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LDL-C

Parag Anilkumar Chevli and Michael D. Shapiro

�Introduction

�Low-Density Lipoprotein 
and Atherosclerosis

Atherosclerosis is a complex process that 
involves many factors, but the cholesterol-rich 
apolipoprotein B (apoB)-containing lipoproteins 
have emerged as the chief initiating and driving 
factor. Cholesterol and triglycerides, water-insol-
uble lipids, require protein-containing complexes 
called lipoproteins for solubilization in the aque-
ous plasma and for transport to tissue. ApoB is 
the major structural protein (apolipoprotein) 
found on atherogenic lipoproteins and serves 
as the scaffold for lipidation and as a ligand for 
receptor binding. The five major atherogenic 
lipoproteins include chylomicron remnants, very-
low-density lipoprotein, intermediate-density 
lipoprotein, low-density lipoprotein (LDL), and 
lipoprotein(a). Although LDL is the principle ath-
erogenic lipoprotein, largely due to its relatively 
high plasma concentrations relative to other lipo-
proteins, other apoB-containing lipoproteins (up 
to about 70 nm in diameter) also play a role in the 

initiation and progression of atherosclerosis [1]. 
LDL particles penetrate the arterial endothelial 
cell lining, especially in the presence of endo-
thelial dysfunction, and enter the subendothelial 
space where they interact with positively charged 
intimal proteoglycans to become retained in the 
arterial wall [2]. The subendothelial retention of 
apoB-containing lipoprotein particles leads to a 
complex interplay between metabolic and inflam-
matory processes that leads to the initiation of an 
atheroma. Early atherogenesis can be impacted 
by many factors including hyperlipidemia, lipo-
protein influx, lipoprotein modification, turbulent 
blood flow, and alterations in the endothelium, 
smooth muscle cells, and matrix. According to 
the response-to-retention hypothesis of early ath-
erogenesis, lipoprotein retention is an absolute 
prerequisite for lesion development and appears 
to be sufficient in the majority of circumstances 
to provoke otherwise normal cellular and matrix 
elements to participate in a stream of events lead-
ing to atherosclerosis [3].

�Importance of Lowering LDL 
Cholesterol for Primary Prevention 
of Cardiovascular Disease

Data from numerous observational studies suggest 
that, even in the absence of other risk factors, severe 
hypercholesterolemia (e.g., LDL-cholesterol 
[LDL-C] ≥ 190 mg/dL) is associated with signifi-
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cantly increased risk for atherosclerotic cardiovas-
cular disease (ASCVD) [4]. One of the earlier trials 
evaluating the efficacy of decreasing cholesterol in 
reducing the risk of coronary heart disease (CHD) 
was the LRC-CCPT (Lipid Research Clinics 
Coronary Primary Prevention Trial), including 
3806 asymptomatic middle-aged men. The study 
revealed that treatment with bile acid sequestrant 
cholestyramine was associated with a 20% reduc-
tion in LDL-C with an associated 19% reduction 
in the incidence of CHD [5]. In the Air Force/
Texas Coronary Atherosclerosis Prevention Study 
(AFCAPS/TexCAPS), treatment with lovastatin 
reduced LDL-C by 25% compared to placebo and 
reduced the incidence of first acute major coronary 
events after 5.2  years [6]. The (HOPE)-3 (Heart 
Outcomes Prevention Evaluation) trial studied the 
effect of statins in 12,705 intermediate-risk, ethni-
cally diverse participants without cardiovascular 
disease [7]. Rosuvastatin reduced LDL-C level by 
27% compared to the placebo at 5 years. Treatment 
with rosuvastatin resulted in a 24% reduction in 
the primary composite outcome of death from 
CVD, non-fatal myocardial infarction, or non-
fatal stroke. The JUPITER (Justification for the 
Use of Statins in Prevention: an Intervention Trial 
Evaluating Rosuvastatin) trial, included 17,802 
men and women free of cardiovascular disease at 
baseline with LDL-C levels <130 mg/dL and high-
sensitivity C-reactive protein levels ≥2.0  mg/L 
and randomized them to rosuvastatin 20 mg daily 
vs. placebo. Rosuvastatin reduced LDL-C levels 
by 50% and significantly reduced the incidence of 
a first major cardiovascular event by 44% [8]. It is 
clear from the evidence that there is a significant 
benefit associated with LDL-C lowering in the pri-
mary prevention of ASCVD (Table 13.1).

