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Abstract

Whilst dietary cholesterol guidelines have waivered through the years with historic restrictions lifted for the majority of the general population, recommen-
dations to reduce saturated fat intake have been the mainstay of dietary guidelines since the 1980s and were recently reinforced by the Scientific Advisory
Committee on Nutrition (SACN). Cholesterol metabolism is complex, with saturated fat known to have a more significant contribution at raising levels of
low-density lipoprotein (LDL) cholesterol, a well-established risk factor for cardiovascular disease (CVD). However, it is clear from metabolic research that
hyper-responsiveness to both dietary cholesterol and saturated fat exists; hence, for specific subsets of the population, reductions in both nutrients may be
indicated. With this in mind, the current article aims to provide an overview of the mechanisms underlying biological variation in responsiveness and intro-
duces research currently underway which will hopefully identify simple biomarkers that can be used to predict responsiveness and permit tailored, perso-
nalised, dietary advice. Eggs are a well-known source of dietary cholesterol whilst being low in saturated fat. A common question encountered in clinical
practice is must individuals limit intake to manage blood cholesterol levels. This article summarises key recent papers which confirm that eggs can be
enjoyed as part of a healthy balanced diet, whilst highlighting the need for further research in certain population groups, e.g. in individuals with diabetes.
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Dietary saturated fat and cholesterol: cracking the myths
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influencing circulating levels of blood cholesterol, with the lat-
est research findings on the impact of dietary cholesterol and

Heart and circulatory diseases including stroke and athero- saturated fat being the main focus of the current article.

sclerotic cardiovascular diseases (CVD) account for approxi-
mately a quarter of deaths in the UK. Moreover, there are

7.6 million people living with heart and circulatory diseases Dietary cholesterol: hepatic and intestinal regulation, hyper-

in the UK, a trend that is likely to rise in the context of our
increasingly aging population and improved survival rates fol-
lowing events. Thus, focusing on population lifestyle measures
that can reduce morbidity and mortality from heart and circu-
latory diseases is a key priority for the health and wealth of the
nation."”

High blood cholesterol, or more specifically low-density
lipoprotein (LDL) cholesterol, is a significant risk factor for
developing heart and circulatory diseases, attributed to one
in four associated deaths in the UK."” Diet is a key factor

and hypo-cholesterol absorbers

The major dietary sources of cholesterol include eggs, offal,
daity food, and shellfish. The average cholesterol intake for
individuals consuming a typical Westernised diet is approxi-
mately 300-400 mg/d, whilst bile contributes an additional
1000 mg/d. On average, 56 % of this cholesterol is absorbed
but is the subject of significant individual variation, ranging
between 29 and 80 %.” One such determinant of this vari-
ation is a receptor located in enterocytes called the
Niemann—Pick Cl-like (NPC1L1) receptor, tesponsible for
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the uptake of cholesterol (and phytosterols) from the gut
lumen. Genetic variation exists in the NPC1L1 receptor, with
many variants resulting in decreased activity of this receptor.”

Cholesterol homeostasis is controlled mainly by endogenous
synthesis, intestinal absorption, and hepatic excretion. When
gut absorption of cholesterol is enhanced, e.g. due to increased
dietary intake, hepatic concentrations are subsequently
increased. To protect against lipotoxicity (due to excess free
cholesterol in the cell), the liver responds in a number of
ways: (1) by reducing cholesterol synthesis; (2) by reducing
cholesterol absorption by downregulating the NPC1L1 recep-
tor; (3) by increasing hepatobiliary cholesterol excretion into
bile; and (4) by reducing LDL receptor expression, therefore
reducing hepatic uptake of LDL cholesterol and increasing cit-
culating levels. This interplay between the liver and intestine
acts to mitigate any increase in dietary cholesterol intake; as
such, evidence from observational studies generally does not
indicate a significant association between dietary cholesterol
with cardiovascular disease (CVD) risk.”

important to note that hyper-absorbers of dietary cholesterol

However, it is

have a higher incidence of atherosclerotic CVD, and as such
benefit from significantly reducing total cholesterol in the
diet to reduce circulating levels of LDL cholesterol, a well-
established risk factor for CVD.®

