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ORIGINAL RESEARCH ARTICLE

Associations of Dietary Cholesterol, Serum 
Cholesterol, and Egg Consumption With Overall 
and Cause-Specific Mortality: Systematic Review 
and Updated Meta-Analysis
Bin Zhao , PhD; Lu Gan , MS; Barry I. Graubard , PhD; Satu Männistö, PhD; Demetrius Albanes, MD*; Jiaqi Huang , PhD*

BACKGROUND: Despite substantial research highlighting the importance of exogenous dietary cholesterol intake and 
endogenous serum cholesterol level in human health, a thorough evaluation of the associations is lacking. Our study objective 
was to examine overall and cause-specific mortality in relation to dietary and serum cholesterol, as well as egg consumption, 
and conduct an updated meta-regression analysis of cohort studies.

METHODS: We conducted a prospective analysis of 27 078 men in the ATBC Study (Alpha-Tocopherol, Beta-Carotene Cancer 
Prevention). Multivariable-controlled cause-specific Cox proportional hazards regression models were used to calculate 
hazard ratios and 31-year absolute mortality risk differences. A systematic review and meta-analysis of cohort studies was 
also performed (PROSPERO [URL: https://www.crd.york.ac.uk/prospero/; Unique identifier: CRD42021272756]).

RESULTS: Based on 482 316 person-years of follow-up, we identified 22 035 deaths, including 9110 deaths from 
cardiovascular disease (CVD). Greater dietary cholesterol and egg consumption were associated with increased risk of 
overall and CVD-related mortality. Hazard ratios for each additional 300 mg cholesterol intake per day were 1.10 and 1.13 
for overall and CVD-related mortality, respectively; for each additional 50-g egg consumed daily, hazard ratios were 1.06 
and 1.09, respectively, for overall and CVD-related mortality (all P values<0.0001). After multivariable adjustment, higher 
serum total cholesterol concentrations were associated with increased risk of CVD-related mortality (hazard ratios per 1 
SD increment, 1.14; P<0.0001). The observed associations were generally similar across cohort subgroups. The updated 
meta-analysis of cohort studies on the basis of 49 risk estimates, 3 601 401 participants, and 255 479 events showed 
consumption of 1 additional 50-g egg daily was associated with significantly increased CVD risk (pooled relative risk, 1.04 
[95% CI, 1.00–1.08]; I2=80.1%). In the subgroup analysis of geographic regions (Pinteraction=0.02), an increase of 50-g egg 
consumed daily was associated with a higher risk of CVD in US cohorts (pooled relative risk, 1.08 [95% CI, 1.02–1.14]) and 
appeared related to a higher CVD risk in European cohorts with borderline significance (pooled relative risk, 1.05), but was 
not associated with CVD risk in Asian cohorts.

CONCLUSIONS: In this prospective cohort study and updated meta-analysis, greater dietary cholesterol and egg consumption 
were associated with increased risk of overall and CVD-related mortality. Our findings support restricted consumption of 
dietary cholesterol as a means to improve long-term health and longevity.
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Despite substantial research underscoring the 
importance of exogenous dietary cholesterol 
intake and endogenous serum cholesterol level 

in human health, a thorough, comprehensive exami-
nation of their associations with long-term health 
outcomes is not available. Dietary cholesterol is con-
sumed in foods including eggs, beef, fish, and pork, 
whereas endogenous serum cholesterol is synthesized 
in the liver and extrahepatic tissues and circulates in 
the bloodstream.1 Cholesterol plays an important role 
in cellular membrane structure and signal transduction 
and engages in essential regulatory functions includ-
ing nutrient absorption, glucose metabolism, reproduc-
tive biology, and stress-related responses.1,2 Laboratory 
evidence demonstrates that cholesterol can have cyto-
toxic activity (ie, that cellular cholesterol accumulation 
can induce membrane disruption, apoptosis, inflam-
mation, and other stress-related responses).2,3 Earlier 

experimental and observational studies highlighting the 
importance of cholesterol homeostasis for proper cel-
lular and physiologic functions supported the hypoth-
esis that impairment of cholesterol metabolism can be 
involved in the development of chronic diseases includ-
ing cardiovascular disease (CVD) and cancer.4–7

As a result, longstanding dietary guidelines recom-
mended a daily limit of 300 mg for dietary cholesterol 
intake to improve cardiovascular health.8 However, the 
Scientific Report of the 2015 Dietary Guidelines Advi-
sory Committee states that “cholesterol intake need 
not be limited because there is only a weak relation-
ship between cholesterol intake and serum cholesterol 
concentrations,” recommends that people “maintain 
minimum dietary cholesterol while consuming a healthy 
eating pattern,” and states that “egg consumption should 
be considered part of a healthy diet.”9,10 A common and 
affordable food, eggs are one of the primary sources of 
dietary cholesterol, with 186 mg of cholesterol in a large 
boiled egg; however, they also contain a wide range of 
other high-quality nutrients, including protein, fatty acids, 
vitamins, and minerals.11 The updated Scientific Report of 
the 2020 Dietary Guidelines Advisory Committee men-
tions that “it seems prudent to recommend lower intake 
of foods high in dietary cholesterol” and “the lack of stud-
ies evaluating a number of outcomes highlights the need 
for additional research [on dietary cholesterol].”12

For >2 decades, epidemiologic studies have evalu-
ated the associations between higher dietary cholesterol 
and egg consumption and disease risk, with conflicting 
findings. Some studies demonstrate increased risk of 
CVD6,7,13 and mortality6,14–16; others show null associa-
tions for CVD16–18 and mortality18–20 or inverse associa-
tions.21,22 The reported risk estimates and directionality 
vary considerably, however, in part according to study 
design, number of events, source population, consump-
tion levels, control for confounding, and length of follow-
up, leaving the associations unclear.

