with placebo
[108] (Table 5). In 2 studies reviewed here sdLDL
was decreased in 1 study after supplementation with
curcumin.

Other nutraceuticals

Oolong tea

Oolong tea is partially fermented tea extracted from the
leaves of Camellia sinensis, and contains high levels of
polyphenolic compounds. It has been shown to improve

Page 14 of 21

the lipid profile especially effective in lowering choles-
terol [109, 110]. In one clinical trial study, 12 patients
with previous myocardial infarction and 10 patients with
stable angina pectoris were divided into two groups and
asked to drink 1000 ml/day (two bags of tea) oolong tea,
or water as a control group for 4 weeks. At the endo of
the study, a significant increase in plasma LDL particle
size was observed in the oolong tea group compared
with baseline [111].

Brown rice

Brown rice, as whole grain rice, is nutrient-rich includ-
ing fiber, phytic acids, vitamins B and E, a-tocopherol, y
-oryzanol and y -amino butyric acid (GABA) [112]. In a
randomized controlled trial, 42 prediabetic, overweight
patients were randomly assigned into 400g partially-
abraded brown rice (PABR) or white rice (WR) daily for
12 weeks. The results showed that particle numbers of
small LDL and very small LDL were significantly re-
duced in the PABR group, whereas in the WR group,
they were increased [113].

Chitosan

Chitosan is derived from chitin deacetylation and
extracted from shellfish. It has anti-fungal, anti-
bacterial, antioxidant activity and reduced fat absorp-
tion properties [114-116]. Several meta-analyses
studies in patients with hypercholesterolemia [117]
showed that chitosan only reduced total cholesterol
In a pilot study, 28 patients with hypertriglyceridemia
received 2 tablets daily (125 mg/d) of chitosan derived
from fungal mycelium for 4 months. The results
showed that LDL peak particle size and LDL sub-
classes did not differ between groups though the
LDL-2 subclass was significantly increased after 4
months supplementation [118].

L-citrulline

L-citrulline is non-essential amino acid that found in
abundance in watermelon. Potential beneficial effects on
cardio-metabolic health [119, 120] have been reported.
In a recent study, 22 patients with flow mediated dila-
tion of the brachial artery (<5.5%) were recruited take
800 mg/day of L-citrulline for 8weeks. The results
showed that L-citrulline supplementation had no effect
on sdLDL levels [121].

Armolipid plus®

Armolipid Plus® tablets contain 200 mg of RYR (3 mg of
monacolin K with citrinine and aflatoxins free), 500 mg
of berberine, 10 mg of policosanols, 0.2 mg of folic acid,
2.0 mg of coenzyme Q10 and 0.5 mg of astaxanthin. In a
comparative study, 30 patients with familial combined
hyperlipidemia undertook a run-in period of 4 weeks of
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a normocaloric diet (54% carbohydrate, 16% protein,
30% fat, 45-55 g/day fiber), following which they were
randomized to Armolipid Plus® (one tablet per day) or
placebo (microcrystalline cellulose, iron oxide brown 70,
Compritol E ATO and magnesium stearate with the
same shape and taste) groups for 8 weeks. The results
showed that Armolipid Plus® significantly decreased the
LDL score compared with baseline and with the placebo
group. Whilst mean LDL size significantly increased in
the Armolipid Plus® group from baseline, there was no
difference compared to placebo [122]. In another
placebo-controlled trial, 147 individuals with metabolic
syndrome were randomized into two groups, the inter-
vention group received one tablet daily of Armolipid
Plus® whilst the control group received a placebo tablet
(microcrystalline cellulose, iron oxide brown) for 24
weeks. The results showed that patients who received
Armolipid Plus® had significantly larger sdLDL-C sizes
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in comparison to baseline, though the differences be-
tween groups were not significant [84] (Table 6).

Conclusion

This review has comprehensively assessed the effects of
nutraceuticals and other diet ingredients on sdLDL, LDL
particle number, and LDL particle size in human clinical
trials. The results have shown that almost all of the
nutraceuticals and specific diet ingredients discussed
above such as omega-3 fatty acids have beneficial effects
of LDL variants (Tables 1, 2, 3, 4, 5, and 6). Most of
these agents including olive oil, phytosterols, psyllium,
fish oil, EPA, DHA, flaxseed oil, berberine, avocado,
strawberry, nuts (including pistachio, almonds and
hazelnuts), curcumin and olong tea reduced sdLDL
levels, LDL particle numbers or increased LDL particle
size (Fig. 2). However, for many of the agents there are
currently very few studies and the trials undertaken were

e D
TG
Nutraceuticals: apoB levels \,
Vegetable oils
Phytosterols
;ﬁ;tsft;;r{is Production and
Fish oil secretion of VLDL in
Flaxseed liver {
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Fig. 2 Schematic summary of pathways depicting the possible effects of nutraceuticals and specific diet ingredients on sdLDL reduction and its
potential outcomes on cardiovascular diseases (CVD). sdLDL: small dense low density lipoprotein, Apo: apolipoprotein, VLDL: very-low-density
lipoprotein, LDL-C: low-density lipoprotein cholesterol; CVD: cardiovascular diseases
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often limited by study number, duration of the interven-
tion or their design with few randomized clinical con-
trolled trials. It has been reported that smaller and
denser LDL particles have a higher susceptibility to oxi-
dation and they are an independent atherogenic risk fac-
tor for CVD; therefore, larger clinical trials with plant-
derived therapeutic agents and omega-3 fatty acids, or
other specific ingredients of foods, are required to clarify
and confirm their efficacy to lower the levels of sdLDL,
LDL particle numbers or increase LDL particle size, and
to determine optimal dosing strategies. However, this re-
view does highlight that medicinal plants, nutraceuticals
and omega-3 fatty acids may have a role as natural prod-
ucts that can be used as adjunct or complementary
therapeutic agents to reduce sdLDL levels, LDL particle
numbers or increase LDL particle size that may have a
beneficial impact on CVD risk.

However, it should be noted that the included studies
in this review did not assess whether improvement in
sdLDL levels led to a clinical impact. In addition, meas-
urement methods of sdLDL levels differed between stud-
ies and the results may not be directly comparable.
Thus, it is recommended that future research focusing
on the evaluation of the efficacy of food ingredients or
nutraceuticals in populations with high sdLDL levels
should be of sufficient power and of robust design to
give definitive conclusions, and to determine sdLDL
using standardized methodology.
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