Saturated fat: effects on LDL cholesterol

Saturated fat is found predominantly in animal products, such
as meat, butter, ghee, lard, and dairy products including cheese
and yogurt. Products made using these types of fats, such as
cakes, biscuits, and pastries, can also be high in saturated fat,
as well as some vegetable fats including cocoa butter, palm,
and coconut oil. The average UK intake of saturated fat intake
for men and women is 12-3 % of total energy based on NDNS
data. Saturated fats increase LDL cholesterol by inhibiting the
activity of the LDL receptor (therefore increasing circulating
levels) and upregulating the synthesis of LDL particles.”
Tightly controlled metabolic ward studies from the eatly
1950s were among the first to show that dietary saturated
fats, when compared to unsaturated fatty acids, significantly
increase blood cholesterol levels.”® LDL particles comprise a
heterogeneous group of particles varying in size and density.
A cross-over study by Bergeron ¢z a/” demonstrated that the
observed increase in serum cholesterol from high saturated fat
diets stems from an increase in the concentration of large
LDL particles, whereas small- and medium-sized LDL particles
were unaffected. Small- and medium-density LDL are consid-
ered more atherogenic due to decreased hepatic clearance by
the LDL receptor and enhanced anchoring to LDL receptor-
independent binding sites in extrahepatic tissues including the
arterial wall."” Anecdortally, the atherogenicity of high saturated
fat diets has been questioned due to the fact they increase con-
centrations of larger ‘ess atherogenic’ LDL subclasses. It
should, however, that high concentrations of large LDL remain
atherogenic especially when accompanied by an increase in LDL
particle number as it indicates a greater number of particles
available to penetrate the arterial wall, leading to the formation
of plaques and atherosclerosis. !V Indeed, in the

aforementioned cross-over study,(9> an increase in apolipopro-
tein B (a surrogate marker for LDL particle number) was also
observed in conjunction with the rise in LDL cholesterol in
response to high saturated fat diets, highlighting an important
mechanism in which high saturated fat diets can increase cardio-
vascular risk.

Saturated fat and CVD risk

One of the most comprehensive meta-analyses to date of ran-
domised controlled trials, following gold standard Cochrane
principles, demonstrated a 21 % reduction in combined car-
diovascular events when saturated fats were reduced for at
least 2 years."” This cardioprotective effect is likely in part
due to observed reductions in LDL cholesterol. The study
also explored the impact of macronutrient substitution and
showed that replacing saturated fat with polyunsaturated fats
appeared more protective of cardiovascular events than
replacing with carbohydrates. Further evidence from a group
of four randomised controlled trials also found benefits of
replacing saturated fats with polyunsaturated fats, with a sig-
nificant (30 %) reduction in coronary heart disease reported

(RR: 0-71; 95 % CI: 0-61, 0-83).?

Negative research: sources of confounding

It should be noted that meta-analyses have not been unani-
mous in this finding, however, with several failing to demon-
strate an association between dietary saturated fat and CVD
risk.!*"® As such, the subject of saturated fats and their
links to CVD risk remains a hotly debated area.
Meta-analyses which have failed to find an association often
fail to consider nutrient substitution and are confounded fur-
ther still by factors such as food matrix effects influencing
dietary saturated fat absorption and co-existence of other cat-
dioprotective compounds in foods. In the case of dairy for
instance, inverse association with full-fat dairy including fer-
mented products and cardiometabolic health outcomes includ-
ing CVD disease have been shown."® Moreover, yogurt and
cheese consumption generally does not seem to exert detri-
mental effects on blood lipids as would be predicted by the
saturated fat content, likely due to food matrix effects. In
fact, in one controlled-feeding study conducted by Brassard
et al,'? 1DL cholesterol was significantly lower (—3-3 %)
after consumption of a diet matched for saturated fat from
cheese compared with butter.

Variability in LDL cholesterol responses to saturated fat

Recent studies have also noted the phenomenon of inter-
individual vatiation in LDL cholesterol response to saturated
fat. For example, one study showed that an increase in saturated
fat of 6-1 % total energy produced variation in LDL cholesterol
ranging between +45 and —20 %."® As summarised by Griffin
et al,"” a number of mechanisms can be at play including but
not limited to: (1) genetics, e.g. apolipoprotein E (protein
located on LDL particles) phenotype which influences the affin-
ity of LDL cholesterol binding to its receptor; (2) bile acids —
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the composition can influence fat absorption and bile acids can
also influence gene expression by acting as ligands for nuclear
receptors that regulate the transcription of lipid metabolism
genes; and (3) the composition of gut microbiota — which
influences bile acid composition and gut permeability. Gut
microbiota are also a source of short-chain fatty acids including
acetate and propionate, which have been shown to stimulate
and inhibit cholesterol biosynthesis, respectively.