In an effort to provide evidence from a more com-
prehensive assessment relevant to dietary guidelines 
and healthful dietary patterns, we examined the asso-
ciations between dietary cholesterol intake, serum 
cholesterol level, and egg consumption and risk of 
overall and cause-specific mortality in the ATBC Study 
(Alpha-Tocopherol, Beta-Carotene Cancer Prevention) 
of 27 000 participants followed for >3 decades. On the 
basis of the findings, we performed an updated meta-
analysis of the association between egg consump-
tion and risk of CVD and CVD-related mortality that 
included the current study.

METHODS
Data Sharing
Because of previously enacted EU General Data Protection 
Regulation privacy rules and an existing data use agreement 

Clinical Perspective

What Is New?
• Whether dietary cholesterol and egg consumption 

influence risk of cardiovascular disease–related 
and overall mortality remains unclear.

• The current analysis, representing both an original 
cohort study of 27 078 Finnish men and an updated 
meta-analysis of 41 prospective cohort studies, 
demonstrates that participants with greater con-
sumption of dietary cholesterol and eggs experi-
enced increased risk of overall and cardiovascular 
disease–related mortality.

• In the updated meta-analysis, we found a significant 
positive association for egg consumption and car-
diovascular disease risk in US cohorts, a marginal 
positive association in European cohorts, and no 
association in Asian cohorts.

What Are the Clinical Implications?
• These findings support restricted consumption of 

dietary cholesterol as a means to improve long-term 
cardiovascular health and longevity and provide 
compelling evidence relevant to dietary guidelines.

Nonstandard Abbreviations and Acronyms

ARD absolute risk difference
ATBC  Alpha-Tocopherol, Beta-Carotene Can-

cer Prevention
BMI body mass index
CVD cardiovascular disease
HDL high-density lipoprotein
HR hazard ratio
RR relative risk
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between Finland and the US National Cancer Institute, the 
ATBC Study data and materials described in the article may not 
be made publicly available for the purposes of reproducing the 
findings. The principal investigators of the ATBC Study can be 
contacted with specific data requests (https://atbcstudy.can-
cer.gov/). To minimize the possibility of unintentionally sharing 
information that can be used to identify private information, a 
subset of the data generated for this study will be made avail-
able first on reasonable request.

Study Population
The ATBC Study was a controlled, 2×2 factorial primary pre-
vention trial originally conducted to evaluate whether supple-
mentation with α-tocopherol (50 mg/d), β-carotene (20 mg/d), 
or both could decrease cancer incidence. The ATBC Study 
recruited 29 133 Finnish male smokers between 1985 and 
1988, age 50 to 69 years, from 14 study centers in south-
west Finland. Intervention continued for 5 to 8 years until the 
end of intervention (April 30, 1993). Overnight fasting blood 
samples were collected and stored at –70°C and blood pres-
sure, height, and weight were measured by skilled research 
nurses. The study was approved by institutional review boards 
at the US National Cancer Institute and the Finnish National 
Public Health Institute. All cohort participants provided written 
informed consent.

Exposure Assessment
Serum total cholesterol and high-density lipoprotein (HDL) 
concentrations were determined enzymatically (CHOD-PAP 
method; Boehringer Mannheim). Serum concentrations of 
α-tocopherol, β-carotene, and retinol were assayed by high-
performance liquid chromatography.23 Cohort members were 
invited to complete a food frequency questionnaire, which 
included dietary information on portion size and frequency 
of 276 food and beverage items in the past 12 months. In 
the food frequency questionnaire, participants were asked 
the following: (1) How often did you consume eggs, includ-
ing boiled eggs, fried eggs, or omelets, in the past 12 months 
(1=more than once a day; 2=once a day; 3=nearly every day; 
4=several times a week; 5=once a week; 6=once or several 
times a month; 7=rarely or never)? (2) How many eggs did 
you eat each time? A color picture booklet was distributed to 
all participants for assistance in portion size estimation. Daily 
nutrient intakes were calculated using the food composition 
database of the Finnish National Public Health Institute.24 
The validity and reproducibility of the food use questionnaire 
has been examined and reported, with intraclass correlation 
coefficients ranging from 0.6 to 0.7 for most dietary variables, 
including 0.66 and 0.58 for dietary cholesterol intake and 
egg consumption, respectively.25 In the ATBC Study, 27 111 
participants (93%) completed the food frequency question-
naire thoroughly for subsequent analysis. In the current study, 
27 078 participants were retained in the final analytic cohort 
after excluding individuals with missing values for serum 
total cholesterol level (n=36) or dietary cholesterol or egg 
consumption (n=2022). The primary dietary sources of cho-
lesterol intake (mean percentage of total daily dietary cho-
lesterol) included eggs (43.6%), butter (13.2%), milk (8.2%), 
sausages (7.4%), fish (5.9%), pork (5.5%), cheese (3.3%), 
beef (2.9%), and other food items combined (10.1%).

Cohort Follow-Up and Mortality Assessment
Participants were followed from their study entry date in 1985 
to 1988 until death or the end of follow-up (December 31, 
2015), whichever came first. Vital status of participants was 
determined through linkage to the Causes of Death Registry, 
Statistics Finland (for details, see the Expanded Methods in the 
Supplemental Material).