�Importance of Lowering LDL 
Cholesterol for Secondary 
Prevention of Cardiovascular 
Disease

Many large clinical trials assessed the impact of 
LDL-C lowering in patients with known CVD. In 
the 4S (Scandinavian Simvastatin Survival Study), 
4444 patients with known CHD were randomly 

assigned to simvastatin (10–40 mg daily) or pla-
cebo [9]. At the end of 5.4  years, simvastatin 
reduced LDL-C level by 35%. Treatment with 
simvastatin resulted in a 42% reduction in coro-
nary mortality and a 35% reduction in major coro-
nary events. More recently, non-statin therapies 
were evaluated in patients with ASCVD in the 
IMPROVE-IT (Improved Reduction of Outcomes: 
Vytorin Efficacy International Trial). This study 
enrolled 18,144 patients with a recent acute coro-
nary syndrome (within 10 days of enrollment) and 
randomly assigned participants to receive simvas-
tatin 40 mg plus ezetimibe 10 mg or simvastatin 
40  mg daily plus placebo. The median time–
weighted average LDL-C level during the study 
was 53.7  mg/dL in the simvastatin/ezetimibe 
group as compared with 69.5 mg/dL in the simv-
astatin monotherapy group [10]. At the conclu-
sion of the study, there was a 6.5% proportional 
reduction in major cardiovascular events (cardio-
vascular death, non-fatal MI, unstable angina 
requiring hospitalization, coronary revasculariza-
tion ≥30  days after randomization, or non-fatal 
stroke) with combination therapy compared to 
simvastatin/placebo. The study concluded that 
reducing LDL-C to levels below previous targets 
provided additional benefit (e.g., even lower 
LDL-C is even better). The discovery of propro-
tein convertase subtilisin/kexin type 9 (PCSK9) 
and the recent development and approval of the 
PCSK9 inhibitors have transformed our under-
standing of lipoprotein metabolism and our abil-
ity to manage patients with hypercholesterolemia 
and/or ASCVD. The FOURIER (Further 
Cardiovascular Outcomes Research with PCSK9 
Inhibition in Subjects with Elevated Risk) trial 
assessed the efficacy of evolocumab when added 
to statin therapy in patients with clinically evident 
ASCVD [11]. In total, 27,564 participants with 
ASCVD and LDL-C levels of 70 mg/dL or higher 
who were on optimized statin therapy were ran-
domly assigned to receive evolocumab (either 
140 mg every 2 weeks or 420 mg monthly) or pla-
cebo. After a median follow-up of 2.2 years, treat-
ment with evolocumab, as compared with placebo, 
led to a reduction in LDL-C from a median base-
line value of 92–30 mg/dL corresponding to 59% 
reduction. There was a significant 15% reduction 
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in the risk of the primary composite endpoint of 
cardiovascular death, myocardial infarction, 
stroke, hospitalization for unstable angina, or cor-
onary revascularization with evolocumab treat-
ment above and beyond background optimal 
medical therapy. Several meta-analyses have also 

suggested similar cardiovascular benefits with an 
intensive lowering of LDL-C in patients with 
ASCVD [12–14]. In conclusion, the totality of the 
evidence indicates that reducing plasma LDL-C 
level is an integral component of secondary pre-
vention of ASCVD (Table 13.2).

Table 13.2  Secondary prevention trials of lipid-lowering drugs

Trial
Study 
design

Sample 
size Participants Drug dosage

Follow-up 
time

Mean 
baseline 
LDL-C (mg/
dL) and 
change with 
intervention Primary outcome

4S [9] RCT 4444 Patients with 
CHD

Simvastatin 
(10–40 mg 
daily) or 
placebo

5.4 years 188, ↓ 25% Coronary mortality 
↓ 42%
Major coronary 
events ↓ 35%

CARE [91] RCT 4159 Patients with 
MI

Pravastatin 
40 mg daily or 
placebo

5 years 139, ↓ 32% Fatal CHD or 
confirmed MI ↓ 
24%

FOURIER 
[11]

RCT 27,564 Patients with 
ASCVD

Evolocumab 
(either 140 mg 
every 2 weeks 
or 420 mg 
monthly) or 
placebo

2.2 years 92, ↓ 59% Primary composite 
outcome of 
cardiovascular 
death, MI, stroke, 
hospitalization for 
UA, or coronary 
revascularization ↓ 
15%

IMPROVE-IT 
[10]

RCT 18,144 Patients who 
were 
hospitalized 
for an ACS 
within the 
preceding 
10 days

Simvastatin 
(40 mg) and 
ezetimibe 
(10 mg) or 
simvastatin 
(40 mg) and 
placebo

6 years 94, ↓ 24% Primary composite 
outcome of death 
from CVD, a major 
coronary event, or 
non-fatal stroke ↓ 
6.5%

PROSPER 
[92]

RCT 5804 Patients with 
history of, or 
risk factors 
for, vascular 
disease

Pravastatin 
40 mg daily or 
placebo

3.2 years 147, ↓ 34% Primary composite 
outcome of death 
from CHD, 
non-fatal MI, and 
fatal or non-fatal 
stroke ↓ 15%

ODYSSEY 
[93]

RCT 18,924 Patients with 
ACS within 
the preceding 
1–12 months

Alirocumabor 
75 mg every 
2 weeks or 
placebo

2.8 years 92, ↓ 55% Primary composite 
endpoint of death 
from CHD, 
non-fatal MI, fatal 
or non-fatal 
ischemic stroke, or 
UA requiring 
hospitalization

4S Scandinavian Simvastatin Survival Study, ACS acute coronary syndrome, ASCVD atherosclerotic cardiovascular 
disease, CARE Cholesterol and Recurrent Events, CHD coronary heart disease, CVD cardiovascular disease, FOURIER 
Further Cardiovascular Outcomes Research with PCSK9 Inhibition in Subjects with Elevated Risk, IMPROVE-IT 
Improved Reduction of Outcomes: Vytorin Efficacy International Trial, LDL-C low-density lipoprotein cholesterol, MI 
myocardial infarction, PROSPER PROspective Study of Pravastatin in the Elderly at Risk, RCT randomized controlled 
trial, UA unstable angina
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�Impact of Diet on LDL-C

�Dietary Fat and LDL

The relationship between macronutrient intake 
in the diet and plasma LDL-C concentrations is 
well known. Historically, there was an empha-
sis on the reduction of total dietary fat intake. In 
aggregate, clinical studies have failed to reveal a 
favorable impact on CVD by taking this approach 
[15]. However, it is now understood that the spe-
cific type of fat is far more critical in influencing 
plasma lipids and CVD outcomes [16].