To further elucidate the above mechanism, research is currently
underway via a BBSRC-funded multi-centre project undertaken
by the Universities of Reading, Surrey and Imperial College
London in healthy individuals (https://gtr.ukti.org/projects?
ref = BB%2FP009891 %2F1). Furthermore, the study aims to
apply metabolomic techniques to identify serum and urinary
biomarkers of these metabolic differences that can be used to
predict an individual’s responsiveness to saturated fat.

Dietary guidelines for saturated fat

Saturated fat reduction has been the mainstay of dietary guide-
lines since the 1980s. Despite recent contentious debate
between health professionals, journalists, and the general pub-
lic, two independent reports by SACN and WHO aligned in
their recommendations that total dietary saturated fat should
be limited.*” In the UK, it is currently recommended that
intakes do not exceed 10 % of total energy and should ideally
be substituted by unsaturated fatty acids, although one could
argue that later iterations of guidelines should consider emer-
ging research particularly around dairy foods and focus on
food patterns over absolute reductions in saturated fat.

Dietary guidelines for cholesterol

In part due to the recognition of the greater relative impact of
saturated fats on LDL cholesterol, dietary guidelines have
slowly shifted away from recommending absolute limits on
cholesterol intake. Organisations such as the British Heart
Foundation and Heart UK do not recommend absolute
restrictions but recommend lower saturated fat options such
as eggs, shellfish, and offal. It should be acknowledged that
NICE guidelines (CG181) recommend lifestyle modification
including saturated fat and restriction of dietary cholesterol
to <300 mg/d for those at high risk of/having CVD, and
less than 200 mg for those with familial hypercholesterolaemia
(FH). The 2019 European Society of Cardiology (ESC) and
European Atherosclerosis Society (EAS) guidelines for the
management of dyslipidaemia advocate moderate consump-
tion of eggs for the management of dyslipidaemia. In quanti-
tative terms, Heart UK advises even individuals in high-risk
groups can eat three or four eggs a week, and shellfish such
as prawns up to once or twice a week.

Eggs and CVD
Positive research

Eggs are a well-known source of dietary cholesterol, and
therefore received a lot of bad press in the 1960s and

1970s owed to purported harmful effects of excess consump-
tion. The average medium egg contains 177 mg of cholesterol
but only 1-3 g of saturated fat. As reviewed by Griffin,*" the
general consensus after 60 years of research is that dietary
cholesterol, chiefly from eggs, exerts a relatively small effect
on serum LDL cholesterol and CVD risk, in comparison
with other diet and lifestyle factors. More recently, a study
of more than 17 700 people from 50 countries confirmed a
lack of significant relationship with increased blood lipids,
blood pressure, or deaths from CVD.“®? Another recent
example is a systematic review and meta-analysis by
Krittanawong ¢/ al.”” The objective of this review was to
explore the association between egg consumption and
CVD, including prospective or cross-sectional studies,
using a random effects model. The meta-analysis identified
23 prospective studies with a median follow-up of 12-28
years. A total of 1415839 individuals with a total of 123
660 cases and 157 324 CVD events across an array of differ-
ent countries. The study failed to find a significant associ-
ation between egg consumption and increased risk of
overall CVD events (HR 0-99; 95 % CI, 0-93-1-00; 12 =
721 %). Furthermore, compared with the consumption of
0-1 eggs/d, higher egg consumption (>1 egg/d) was asso-
ciated with a significantly decreased risk of coronary arterydi-
sease (HR 0-89; 95 %CI, 0-86-0-93; 12 =0 %).