Statistical Analysis
We used age-stratified, cause-specific Cox proportional haz-
ards regression models (cause-specific hazard models to con-
trol for the competing risks) with attained person-time as the 
underlying time metric to determine hazard ratios (HRs) and 
corresponding 95% CIs for the associations between dietary 
cholesterol intake (per 300 mg/d), serum total cholesterol level 
(per 1 SD), or egg consumption (per 50 g/d) and risk of death, 
including overall and cause-specific mortality, respectively. For 
the latter analysis, mortality other than the outcome of interest 
was censored by the date of death. No violations were found 
for the tests of the proportional hazards assumption that mod-
eled the interaction between intervals of follow-up observation 
time (categorial variable) and dietary cholesterol intake, serum 
total cholesterol level, or egg consumption (modeled linearly). 
Regarding the functional forms, a squared term of the given 
covariate (test for all continuous covariates) was included in 
the multivariable-adjusted model to check whether model fit 
was significantly improved or risk estimate was significantly 
changed. In these cases, we found that model fit and risk esti-
mates did not change. The age-adjusted model included base-
line age and total energy intake. Multivariable models were 
adjusted further for body mass index (BMI); cigarettes smoked 
per day; years of smoking; serum HDL cholesterol level; inter-
vention assignment; systolic and diastolic blood pressure; his-
tory of CVD; history of diabetes; education; physical activity; 
serum concentrations of α-tocopherol, β-carotene, and retinol; 
alcohol intake; and percentage of energy from protein, carbohy-
drates, saturated fatty acids, monounsaturated fatty acids, and 
polyunsaturated fatty acids. Mutual adjustment was performed 
for dietary cholesterol intake and serum total cholesterol level. 
For egg consumption, regression models with or without dietary 
cholesterol were conducted separately. For each obtained HR 
from the primary models, adjusted absolute risk differences 
(ARDs) were computed for the tested exposure variables at 
the end of follow-up of 31 years. The corresponding 95% CIs 
for each ARD were estimated using 300 bootstrap samples.

We conducted stratified analyses of overall and CVD-
related mortality on the basis of other exposure variables 
(for details, see the Expanded Methods in the Supplemental 
Material). We performed 9 further sensitivity analyses: (1) To 
control for residual confounding, we adjusted for propensity 
scores that reflected the associations between the primary 
exposure variables and the aforementioned potential con-
founding covariates.26 (2) To decrease reverse causality bias, 
we excluded the first 2 and 5 years of follow-up. (3) To mini-
mize bias from potential influence of preexisting illness on 
exposure variables, we excluded individuals with self-reported 
history of diabetes at baseline. (4) To test more parsimonious 
models, we adjusted for age; cigarettes smoked per day; years 
of smoking; intervention assignment; systolic and diastolic 
blood pressure; history of CVD; education; physical activity; 
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levels of serum α-tocopherol, β-carotene, and retinol; and 
daily dietary total energy and alcohol intake. (5) The distribu-
tions of dietary cholesterol, serum total cholesterol, and egg 
consumption were winsorized at the 0.5 and 99.5 percentiles 
before modeling. (6) To obtain risk estimates using different 
increment units, we evaluated for each additional 50 mg dietary 
cholesterol intake per day up to 600 mg/d, each additional 0.5 
mmol/L (19.34 mg/dL) up to 3 mmol/L (116 mg/dL) serum 
total cholesterol level, and each additional 25 g of eggs con-
sumed per day up to 200 g/d. (7) To estimate mortality risk for 
dietary cholesterol intake, we considered serum total choles-
terol level and egg consumption using quintile categories. (8) 
To apply diet/nutrient density models, dietary cholesterol intake 
and egg consumption were regressed on total energy intake 
(grams per 1000 kcal) along with energy intake in the models. 
(9) To control for potential confounding from specific foods, we 
adjusted further for daily intakes of vegetables, fruit, legumes, 
whole grains, red and processed meat, fish, and potatoes (as 
quintile categories) in the models.

Although missing values for all covariables were <5% of the 
study population, a missing value indicator variable was gener-
ated for each before modeling. All analyses were conducted 
using SAS software, version 9.4 (SAS Institute). All reported 
P values are 2-sided at a type I error rate of 0.05. To control 
for multiple comparisons, the Bonferroni correction threshold 
was used to define statistical significance: 0.05/15=0.0033 
for primary and secondary tests (5 tests for 3 examined expo-
sure variables) and 0.05/14=0.0036 for the interaction tests 
in stratified subgroups.

Systematic Review and Meta-Analysis of 
Associations Between Egg Consumption and 
Risk of CVD and CVD-Related Mortality
We performed a systematic search and updated meta-analy-
sis including the current data as well as previous prospective 
cohort analyses that examined the association of egg con-
sumption with risk of CVD and CVD-related mortality in the 
general population. The meta-analysis was conducted on the 
basis of PRISMA (Preferred Reporting Items for Systematic 
Reviews and Meta-Analysis)27 and the systematic review pro-
tocol was registered at the international prospective register 
(PROSPERO [URL: https://www.crd.york.ac.uk/prospero/; 
Unique identifier: CRD42021272756]). The systematic search 
was completed through 5 August 2021 of online databases, 
including Web of Science, PubMed, and Embase.

Two reviewers (L. Gan and Dr Huang) performed article 
searches independently on the basis of predefined criteria. Data 
were obtained from the eligible articles, including first author 
name, publication year, study population and cohort name, 
country where the cohort was conducted, sample size, follow-
up duration, baseline age ranges of participants, approaches 
for dietary assessment, methods for outcome ascertainment, 
egg consumption categories, and adjustment for potential 
confounders. We extracted data for risk estimates and their 
95% CIs from the fully adjusted models (for details, see the 
Expanded Methods in the Supplemental Material). In terms of 
egg consumption, we used the median value or the midpoint of 
the upper and lower bound of the intake category when data 
were available. If the upper bound was not reported for the 
highest category, the upper bound was estimated by multiplying 

the lower bound by 1.75. In the meta-analysis, we used low-
est category of egg consumption as the reference group.28 
When the included studies did not present person-years for 
each consumption category, we imputed it on the basis of avail-
able data.6,16,18,20,29–34 When the dose–response estimates were 
missing for a study, we computed the relevant estimates of 
relative risk (RR) on the basis of the trend of log-relative risk.35

We calculated the RR of CVD (including CVD-related mor-
tality) associated with egg consumed per day (per 50 g/d) for 
each study and used the random-effects models of meta-anal-
ysis to compute the pooled relative risk estimate. Heterogeneity 
was examined using the Cochran Q test and the I2 statistic. 
Each individual study was excluded from the overall meta-anal-
ysis individually and the RRs were recalculated to determine 
which, if any, studies drove the heterogeneity. Univariate meta-
regression was conducted using study-level data to evaluate 
potential causes of heterogeneity. We conducted subgroup 
meta-analysis stratifying by sex, number of participants, dura-
tion of follow-up, number of events, geographical location, risk 
of bias, dietary assessment, as well as CVD outcome (incident 
CVD and CVD-related mortality).