�Dietary Cholesterol
The main sources of dietary cholesterol are egg 
yolks. The other major sources include dairy 
products, shrimp, beef, pork, and poultry. A 
systematic review and meta-analysis of ran-
domized controlled trials exploring the quanti-
tative effect of egg consumption on serum lipid 
concentrations demonstrated that compared 
with non-egg-consumers, consumption of eggs 
increased LDL-C by 5.5 mg/dL [17]. However, 
the consumption of eggs also increased HDL-C, 
and there was no effect on the LDL-C: HDL-C 
ratio. A meta-analysis of 13 randomized con-
trolled trials investigating the impact of dietary 
cholesterol interventions on serum LDL-C 
showed a significant increase in LDL-C when 
comparing intervention with control doses of 
dietary cholesterol [18]. The “National Lipid 
Association Recommendations for Patient-
Centered Management of Dyslipidemia” recom-
mend limiting cholesterol intake to <200  mg/
day to maintain a cardioprotective eating pattern 
[19]. It is important to note that intestinal absorp-
tion of cholesterol is variable with both hyper- 
and hypo-absorbers. Some individuals show 
little or no increases in LDL-C in response to a 
higher intake of dietary cholesterol, while others 
show responses well above the average [19, 20]. 
Dietary Guidelines for Americans (2015–2020) 
do not limit the consumption of dietary choles-
terol to 300 mg per day in contrast to the 2010 
Dietary Guidelines [21]. However, the guideline 

suggests that limiting dietary cholesterol is an 
integral part of building a healthy eating pattern. 
It is particularly important that individuals with 
inherited hypercholesterolemia (e.g., familial 
hypercholesterolemia) continue to limit dietary 
cholesterol intake.

�Saturated Fatty Acids
High concentrations of saturated fatty acids are 
found in red meat, dairy products, and plant-
derived products such as palm kernel oil and 
coconut oil. Saturated fats increase LDL-C 
through different mechanisms (Fig.  13.1). 
However, issues related to saturated fats and 
their impacts on LDL-C are considerably more 
nuanced. The LDL-C raising effect of saturated 
fatty acids progressively increases as the chain 
length of saturated fat diminishes. Specifically, 
lauric acid (C12:0) is more potent than myris-
tic acid (C14:0) and palmitic acid (C16:0) in 
increasing LDL-C.  On the other hand, lauric 
acid has also been shown to increase high-den-
sity lipoprotein (HDL)-cholesterol (HDL-C), 
though the clinical significance of this effect is 
unclear [22]. The DELTA (Dietary Effects on 
Lipoproteins and Thrombogenic Activity) study 
compared the average American diet contain-
ing 15% of total calories from saturated fat to 
a low saturated fat diet containing 6.1% of total 
calories from saturated fat. The lower saturated 
fat diet was associated with an 11% reduction 
in LDL-C as compared to the typical American 
diet [23]. However, the evidence suggests that 
the effect of saturated fatty acids on LDL-C is 
modified by the food source within which they 
are consumed [24]. A randomized controlled 
trial of 49 participants demonstrated that cheese 
consumption was associated with lower LDL-C 
when compared with butter intake of equal fat 
content [25]. A meta-analysis of 36 random-
ized control trials of red meat consumption in 
comparison with other diets exhibited no sig-
nificant difference in plasma LDL-C concentra-
tion [26]. Similarly, evidence has suggested that 
a higher intake of processed meat is associated 
with a neutral or increased risk of CVD, while 

13  Dietary Approaches to Lowering LDL-C
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dairy products have a neutral or beneficial effect 
on CVD [16]. Evidence, as provided in these 
examples, has called into question the recom-
mendation to keep total saturated fat consump-
tion below 10% of total calories. In fact, many 
experts suggest evaluating the quality of dietary 
nutrients, components, and patterns rather than 
a rigid reliance on absolute proportions of mac-
ronutrients [27].