Negative research: critical overview of limitations

Nevertheless, it should be noted that a small but not insignifi-
cant number of studies have highlighted the possibility for
negative health consequences associated with increased egg
consumption, although in many of these studies, collection
of dietary data does not accurately record egg consumption
nor the way eggs are cooked. Thus, egg consumption may
be linked to an unhealthy diet. For example, recently a
study by Ruggiero e al. ¥ highlighted associations between
egg consumption and risk of all-cause and CVD mortality.
The study recruited 24325 men and women from Italy
aged >=35 years (average 54 years) followed up for 8-3
years, with a mean consumption of 1-8 eggs/week and a
mean dietary cholesterol intake of 322mg/d. In a
multivariable-adjusted model including the Mediterranean
diet score (MDS), as compared to participants reporting
lower egg consumption, consuming mote than 4 eggs/week
was associated with incteased risk of all-cause (HR = 1-50;
95 %CI 1-13-1-99), CVD (HR = 1-75; 1-07-2-87) and cancer
mortality (HR = 1-52; 0-99-2-33). The region’s recommended
intake of 24 eggs/week also led to an increased all-cause
(HR=1-22; 1-01-1-46) and CVD mortality risk (HR=
1-43; 1-03-1-97). Furthermore, each additional egg per
week was associated with a higher risk of all-cause (HR =
1-:06; 1-00-1-12) and CVD mortality (HR =1-10; 1-01-
1-21). Limitations of this study include the fact that the
study is a longitudinal epidemiological analysis, and therefore
can only show associations and not causation and are vulner-
able to residual confounding or confounding by unmeasured
factors. The Cls for certain outcomes (e.g. CVD mortality)
were wide and bordering on 1. The study only recorded a
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small number of total deaths (# 838) over a relatively short
period of follow-up, with fewer still falling in the highest
egg consumption category. They also used semi-quantitative
food frequency questionnaires based on intake over the last
12 months, and are therefore limited as they do not capture
life-course changes. The authors reported that the preferred
cooking methods for eggs were unknown. Dietary cholesterol
explained 43 and 39 % of the association of eggs with all-
cause and CVD mortality; however, egg consumption only
contributed to 14-6 % of total cholesterol intake in the diet
in this study. Participants with a greater egg intake (>4
eggs/week) tended to have a lower baseline MDS and con-
sumed less fruit, nuts, cereals, and more meat and meat pro-
ducts. The contribution of protein and fat to total energy
intake increased across the four categories of egg consump-
tion, whereas the contribution of fibre intake decreased as
egg consumption increased. Although the statistical model
used accounted for MDS (index of dietary quality), controlling
for confounding through statistical means is imperfect and
there is potential for residual confounding.

Another recent meta-analysis of 17 studies of RCTs pub-
lished between 1984 and 2017 used random effects to
explore the association of egg consumption on LDL and

HDI. concentrations.®”

Eligible trials only investigated
healthy subjects. The study compared a ‘more egg consump-
tion” (MEC) group where egg intakes ranged from 1 to 3
eggs/d, or 1 extra egg. The intervention petiod for these
studies ranged from 21 to 84 d. Overall, it was found that
the MEC group exhibited a significant elevation in the
LDL cholesterol/HDL-cholesterol ratio than did control
groups (MD = 0-14; 95 % CI: 0-05-0-22; 12 = 25 %)), which
was driven by an increase in LDL cholesterol with no statis-
tically significant effect on HDL-cholesterol. With one and
three or more egg consumption, the MEC group did not
have a significant difference from the control group, whilst
two egg consumption showed a significantly higher LDL
cholesterol/HDI-cholesterol ratio (MD =0-13; 95 % CI:
0-01-0-26; 12 =13 %). Limitations of this study, however,
included the short study durations of less than a year, and
the authors conceded that they were unable to determine
the foods accompanying the eggs and differing background
diets could have influenced the results. The study looked at
LDL cholesterol/HDL-cholesterol but no end point data
are available. Furthermore, the control diets were heteroge-
neous — ranging from no egg, regular diet, oatmeal to egg
white. It is also strange that statistical significance was
observed with 2-egg consumption but not with 1 or >3.

In summary, whilst some studies suggest negative associa-
tions between egg consumption and CVD risk, common
shortcomings among these studies include inaccurate methods
of collecting dietary information, a failure to consider egg
cooking methods (e.g. frying) and co-consumption of other
cholesterol-containing foods linked to CVD risk (e.g. pro-
cessed meats) which may confound observations. Indeed,
the British Heart Foundation recommends that ‘for most people,
the way you cook eggs or the foods you serve alongside are more important
than the eggs themselves. Poaching or boiling is bealthier than frying in
bacon fat or scrambling with butter.’