Egger tests and funnel plots were computed to examine 
potential publication bias. We applied the Newcastle-Ottawa 
Scale to evaluate possible biases for the eligible studies. Stata 
version 16.0 was used to conduct statistical analyses for the 
meta-analysis.

RESULTS
Median daily dietary cholesterol intake and egg con-
sumption in the ATBC Study were 538 mg (mean value, 
582 mg) and 44.6 g (mean value, 53.3 g), respectively, 
and median serum total cholesterol level was 240 mg/
dL (6.2 mmol/L). Participants with greater cholesterol 
intake were more likely to have lower serum vitamin E 
concentrations, less education, and lower prevalence of 
diabetes and CVD (Table 1 and Table S1; for details, 
see the Expanded Results in the Supplemental Mate-
rial). Spearman correlation coefficients for dietary cho-
lesterol intake, serum total cholesterol level, and egg 
consumption and a spectrum of dietary factors are pre-
sented in Table S2.

On the basis of 31 years of cohort follow-up, an aver-
age of 18.2 years and 482 316 person-years, there 
were 22 035 deaths, including 9110 from CVD (7450 
heart disease and 1621 stroke) and 7213 from cancer. 
Each additional 300 mg cholesterol daily intake incre-
ment was significantly associated with increased risk 
of age-adjusted overall, CVD, heart disease, and cancer 
mortality, representing 8% to 10% higher risks. Adjust-
ment for several other risk factors strengthened the cho-
lesterol–mortality risk estimates somewhat, with HRs 
of 1.10, 1.13, and 1.13 for overall, CVD, and heart dis-
ease, respectively (all P values<0.0001). Corresponding 
adjusted ARDs (95% CIs) per each additional 300 mg 
cholesterol daily intake at 31 years of follow-up were 
of 1.80% (1.23%–2.39%), 1.83% (1.14%–2.48%), 
and 1.76% (1.19%–2.45%) for mortality overall, from 
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CVD, and from heart disease, respectively. By contrast, 
the multivariable-adjusted positive association between 
cholesterol intake and cancer and stroke mortality did 
not reach the Bonferroni correction P value threshold of 
0.0033 (Table 2).

Higher concentrations of serum total cholesterol were 
significantly inversely associated with age-adjusted mor-
tality overall, as well as from stroke and from cancer, 
but positively associated with CVD and heart disease 
(Table 2). After adjustment for several potential con-
founding factors, however, the associations for overall 
and stroke mortality were attenuated and that with can-
cer mortality did not achieve the Bonferroni correction 
threshold. By contrast, multivariable adjustment strength-
ened the positive risk estimates for CVD-related and 
heart disease–related mortality, with the HRs (95% CIs) 
per 1 SD increment of serum total cholesterol level being 
1.14 (1.11–1.17) and 1.16 (1.13–1.20), respectively (all 
P values<0.0001). At the time of follow-up through 31 

years, the corresponding adjusted ARDs (95% CIs) per 
1 SD increment were of 1.96% (1.57%–2.40%) and 
2.09% (1.71%–2.51%) for mortality from CVD and heart 
disease, respectively (Table 2).

Consumption of 1 additional 50-g egg per day was 
associated with significantly increased age-adjusted 
overall, CVD-related, and heart disease–related mor-
tality (Table 3). After multivariable adjustment (model 
2), the respective risk estimates of 6%, 9%, and 9% 
remained statistically significant (all P values<0.0001), 
with corresponding adjusted ARDs of 1.19% (95% CI, 
0.75%–1.65%), 1.25% (95% CI, 0.72%–1.74%), and 
1.20% (95% CI, 0.69%–1.71%). After further adjust-
ment for dietary cholesterol intake (model 3), the egg 
consumption associations with overall, CVD-related, and 
heart disease–related mortality were no longer signifi-
cant; however, with HRs of 0.91, 0.92, and 0.91 (all P 
values>0.0033). Egg consumption was not related to 
stroke or cancer mortality (all P values>0.0033; Table 3).

Table 1. Baseline Characteristics of Cohort Participants According to Quintile Categories of Dietary Cholesterol, Serum Total 
Cholesterol, and Egg Consumption in the ATBC Study*

Characteristics

Dietary cholesterol (quintile) Serum total cholesterol (quintile) Egg consumption (quintile)

1 3 5 1 3 5 1 3 5

Age, y 57.7 (5.2) 57.2 (5.1) 56.5 (4.8) 57.5 (5.2) 57.0 (5.0) 57.0 (4.9) 57.7 (5.2) 57.2 (5.0) 56.5 (4.8)

Cigarettes/d 19.5 (8.7) 20.4 (8.7) 21.8 (9.1) 20.6 (9.0) 20.2 (8.8) 20.4 (8.7) 20.1 (8.9) 20.2 (8.6) 21.4 (9.0)

Years of smoking 36.1 (8.8) 36.0 (8.3) 35.6 (8.3) 36.2 (8.7) 35.7 (8.4) 35.9 (8.3) 36.4 (8.7) 36.0 (8.3) 35.5 (8.3)

Systolic blood pressure, mm Hg 143 (26) 142 (20) 141 (19) 141 (23) 142 (23) 143 (19) 143 (26) 142 (19) 142 (19)

Diastolic blood pressure, mm Hg 88 (21) 87 (11) 88 (11) 87 (16) 88 (16) 88 (11) 88 (24) 87 (11) 88 (11)

Serum total cholesterol, mg/dL 239.3 
(46.0)