�Polyunsaturated Fatty Acids
Omega-3 (ω-3) and Omega-6 (ω-6) fatty acids 
are polyunsaturated fatty acids (PUFAs) as 
they contain more than one cis double bond in 
the long-carbon fatty acid chain. Unlike satu-
rated and monounsaturated fats, humans cannot 
synthesize PUFA because they lack desaturase 
enzymes necessary to insert a cis double bond at 
the n-3 and n-6 positions of a fatty acid. Hence, 
PUFA are considered essential fatty acids. 
Dietary ω-3 PUFA include eicosapentaenoic 
acid (EPA), docosahexaenoic acid (DHA), and 
α-linolenic acid (ALA). Oily fish such as herring, 
salmon, sardines, oysters, and tuna are the rich-
est dietary sources of EPA and DHA. Flaxseed, 
chia seed, and walnuts are the primary dietary 

sources of ALA.  Most studies investigating the 
effect of ω-3 PUFA on plasma lipids are notable 
for the consistent triglyceride-lowering proper-
ties of EPA and DHA, particularly at high doses 
(4 grams per day). On the other hand, ω-3 PUFA 
have shown either no effect or a slight increase in 
LDL-C [28]. A 2018 Cochrane systematic review 
of 79 RCTs revealed no beneficial effect of EPA, 
DHA, or ALA on LDL-C [29]. However, most 
studies demonstrated an increase in mean LDL 
particle size without an increase in LDL particle 
number [29]. This shift toward large LDL par-
ticles may confer cardiovascular benefit, as small 
dense LDL (sdLDL) particles have relatively 
greater atherogenic potential [30]. Mechanisms 
by which sdLDL may facilitate atherogenesis are 
illustrated in Fig. 13.2.

The main dietary ω-6 PUFA are linoleic acid 
(LA) and arachidonic acid (AA). LA is found in 
vegetable oils such as safflower oil, sunflower 
oil, and corn oil, as well as nuts and seeds. AA is 
present in small amounts in eggs, meat, and poul-
try. A meta-analysis of 27 RCTs suggested a ben-
eficial effect of LA on LDL-C [31]. A Cochrane 
systematic review of 19 RCTs, including 6461 
participants, demonstrated that replacing dietary 

↓ Hepatic
LDL receptor

synthesis

↓ Affinity of
LDL particles
to receptor

↓ Hepatic
LDL receptor

binding

↑ Hepatic
Lipase activity

↑ CETP
activity ↑ sdLDL

↑ Conversion
of IDL to LDL

↓ Clearance of
LDL particles

Saturated
Fatty Acid ↑Plasma LDL-C

Fig. 13.1  Impact of saturated fatty acids on plasma LDL-C. CETP cholesteryl ester transfer protein, IDL intermediate-
density lipoprotein, LDL-C low-density lipoprotein cholesterol, sdLDL small dense low-density lipoprotein
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saturated fatty acids with ω-6 PUFA lowered total 
blood cholesterol. Still, there was no evidence of 
LDL-C reducing benefits [32].

�Monounsaturated Fatty Acids
In contrast to PUFA, monounsaturated fatty acid 
(MUFA) contains only one cis double bond. 
The primary source of MUFA includes dairy 
products, red meat, and plant-based oil, includ-
ing olive oil. MUFA is also found in avocados, 
peanut butter, and other nuts and seeds. An RCT 
of 58 participants tested the effect of replacing 
saturated fat with MUFA or PUFA [33]. At the 
end of the study period, the serum LDL-C level 
decreased by 18% in those on the MUFA diet 
and by 13% in those on the PUFA diet. The study 
concluded that a diet rich in MUFA was as effi-
cacious as a diet rich in PUFA in lowering LDL-
C.  In the OmniHeart (Optimal Macronutrient 
Intake Trial to Prevent Heart Disease) study, 
replacing saturated fat with MUFA led to a 
significant decrease in LDL-C [34]. A similar 
reduction in LDL-C was observed in a meta-

analysis of 27 trials investigating the replace-
ment of saturated fat with MUFA [31].

�Trans Fatty Acids
There are two main sources of trans fatty acids 
(TFA). Naturally occurring TFA can be found 
in small amounts from meat and dairy products. 
However, the major dietary source is synthetic 
TFA found in processed foods. The partial hydro-
genation of unsaturated fat found in vegetable oil 
leads to the formation of TFA.  This process is 
used by the food industry to increase the shelf-life 
of processed foods and to enhance flavor. A meta-
analysis of 32 clinical trials demonstrated that a 
high intake of industrial TFA lead to increases 
in serum LDL-C [35]. Another meta-analysis 
of 12 randomized controlled trials on isocaloric 
replacement of saturated fat or cis unsaturated 
fats with TFA revealed that the consumption of 
TFA increases LDL-C as compared with the con-
sumption of an equal number of calories from 
saturated or cis unsaturated fats [36]. Given their 
harmful effects on atherogenic lipid levels, sys-

↓ Receptor
mediated
uptake

↑
Susceptibility
to oxidation

↑ ApoCIII
content

↑ Propensity to
transport in SE

space

↑ Intravascular
retention time

sdLDL ↑Atherogenesis

Fig. 13.2  Putative mechanisms for enhanced atherogenicity of small, dense LDL. ApoCIII apolipoprotein CIII, sdLDL 
small dense low-density lipoprotein, SE subendothelial space
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temic inflammation, and ASCVD, the 2019 ACC/
AHA Guideline on the Primary Prevention of 
Cardiovascular Disease recommended minimiz-
ing the consumption of TFA [37].