Eggs and diabetes

Some epidemiological studies have suggested that there may be
an increased risk of CVD in individuals with diabetes who
consume 7 or more per week.*" For example, one subgroup
analysis by Qureshi ¢ al,”” consuming more than 6 eggs/
week was associated with an increased risk of CHD (RR
2-0, 95 % CI 1-0-3-8). Another prospective cohort study by

27 . . .
@7 also noted an increase in mortality

Djousse & Gaziano
with increasing egg consumption when comparing individuals
consuming <1 egg/d versus 7 or more (HR 2-01 95 % CI:
1-26, 3-20), with the authors speculating that among subjects
with diabetes, dietary cholesterol may encourage a less favour-
able lipoprotein profile. However, the authors conceded that
the study could not examine the effects of saturated fat, mar-
kers of insulin resistance, lipids, or other nutrients on the
observed observations. Most recently, a meta-analysis by
Djousse et al. @®
and risk of developing type 2 diabetes in a pooled analysis

explored the link between egg consumption

of nine US cohorts. The authors observed that previous
meta-analyses demonstrating a link to type 2 diabetes were lim-
ited to US cohortts, with no such link observed in non-US
studies, a finding replicated by Drouin-Chartier ez 2/ ®” A pat-
ticular strength of the Djousse ¢z @ ®® meta-analysis included
large sample size with an adequate number of incident type 2
diabetes for sub-analyses and use of standardised protocols for
all cohorts. Moreover, to control for confounding by modifi-
able factors inherent to US populations, this meta-analysis
adjusted for dietary patterns and demonstrated consumption
of more than 7 eggs/week was associated with a 27 %
(95 % CI: 16 %, 37 %) elevated risk of type 2 diabetes when
compared to those who consumed none. No clear biological
mechanism could be identified, however again, the strength
of association was greatest in subjects with poorer diet. The
authors acknowledged that unmeasured and/or residual con-
founding, e.g. cooking methods may explain the observed
findings. In the US in general, the habit of eating processed
meats with eggs is not always accounted for models used to
examine the associations.

Ultimately, most evidence suggesting an increased risk of
CVD and type 2 diabetes from egg consumption in individuals
with diabetes stems from secondary analyses and is largely obser-
vational, ie. hypothesis generating and thus requires further
focused clinical trials. Patients with diabetes are heterogencous,
and response to egg consumption may differ by type of diabetes.

Morte broadly speaking, eggs also contain other beneficial
nutrients, e.g. protein, B vitamins, vitamin D, selenium, and iod-
ine. Eggs are low energy, high protein, and therefore particularly
beneficial for weight-reducers; in populations including those
with diabetes, incteased egg consumption (12X /week ».
<2 X /week) in the context of a hypo-energetic, low saturated
fat diet has been shown to promote weight-loss with no adverse

effects on blood lipids or markers of glycaemic control.®”

Conclusions

In summary, two things are clear — individual responsive-
ness to dietary cholesterol varies person to person.
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Secondly, saturated fat which often co-exists in foods con-
taining cholesterol is the more dominant driver of LDL chol-
esterol and can be modulated by factors such as the food
matrix as shown for dairy foods. Nonetheless, it is prudent
to explore the factors that determine an individual’s respon-
siveness to dietary fat — both saturated fat and cholesterol
— and determine predictive variables that can be used to
provide tailored nutritional advice to individuals such as
blood biomarkers. This research is currently underway.
Eggs are not a large source of dietary saturated fat with but-
ter and full-fat dairy products being the main vehicles in the
typical British diet. Negative research linking egg consump-
tion and CVD risk exists but is subject to numerous limita-
tions associated with epidemiological research. Within the
general population, eggs can be enjoyed as part of a healthy
balanced diet (with historic restrictions on consumption
levels removed in more recent iterations of dietary guide-
lines) and can be beneficial for weight-loss as well as a
cheap nutritious source of protein. Restrictions on total diet-
ary cholesterol as a whole are indicated only in very specific
high-risk groups, e.g. hyper-absorbers and those with FH
whilst more research is required in individuals with diabetes.
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