241.2 
(65.7)

242.0 
(44.1)

181.7 
(17.8)

239.7  
(6.2)

305.4 
(30.2)

243.6 
(46.4)

239.7 
(46.4)

239.7 
(42.5)

Serum HDL cholesterol, mg/dL 47.6 (89.7) 46.8 (53.0) 47.2 (12.4) 46.4 (53.0) 46.0 (12.0) 47.6 (73.5) 45.6 (12.4) 46.0 (12.4) 46.8 (12.4)

Serum α-tocopherol, mg/L 12.4 (4.2) 11.9 (3.4) 11.6 (3.3) 9.3 (2.3) 11.8 (2.5) 15.0 (4.6) 12.1 (4.1) 11.9 (3.3) 11.9 (3.5)

Serum β-carotene, µg/L 211 (226) 212 (161) 210 (171) 167 (148) 212 (173) 255 (194) 219 (222) 211 (168) 201 (166)

Serum retinol, µg/L 588 (137) 586 (125) 591 (131) 546 (127) 591 (124) 627 (132) 586 (134) 587 (126) 593 (133)

BMI, kg/m2 26.2 (4.2) 26.4 (4.4) 26.6 (4.4) 26.1 (4.6) 26.3 (3.8) 26.5 (3.9) 26.1 (4.6) 26.3 (3.8) 26.5 (3.9)

Education, % > elementary school 24.7 21.2 18.8 23.6 21.4 19.9 22.1 22.4 21.8

Physically active, % 19.4 22.7 20.9 19.6 21.1 21.5 19.8 21.6 20.6

History of CVD, % 47.6 39.7 38.0 42.2 41.3 41.3 46.9 40.4 39.3

History of diabetes, % 5.6 4.0 3.8 6.0 3.5 3.6 5.2 3.7 4.1

Daily dietary intake

 Energy, kcal 2005  
(447)

2632 
(488)

3485  
(793)

2685  
(764)

2694 
(750)

2680  
(738)

2267  
(594)

2663 
(646)

3173  
(835)

  Energy from saturated fatty 
acids, %

14.8 (4.1) 17.7 (4.1) 19.1 (4.1) 16.8 (4.4) 17.4 (4.3) 17.9 (4.4) 17.0 (4.9) 17.5 (4.2) 17.5 (4.1)

 Alcohol, g 17.2 (22.5) 17.4 (20.6) 20.3 (22.7) 18.5 (22.9) 18.1 (21.6) 17.3 (21.1) 17.0 (22.0) 17.4 (20.5) 20.7 (22.8)

 Fruit, g 106 (91) 126 (94) 155 (117) 131 (102) 130 (102) 126 (100) 109 (94) 127 (97) 149 (114)

 Vegetables, g 100 (68) 113 (67) 131 (78) 115 (73) 114 (71) 112 (69) 100 (69) 113 (67) 127 (78)

 Red meat, g 54.1 (23.9) 71.0 (30.6) 89.2 (41.6) 69.6 (33.6) 71.3 (33.8) 73 (34.6) 61.7 (30.9) 70.9 (32.0) 80.8 (38.1)

  Alternate Mediterranean Diet 
Score

25.9 (5.1) 24.9 (5.0) 24.1 (5.0) 24.9 (5.2) 25.0 (5.0) 25.0 (5.1) 24.9 (5.3) 24.9 (5.0) 24.8 (5.0)

ATBC indicates Alpha-Tocopherol, Beta-Carotene Cancer Prevention; BMI, body mass index; CVD, cardiovascular disease; and HDL, high-density lipoprotein.
*Values are mean (SD) or percentages as indicated.
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Figure 1A through 1C and Figure 2A and 2B present 
cohort subgroup mortality findings for dietary cholesterol 
intake, serum total cholesterol level, and egg consump-
tion. Overall, we observed similar risk estimates across 
strata of age; cigarettes per day; BMI; CVD history; trial 
intervention arms; diet quality; total energy intake; dietary 
cholesterol intake; saturated fatty acid intake; serum total 
cholesterol level; serum concentrations of α-tocopherol, 
β-carotene, and retinol; and years of follow-up (all P val-
ues>0.0036; Bonferroni correction threshold).

Propensity score adjustment did not materially change 
the risk estimates of dietary cholesterol intake, serum 
total cholesterol level, or egg consumption with overall or 
CVD-related mortality (all P values<0.0001; Table S3). 
All risk estimates remained essentially the same in the 
lag analyses (all P values<0.0001; Table S4). Excluding 
participants with self-reported diabetes history also did 
not alter the observed associations (all P values<0.0001; 
Table S5). Our findings remained essentially unchanged 
using parsimonious models (Table S6) or winsorized 
distributions of dietary cholesterol intake, serum total 
cholesterol level, and egg consumption at the 0.5th and 
99.5th percentiles (Table S7). The multivariable-adjusted 
HRs and corresponding 95% CIs of overall and CVD-
related mortality according to gradual increment units for 
dietary cholesterol intake, serum total cholesterol level, 

and egg consumption are presented in Tables S8 through 
S10. Our findings remained largely unchanged accord-
ing to the quintiles of exposure variables (Ptrend≤0.003; 
Table S11). Quintile models for dietary cholesterol and 
egg consumption were further adjusted for energy intake 
using the nutrient density method and our findings were 
not materially altered (Ptrend≤0.0002; Table S12). Our 
findings remained essentially unchanged after further 
adjustment for specific foods including vegetables, fruit, 
legumes, whole grains, red and processed meat, fish, 
and potatoes (Table S13; for details, see the Expanded 
Results in the Supplemental Material).

Systematic Review and Meta-Analysis
Overall, our initial search included 1036 articles, and 
40 studies (41 including the current study) met the 
predefined inclusion criteria and were kept in the final 
meta-analysis (Figure S1 and Tables S14 and S15). The 
covariates in the multivariable models of each individu-
al study are presented in Tables S15 and S16. For the 
Newcastle-Ottawa Scale assessment, 17 studies (20 
risk estimates) received a score ≥7, which suggested low 
risk of bias (Table S17).