In summary, dietary cholesterol is associated 
with increased LDL-C.  The effect of saturated 
fat on LDL-C is modulated by the food source. 
EPA and DHA may not reduce LDL-C but could 
confer CVD protection through increasing LDL 
size and triglyceride lowering. Replacement of 
saturated fat with MUFA seems to have a benefi-
cial effect on LDL-C. The consumption of TFA 
has been consistently shown to increase LDL-C 
(Table 13.3).

�Dietary Sugars and LDL

The major source of added sugar among US 
adults aged 20 and overcomes from sugar-
sweetened beverages such as fruit-flavored 
drinks, sodas, and sports drinks [38]. Low-calorie 
sweetened beverages and 100% fruit juices are 
frequently considered as a healthier alternative 
to sugar-sweetened beverages. A cross-sectional 
analysis from the National Health and Nutrition 

Examination Survey (NHANES) demonstrated 
that intake of added sugar was positively asso-
ciated with higher LDL-C [39]. A prospective 
cohort of the Coronary Artery Risk Development 
in Young Adults (CARDIA) Study demonstrated 
that higher consumption of sugar-sweetened bev-
erages was associated with increased risk of high 
LDL-C at 20  years [40]. A longitudinal study 
from the FOS (Framingham Offspring Study) 
and GEN3 (Generation Three) cohorts examined 
the association of sugar-sweetened beverages, 
low-calorie sweetened beverages, and fruit juice 
consumption with changes in the lipid profile 
[41]. The study demonstrated that the regular 
consumption of sugar-sweetened beverages was 
associated with decreased HDL-C and increased 
triglycerides. Moreover, recent low-calorie 
sweetened beverage consumption was associ-
ated with increased LDL-C.  Sugar-sweetened 
beverages are sweetened primarily with fructose, 
sucrose, or high-fructose corn syrup (HFCS) 
[42]. A meta-analysis of 19 controlled feeding 
trials indicated that there was a dose–response 
relationship between fructose consumption and 
LDL-C [43]. Fructose intake >100  g/day sig-
nificantly increased LDL-C by 11.6  mg/dL.  A 

Table 13.3  Dietary fats and LDL-C

Cholesterol SFA ω-3 PUFA ω-6 PUFA MUFA TFA
Sources Egg yolks, 

chicken, beef, 
pork, shrimp, 
cheese, butter

Red meat, 
cheese, 
butter, whole 
milk, palm 
kernel oil, 
coconut oil

Oily fish such 
as herring, 
salmon, 
sardines, 
oysters, and 
tuna; flaxseed, 
chia seed, 
walnut

Vegetable oils 
such as 
safflower oil, 
sunflower oil, 
and corn oil; 
flaxseed, 
pumpkin seeds, 
walnuts

Vegetable oils 
such as olive oil, 
canola oil, 
peanut oil, 
sunflower, and 
safflower oils; 
avocados, peanut 
butter

Processed 
food, dairy 
products, 
beef, lamb

Effect on LDL-C ↑ LDL-C ↑ LDL-C No effect on 
LDL-C

No effect on 
LDL-C

↓ LDL-C ↑ LDL-C

Recommendation Limit 
cholesterol 
intake to 
reduce 
ASCVD risk

Limit SFA 
intake to less 
than 7% of 
total daily 
calories 
intake to 
reduce 
ASCVD risk

Replace SFA 
with PUFA to 
reduce 
ASCVD risk

Replace SFA 
with PUFA to 
reduce ASCVD 
risk

Replace SFA 
with MUFA to 
reduce ASCVD 
risk

Avoid TFA 
to reduce 
ASCVD 
risk

ASCVD atherosclerotic cardiovascular disease, LDL-C low-density lipoprotein cholesterol, MUFA monounsaturated 
fatty acids, PUFA polyunsaturated fatty acids, SFA saturated fatty acids
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2-week parallel-arm trial, including a total of 
187 participants, demonstrated that consumption 
of beverages containing 10%, 17.5%, or 25% of 
energy requirements from HFCS produced sig-
nificant linear dose-response increase fasting 
LDL cholesterol [44]. Hence, the 2019 ACC/
AHA Guideline and the Dietary Guidelines for 
Americans (2015–2020) recommend minimizing 
or entirely eliminating sugar-sweetened beverage 
consumption [21, 37].

�Dietary Fibers and LDL

Dietary fibers represent the indigestible part of 
plant foods. Dietary fibers are classified based 
on their solubility in water as soluble fibers or 
insoluble fibers. They are mainly found in veg-
etables, fruits, oats, nuts, barley, and legumes. 
Dietary fibers are also available as supplements 
that contain psyllium, methylcellulose, and 
wheat dextrin. A meta-analysis of 67 randomized 
controlled trials evaluating the effect of soluble 
fibers on plasma lipids found that soluble fiber 
consumption of 1  g/day was associated with 
approximately a 2  mg/dL reduction of LDL-C 
[45]. A randomized control trial of 68 patients 
evaluated the LDL-C lowering effect of psyl-
lium added to simvastatin [46]. The study found 
that the addition of 15 g of daily psyllium fiber 
to 10 mg simvastatin/day achieved a similar 36% 
LDL-C reduction to that achieved with 20  mg 
simvastatin/day. A more recent meta-analysis of 
28 randomized controlled trials evaluating the 
effects of psyllium on LDL-C found that the sup-
plementation of 10.2 g/day of psyllium reduced 
the LDL-C by an average of 12.9  mg/dL.  The 
National Lipid Association (NLA) and the 
2016 ACC Expert Consensus Decision Pathway 
(ECDP), recommend the incorporation of solu-
ble dietary fiber as a dietary adjunct for lowering 
LDL-C in patients with dyslipidemia [19, 47].

�Phytosterols and LDL

Plant sterols and plant stanols are commonly 
referred to as phytosterols (plant-based ste-

rols) that are similar in structure to cholesterol. 
Phytosterols are found in foods of plant origin, 
including vegetable oils, nuts, whole grains, 
seeds, and legumes. There are also dietary 
supplements fortified with phytosterols avail-
able commercially. Numerous studies have 
demonstrated the beneficial effects of the con-
sumption of foods enriched with free or esteri-
fied forms of phytosterols on LDL-C [48, 49]. 
A meta-analysis of 124 studies examining the 
LDL-C lowering effect of phytosterols demon-
strated that the consumption of 0.6–3.3  g/day 
of phytosterols was associated with a 6–12% 
reduction in LDL-C in a dose-response fash-
ion [50]. In one meta-analysis including 15 tri-
als, phytosterols consumption of 1.8–6  g/day 
in patients treated with statins was associated 
with 11.7 mg/dL lower LDL-C compared with 
a statin alone [51]. The NLA and the 2016 ACC 
ECDP, recommend considering the use of phy-
tosterols as a part of lifestyle modification to 
reduce LDL-C for primary and secondary pre-
vention of ASCVD [19, 47].

�Dietary Patterns and LDL

The 2019 ACC/AHA Guideline on the Primary 
Prevention of Cardiovascular Disease placed a 
significant emphasis on the benefits of a healthy 
diet [37]. In the following section, we will 
review some of the dietary patterns associated 
with improvements in the lipid profile, including 
LDL-C.

�DASH Diet
The DASH (Dietary Approaches to Stop 
Hypertension) trial was an outpatient controlled 
feeding study including 459 participants who 
were randomized to either a control dietary pat-
tern, similar to an average American diet or two 
experimental diets: FV (fruits, vegetable) diet or 
the DASH diet [52]. The FV dietary pattern con-
tained more fruit, vegetables, and whole grains 
and fewer sweets but had macronutrient content 
similar to that of the control diet. The DASH diet 
was a combination of dietary patterns, and com-
pared with the control and FV diet, it was higher 
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in protein and calcium and lower in saturated fat, 
total fat, and cholesterol. At the end of 8 weeks, 
the DASH diet, compared with the control diet, 
led to a significantly lower mean LDL-C level 
(−10.7  mg/dL), which represented a 9% net 
reduction [53]. The DASH-Sodium trial was a 
multicenter, randomized feeding trial, where 
participants were randomly assigned to a typical 
American control diet or the DASH diet, each pre-
pared with three levels of sodium [54]. The study 
revealed that compared with the control diet, the 
DASH diet significantly lowered LDL-C. Further 
improvement in LDL-C was found when part of 
the carbohydrate content in the DASH diet was 
replaced with either unsaturated fat or protein in 
the OmniHeart trial [34]. The OmniHeart was 
a randomized, three-period crossover design 
comparing the effect of three healthful diets on 
serum lipids and blood pressure. The three diets 
included a carbohydrate-rich diet, similar to the 
DASH diet, a protein-rich diet, and a diet rich in 
unsaturated fat. The study demonstrated that the 
DASH diet decreased mean LDL-C by an abso-
lute 11.6 mg/dL from baseline. Compared with 
the DASH diet, the protein-rich diet, but not the 
diet rich in unsaturated fat, significantly lowered 
LDL-C levels.

�Mediterranean Diet
The Mediterranean dietary pattern represents 
the dietary habits of populations bordering the 
Mediterranean Sea. While there is considerable 
regional variation in the Mediterranean diet, 
perhaps more appropriately referred to as the 
Mediterranean pattern, there are some general 
similarities found in this dietary pattern. This diet 
is enriched in fruits, vegetables, complex carbo-
hydrates, including whole grains, nuts, and seeds 
[55, 56]. Olive oil is a principal source of fat in 
this diet. Also, the typical Mediterranean diet is 
low in animal fat and simple sugars. The Med-
RIVAGE (Mediterranean Diet, Cardiovascular 
Risks, and Gene Polymorphisms) study, includ-
ing 212 participants with moderate CVD risk, 
demonstrated a beneficial effect on LDL-C 
with the Mediterranean-type diet [57]. The 
Indo-Mediterranean Diet Heart Study random-