The meta-analysis for the association of daily egg 
consumption and risk of CVD (including CVD-related 

Table 2. Associations Between Dietary Cholesterol, Serum Total Cholesterol, and Overall and Cause-Specific Mortality in the 
ATBC Study

Cause of death

Dietary cholesterol (per 300 mg)* Serum total cholesterol (per 1 SD)†

ARD, % (95% CI) HR (95% CI) P value ARD, % (95% CI) HR (95% CI) P value

All causes

 Age-adjusted 1.83 (1.41, 2.27) 1.09 (1.07, 1.12) <0.0001 –0.48 (–0.79, –0.21) 0.98 (0.96, 0.99) 0.0008

 Multivariable‡ 1.80 (1.23, 2.39) 1.10 (1.06, 1.13) <0.0001 0.35 (–0.085, 0.91) 1.02 (1.00, 1.04) 0.05

CVD

 Age-adjusted 1.48 (0.95, 1.99) 1.10 (1.06, 1.14) <0.0001 1.26 (0.90, 1.59) 1.08 (1.06, 1.11) <0.0001

 Multivariable‡ 1.83 (1.14, 2.48) 1.13 (1.08, 1.18) <0.0001 1.96 (1.57, 2.40) 1.14 (1.11, 1.17) <0.0001

Heart disease

 Age-adjusted 1.40 (0.87, 1.92) 1.10 (1.06, 1.14) <0.0001 1.64 (1.29, 1.98) 1.12 (1.10, 1.15) <0.0001

 Multivariable‡ 1.76 (1.19, 2.45) 1.13 (1.08, 1.19) <0.0001 2.09 (1.71, 2.51) 1.16 (1.13, 1.20) <0.0001

Stroke

 Age-adjusted 0.45 (–0.03, 0.88) 1.08 (0.99, 1.17) 0.069 –0.52 (–0.84, –0.22) 0.92 (0.87, 0.96) 0.0007

 Multivariable‡ 0.55 (–0.13, 1.13) 1.10 (0.99, 1.22) 0.088 0.17 (–0.26, 0.59) 1.03 (0.96, 1.10) 0.40

Cancer

 Age-adjusted 1.18 (0.62, 1.76) 1.08 (1.04, 1.13) <0.0001 –0.79 (–1.19, –0.41) 0.95 (0.93, 0.97) <0.0001

 Multivariable‡ 0.87 (0.17, 1.63) 1.06 (1.01, 1.12) 0.02 –0.59 (–1.12, –0.018) 0.96 (0.93, 0.99) 0.0083

ARD indicates absolute risk difference; ATBC, Alpha-Tocopherol, Beta-Carotene Cancer Prevention; CVD, cardiovascular disease; HDL, high-density lipoprotein; 
and HR, hazard ratio.

*ARDs and HRs of overall and cause-specific mortality are for each 300-mg increment of dietary cholesterol consumption per day.
†ARDs and HRs of CVD mortality are for 1-SD increment of serum total cholesterol.
‡Models adjusted for baseline age; body mass index; cigarettes smoked per day; years of smoking; serum HDL cholesterol; intervention assignment; systolic and 

diastolic blood pressure; history of CVD; diabetes; education; physical activity; levels of serum α-tocopherol, β-carotene, and retinol; and daily dietary total energy, 
alcohol intake, and percentage of energy from protein, carbohydrates, saturated fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids. Mutual 
adjustment was performed for dietary cholesterol and serum total cholesterol. Total event number for death from all causes, CVD, heart disease, stroke, or cancer is 
22 035, 9110, 7450, 1621, and 7213, respectively.



OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

May 17, 2022 Circulation. 2022;145:1506–1520. DOI: 10.1161/CIRCULATIONAHA.121.0576421512

Zhao et al Cholesterol, Egg Consumption, and Mortality

mortality) contained 49 risk estimates, 3 601 401 partici-
pants, and 255 479 events (Figure 3). In the pooled RR 
of the meta-analysis, consumption of 1 additional 50-g 
egg per day was associated with significantly increased 
risk of CVD (pooled RR, 1.04 [95% CI, 1.00–1.08]; Fig-
ure 3). We did not observe any evidence of publication 
bias for the association between egg consumption and 
CVD risk (Figure S2). However, evidence of substantial 
heterogeneity existed between studies (I2=80.1%; Fig-
ure 3). On the other hand, no individual study dispro-
portionately influenced the heterogeneity alone (Figure 
S3). There were no statistically significant interactions in 
the predefined subgroup meta-analyses (Table S18 and 
Figure S4), with the exception of geographical region 
(United States, Europe, and Asia; Figure S5), with Pinterac-

tion=0.02. An increase of 50 g of egg consumed per day 
was associated with a higher risk of CVD among cohorts 
in the United States (RR, 1.08 [95% CI, 1.02–1.14]) and 
appeared to be related to a higher CVD risk in European 
cohorts, with borderline significance (RR, 1.05 [95% CI, 

0.98–1.14]), but was not associated with CVD risk in 
Asian cohorts (RR, 0.96 [95% CI, 0.87–1.06]).