ized 1000 patients with angina pectoris, myo-
cardial infarction, or surrogate risk factors 
for CVD to receive either a diet rich in whole 
grains, fruits, vegetables, walnuts, and almonds 
or the Step 1 NCEP (National Cholesterol 
Education Program) diet. At the end of 2 years, 
both groups demonstrated a significant reduc-
tion in LDL-C. However, the effect was greater 
in the Mediterranean diet group [58]. A recent 
meta-analysis including 30 randomized control 
trials, including 12,461 participants compar-
ing the Mediterranean dietary intervention ver-
sus usual care or another dietary intervention 
(e.g., low-fat, the traditional diet of that coun-
try, national recommendations/disease-specific 
guidance, and vegetarian), demonstrated that the 
Mediterranean diet produced small beneficial or 
no effect on LDL-C levels [59]. The PREDIMED 
(Prevención con Dieta Mediterránea) study is the 
largest randomized control study to evaluate the 
health effects of the Mediterranean diet on 7447 
subjects at high risk for cardiovascular disease 
[60]. The participants were assigned to one of 
three diets: a Mediterranean diet supplemented 
with extra-virgin olive oil, a Mediterranean diet 
supplemented with mixed nuts, or a control 
diet (low-fat diet). The original trial, which was 
published in 2013, demonstrated a beneficial 
effect of the Mediterranean diet supplemented 
with extra-virgin olive oil or nuts on major car-
diovascular events. However, it was retracted 
after identifying protocol deviations, including 
enrollment of household members without ran-
domization, assignment to a study group with-
out randomization of some participants at 1 of 
11 study sites, and apparent inconsistent use of 
randomization tables at another site. After the 
omission of 1588 participants whose study-group 
assignments were known or suspected to have 
departed from the protocol, the results did not 
change [61]. A random subsample of 210 indi-
viduals from the PREDIMED study revealed that 
the Mediterranean diet supplemented with extra-
virgin olive oil led to a statistically significant 
absolute 10.5  mg/dL decrease of LDL-C level. 
Moreover, measures of LDL oxidation and LDL 
particle size were improved in participants ran-
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domized to the Mediterranean diet supplemented 
with extra-virgin olive oil compared to the low-
fat diet [62]. The Mediterranean diet supple-
mented with nuts exhibited similar trends but did 
not reach statistical significance.

�Plant-Based Vegetarian Diet
There are many variations to the vegetarian diet, 
including the pescovegetarian diet (seafood with 
or without eggs and dairy), lactovegetarian diet 
(dairy), lacto-ovo-vegetarian diet (eggs and dairy), 
and vegan diet (no animal products). A plant-based 
vegetarian diet incorporates vegetables and fruits 
as well as whole grains, beans, legumes, nuts, and 
seeds. The Oxford Vegetarian Study was an obser-
vational study of 11,040 participants residing in the 
United Kingdom and revealed that vegans exhib-
ited lower LDL-C compared to meat-eaters [63]. 
One of the earliest trials to examine the impact of 
lifestyle changes on the progression of coronary 
atherosclerosis was the Lifestyle Heart Trial, which 
was a randomized controlled trial conducted from 
1986 to 1992, including 48 patients with moderate 
to severe coronary heart disease [64]. The partici-
pants in the experimental group were prescribed 
an intensive lifestyle program that included adher-
ing to a vegetarian diet in addition to other life-
style modifications (smoking cessation, exercise, 
and stress management). After 1 year, LDL-C lev-
els decreased by 40% in the experimental group 
compared to a 1.2% decrease in LDL-C in the 
control group. In a crossover experiment, Cooper 
et al. examined the effects of a lactovegetarian diet 
in 15 healthy, nonsmoking physicians and medi-
cal students [65]. The participants were randomly 
assigned to a low-saturated fat vegetarian diet or a 
“typical American diet.” Compared to the omnivo-
rous diet, participants consuming the vegetarian 
diet experienced a 14.7% decrease in LDL-C. In 
the GEICO (Government Employees Insurance 
Company) study, 291 participants with a body 
mass index (BMI) ≥25 kg/m2 and/or a previous 
diagnosis of Type 2 diabetes were randomized 
to either a low-fat vegan diet or a group without 
any dietary changes [66]. After 18 weeks, LDL-C 
was reduced by 8.1  mg/dL for the participants 
consuming a low-fat vegan diet compared with 

only 0.9 mg/dL reduction in LDL-C in the control 
group. Another randomized control trial investi-
gated the impact of a low-fat vegan diet on cardio-
vascular risk factors in 99 individuals with Type 
2 diabetes [67]. The participants were random-
ized to a low-fat, low-glycemic index vegan diet 
or to the American Diabetes Association (ADA) 
diet. After 22 weeks, the participants consuming 
a vegan diet experienced a 21.2% reduction in 
LDL-C compared to a 10.7% reduction in those 
consuming the ADA diet. It is important to note 
that the benefits of the vegetarian diet could be due 
to specific components of the diet with lipid-low-
ering properties. The “portfolio” diet is a vegan 
diet with emphasis on plant sterols, soy foods, vis-
cous fibers, and almonds. In a randomized control 
trial of 25 individuals with hyperlipidemia, partici-
pants were randomized to either a portfolio diet or 
a lacto-ovo-vegetarian diet [68]. At the end of the 
trial, LDL-C was reduced by 12.1% in the partici-
pants assigned to a lacto-ovo-vegetarian diet while 
the portfolio diet led to a 35% reduction in LDL-
C.  Another study examining the impact of the 
portfolio diet enrolled 45 hyperlipidemic individu-
als to determine whether the portfolio diet leads 
to cholesterol reduction similar to statins [69]. 
The participants were randomly assigned to either 
a low-fat diet, a low-fat diet plus lovastatin, or a 
vegetarian portfolio diet. Interestingly, the portfo-
lio diet group and the low-fat diet plus statin group 
demonstrated significant and comparable reduc-
tions in LDL-C. A 2017 meta-analysis, including 
49 studies (30 observational studies and 19 clinical 
trials), demonstrated that compared to the omniv-
orous diet, the plant-based vegetarian diet low-
ered LDL-C by 15–30% [70]. The CARDIVEG 
(Cardiovascular Prevention With Vegetarian Diet) 
was the first randomized control trial assessing the 
effects of a lacto-ovo-vegetarian diet compared to 
a Mediterranean diet on CVD risk factors [71]. 
After 3 months of dietary intervention, compared 
with the Mediterranean diet, the vegetarian diet 
led to a significant reduction in LDL-C. The plant-
based vegetarian diets may reduce serum LDL-C 
through multiple mechanisms [72]. The plant-
based vegetarian diet, including fruits, vegetables, 
whole grains, legumes, nuts, and various soy prod-
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ucts, contain a number of phytochemicals includ-
ing plant sterols and/or stanols, phytoestrogen, 
and flavonoids [73]. The beneficial effect of plant 
sterols/stanols and flavonoids is likely related to 
inhibition of cholesterol absorption in the small 
intestine [74]. The phytoestrogen content of soy 
facilitates plasma LDL-C reduction through an 
increase in the excretion of bile acids with con-
comitant increased LDL receptor expression on 
hepatocytes [75]. Phytoestrogens can also inhibit 
the oxidation of LDL [76].

�Ketogenic Diet
The ketogenic diet is a high-fat, low-carbohydrate 
diet that has generated a lot of interest and has led 
to a great deal of debate, especially regarding its 
safety and long-term effects on cardiovascular 
health [77]. There are many versions of a keto-
genic diet with a different ratio of macronutrients. 
In general, the typical ketogenic diet consists of 
70–80% calories from fat, 10–20% calories from 
protein, and 5–10% from carbohydrate. The keto-
genic diet causes the body to break down fat into 
ketones, which becomes the primary source of 
energy. The hypothesized favorable mechanisms 
of ketosis include appetite suppressant action of 
the ketone bodies, increased lipolysis, and greater 
metabolic efficiency in consuming fats [78]. A 
randomized control trial of 30 normal-weight, 
healthy individuals, assessed the impact of the 
ketogenic diet on LDL-C. The participants were 
assigned to either a ketogenic diet or a habitual 
diet for 3  weeks. There was a 44% increase in 
LDL-C among the participants allocated to 
the ketogenic diet at the end of 3 weeks, while 
LDL-C remained unchanged in the control group 
[79]. Similarly, several meta-analyses also dem-
onstrated deleterious effects on plasma LDL-C 
associated with the ketogenic diet [80–82].

�Intermittent Fasting
Intermittent fasting (IF) includes different eat-
ing patterns such as time-restricted feeding, 
alternate-day fasting, and 5:2 intermittent fast-
ing (fasting 2 days each week) [83]. The exact 
underlying mechanism of the potentially ben-

eficial effects of IF is not entirely understood 
but may involve bolstering cellular stress resis-
tance and metabolic switching [84]. In a single-
arm, paired-sample trial, 19 participants with 
metabolic syndrome underwent 10  h of time-
restricted feeding for 12 weeks [85]. At the end 
of 12 weeks, participants observed a significant 
reduction in LDL-C (−12 ± 19 mg/dL [−11%], 
p  =  0.016), and this effect was independent of 
weight loss. Another study examined the effect 
of alternate-day fasting on CVD risk factors in 
obese individuals. The study enrolled 16 individ-
uals who completed the 10-week trial consist-
ing of three phases: (1) a 2-week control phase, 
(2) a 4-week weight loss/alternate-day fasting 
controlled food intake phase, and (3) a 4-week 
weight loss/alternate-day fasting self-selected 
food intake phase. At the study conclusion, there 
was a 25% reduction in LDL-C.  Several other 
studies have also demonstrated the LDL-C low-
ering effect of IF [86–88].

�Conclusion

LDL is in the causal pathway of ASCVD, and, 
as such, it is the primary target of therapy in 
all major international guidelines. Lifestyle 
modifications, including the adoption of a healthy 
dietary pattern, remain paramount in the preven-
tion and management of ASCVD. The focus has 
shifted from restricting the total fat intake to a 
focus on the quality of specific types of fat as 
a means to reduce LDL-C and mitigate the risk 
of ASCVD.  In general, the effect of dietary fat 
on LDL-C is complex. Moreover, humans con-
sume food that contains different types and ratios 
of macronutrients like fats rather than eating in 
isolation. In recognition of the complexity of 
the impact of isolated nutrients on LDL-C, it is 
crucial to focus on a healthy dietary pattern. The 
totality of the evidence suggests that any dietary 
pattern that incorporates more vegetables, fruits, 
whole grains, and nuts optimizes LDL-C lower-
ing and is associated with improved cardiovascu-
lar outcomes (Table 13.4).
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