DISCUSSION
In this large cohort of 27 078 Finnish men followed for 
up to 31 years, participants with greater consumption 
of dietary cholesterol and eggs experienced modest but 
significant increases in risk of overall, CVD-related, and 
heart disease–related mortality independent of other 
risk factors including serum total cholesterol level. The 
increased risk of mortality was similar across cohort 
subgroups. The observed egg–mortality associations 
were diminished after adjustment for dietary choles-
terol intake. Findings from the updated meta-regression 
analysis provided strong support for the overall positive 
association between egg consumption (eg, 1 egg per 
day) and risk of CVD, including CVD-related mortality. 
We observed some evidence of heterogeneity in the 
association across the studies (I2=80.1%)‚ however, 

Table 3. Associations Between Daily Egg Consumption and Overall and Cause-Specific 
Mortality in the ATBC Study

Cause of death

Egg consumption (per 50 g/d)*

ARD, % (95% CI) HR (95% CI) P value

All causes

 Model 1: Age-adjusted 1.18 (0.81, 1.56) 1.06 (1.04, 1.08) <0.0001

 Model 2: Multivariable† 1.19 (0.75, 1.65) 1.06 (1.04, 1.09) <0.0001

 Model 3: Multivariable‡ –1.83 (–3.50, –0.14) 0.91 (0.84, 0.99) 0.029

CVD

 Model 1: Age-adjusted 1.00 (0.55, 1.44) 1.07 (1.03, 1.10) <0.0001

 Model 2: Multivariable† 1.25 (0.72, 1.74) 1.09 (1.05, 1.12) <0.0001

 Model 3: Multivariable‡ –1.33 (–3.51, 0.62) 0.92 (0.81, 1.04) 0.18

Heart disease

 Model 1: Age-adjusted 0.94 (0.49, 1.38) 1.07 (1.03, 1.10) <0.0001

 Model 2: Multivariable† 1.20 (0.69, 1.71) 1.09 (1.05, 1.13) <0.0001

 Model 3: Multivariable‡ –1.34 (–3.57, 0.70) 0.91 (0.79, 1.05) 0.19

Stroke

 Model 1: Age-adjusted 0.32 (–0.11, 0.70) 1.06 (0.98, 1.13) 0.13

 Model 2: Multivariable† 0.37 (–0.15, 0.80) 1.06 (0.98, 1.15) 0.13

 Model 3: Multivariable‡ –0.46 (–2.50, 1.41) 0.93 (0.68, 1.25) 0.62

Cancer

 Model 1: Age-adjusted 0.58 (0.087, 1.10) 1.04 (1.01, 1.08) 0.021

 Model 2: Multivariable† 0.56 (0.022, 1.16) 1.04 (1.00, 1.08) 0.047

 Model 3: Multivariable‡ –1.04 (–3.10, 1.12) 0.93 (0.81, 1.08) 0.34

ARD indicates absolute risk difference; ATBC, Alpha-Tocopherol, Beta-Carotene Cancer Prevention; CVD, cardio-
vascular disease; HDL, high-density lipoprotein; and HR, hazard ratio.

*ARDs and HRs of overall and cause-specific mortality are for each 50-g increment of egg consumption per day.
†Models were adjusted for age; body mass index; cigarettes smoked per day; years of smoking; serum total and 

HDL cholesterol; intervention assignment; systolic and diastolic blood pressure; history of CVD; diabetes; education; 
physical activity; levels of serum α-tocopherol, β-carotene, and retinol; and daily dietary total energy, alcohol intake, 
and percentage of energy from protein, carbohydrates, saturated fatty acids, monounsaturated fatty acids, and poly-
unsaturated fatty acids. Total event number for death from all causes, CVD, heart disease, stroke, or cancer is 22 035, 
9110, 7450, 1621, and 7213, respectively.

‡Models were further adjusted for dietary cholesterol.
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with population geographical location being associated 
with study differences in the United States, Europe, 
and Asia. Whereas there was a significant positive as-
sociation between egg consumption (50 g/d) and CVD 
risk in the US cohorts, we found a marginal positive as-
sociation in the European cohorts and no association 
in the Asian cohorts. There were fewer participants in 
the Asian cohorts (n=921 563) than in the US cohorts 
(n=1 388 758), which may have limited power to exam-
ine the associations. In addition, whether the egg–mor-

tality associations are modified by cooking practices (eg, 
boiling versus frying) may need further investigation. 
The other predefined subgroup meta-analyses revealed 
stable positive egg–CVD risk associations, including for 
sex, cohort size, duration of follow-up, number of events, 
risk of study bias, and method of dietary assessment.

A recent pooled analysis of 3 US cohorts including 
the Nurses’ Health Study, the Nurses’ Health Study II, 
and the Health Professionals’ Follow-Up Study found 
that moderate egg consumption (<1 egg per day) was 

A

Figure 1. Association between cholesterol and mortality by selected risk factors in the ATBC Study.
A, Association between dietary cholesterol intake (per day) and overall mortality by selected risk factors in the ATBC Study (Alpha-Tocopherol, 
Beta-Carotene Cancer Prevention). Absolute risk differences and hazard ratios (HRs) of overall mortality are for each 300-mg increment of 
dietary cholesterol consumption per day. Models were adjusted for age; body mass index (BMI); cigarettes smoked per day; years of smoking; 
serum total and high-density lipoprotein (HDL) cholesterol; intervention assignment; systolic and diastolic blood pressure; history of cardiovascular 
disease (CVD); diabetes; education; physical activity; levels of serum α-tocopherol, β-carotene, and retinol; dietary intake of energy and alcohol; 
and percentage of energy from protein, carbohydrates, saturated fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids. B, 
Association between dietary cholesterol intake (per day) and CVD mortality by selected risk factors in the ATBC Study. Absolute risk differences 
and HRs of CVD-related mortality are for each 300-mg increment of dietary cholesterol consumption per day. Models were adjusted for age; 
BMI; cigarettes smoked per day; years of smoking; serum total and HDL cholesterol; intervention assignment; systolic and diastolic blood 
pressure; history of CVD; diabetes; education; physical activity; levels of serum α-tocopherol, β-carotene, and retinol; dietary intake of energy 
and alcohol; and percentage of energy from protein, carbohydrates, saturated fatty acids, monounsaturated fatty acids, and polyunsaturated fatty 
acids. C, Association between serum total cholesterol level (per 1 SD) and CVD mortality by selected risk factors in the ATBC Study. Absolute 
risk differences and HRs of CVD-related mortality are for 1-SD increment of serum total cholesterol level. Models were adjusted for age; BMI; 
cigarettes smoked per day; years of smoking; serum HDL cholesterol; intervention assignment; systolic and diastolic blood pressure; history 
of CVD; diabetes; education; physical activity; levels of serum α-tocopherol, β-carotene, and retinol; dietary intake of energy and alcohol; and 
percentage of energy from protein, carbohydrates, saturated fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids. (Continued )
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not associated with CVD risk, even with adjustment for 
history of hypercholesterolemia and use of lipid-lower-
ing medications.17 A large analysis from the Prospective 

Urban Rural Epidemiology study also showed null asso-
ciations for egg consumption and mortality.18 The China 
Kadoorie Biobank Study, a large Asian cohort with nearly 

B

C

Figure 1 Continued. 
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0.5 million adults, demonstrated an inverse associa-
tion between moderate consumption of egg and risk of 
CVD, with an HR of 0.89 (95% CI, 0.87–0.92) for daily 
egg consumers compared with nonconsumers.22 The 
NIPPON DATA90 Study of >4000 Japanese women 
reported that those who consumed >2 eggs per day had 
increased overall mortality when compared with those 
consuming <1 egg per week, but showed no associa-
tion for CVD-related mortality.15 With respect to dietary 
cholesterol intake and CVD risk, a recent meta-analysis 
did not demonstrate a conclusive association owing to 
sparse data and heterogeneity across the available stud-
ies.36 By contrast, a recent study of 30 000 participants 
from 6 US cohorts followed for up to 31 years showed 

dose–response associations such that each additional 
300 mg of cholesterol intake daily was associated with 
17% and 18% increased risk for CVD and overall mortal-
ity and that eating half an egg more per day was associ-
ated with 6% and 8% increased risk of CVD and overall 
mortality, respectively.6 The sample sizes in the study by 
Zhong et al.6 and our study were similar, although the for-
mer included a more diverse population, comprising 55% 
women and 31% Black participants. Although the dietary 
cholesterol–mortality risk estimates were slightly higher 
than in the current findings, the results of the 2 studies 
are essentially consistent, showing that egg–mortality 
associations were attenuated after adjusting for dietary 
cholesterol intake. Both studies used competing risk 

A

Figure 2. Association between egg consumption and mortality by selected risk factors in the ATBC Study.
A, Association between egg consumption (per day) and overall mortality by selected risk factors in the ATBC Study (Alpha-Tocopherol, Beta-
Carotene Cancer Prevention). Absolute risk differences and hazard ratios (HRs) of overall mortality are for each 50-g increment of egg 
consumption per day. Models were adjusted for age; body mass index; cigarettes smoked per day; years of smoking; serum total and high-density 
lipoprotein (HDL) cholesterol; intervention assignment; systolic and diastolic blood pressure; history of cardiovascular disease (CVD); diabetes; 
education; physical activity; levels of serum α-tocopherol, β-carotene, and retinol; dietary intake of energy and alcohol; and percentage of energy 
from protein, carbohydrates, saturated fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids. B, Association between egg 
consumption (per day) and CVD mortality by selected risk factors in the ATBC Study. Absolute risk differences and HRs of CVD-related mortality 
are for each 50-g increment of egg consumption per day. Models were adjusted for age; body mass index; cigarettes smoked per day; years of 
smoking; serum total and HDL cholesterol; intervention assignment; systolic and diastolic blood pressure; history of CVD; diabetes; education; 
physical activity; levels of serum α-tocopherol, β-carotene, and retinol; dietary intake of energy and alcohol; and percentage of energy from 
protein, carbohydrates, saturated fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids. (Continued )
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models (ie, cause-specific hazard models). The dietary 
cholesterol–mortality risk estimates were higher among 
women than men in the study by Zhong and colleagues6 
(HR, 1.28 and 1.14 for women and men, respectively; 
Pinteraction=0.02),6 with the risk estimate among men being 
similar to that in our study. It should be noted, however, 
that the average daily cholesterol intake of 582 mg and 
egg consumption of 53.3 g were relatively high in our 
cohort as compared with corresponding values of 293 
mg and 25.5 g in the general US population on the basis 
of the latest released data from the National Health and 
Nutrition Examination Survey.37 Thus, our data provide 
mortality risk estimates for relatively higher consumption 
levels, which may partially account for some differences 
from the earlier studies in addition to population charac-
teristics and length of follow-up. For example, average 
weekly egg consumption was 2.9 eggs in the Nurses’ 
Health Study, 1.3 eggs in the Nurses’ Health Study II, 
2.4 eggs in the Health Professionals’ Follow-Up Study, 
3.3 eggs in the China Kadoorie Biobank Study, 3.9 eggs 
in the Prospective Urban Rural Epidemiology study, and 
7.5 eggs in our 1980s cohort. Cholesterol is contained 
in the yolk of the egg,38 whereas egg whites contain pri-

marily proteins (ie, albumin).39 Our findings, as well as 
those from other groups, show attenuation of the egg 
consumption–mortality association after adjusting for 
dietary cholesterol intake, supporting the hypothesis that 
it is the increased cholesterol intake from eggs that plays 
a key role and accounts for the elevated mortality associ-
ations. Additional investigations are warranted to explore 
the likely different biological roles of egg yolks versus 
egg whites and whole eggs.

A recent meta-analysis of 28 studies showed that 
there was no significant association between moder-
ate egg consumption (ie, 1 egg per day) and risk of 
CVD.17 The consistent results between that meta-anal-
ysis and our updated analysis include the considerable 
heterogeneity across European, US, and Asian cohorts. 
The previous meta-analysis suggested that there was 
a possible moderately increased risk of CVD of up to 
19% among European cohorts (pooled RR, 1.05 [95% 
CI, 0.92–1.19])17 and we observed a borderline sig-
nificant positive association among European cohorts 
(pooled RR, 1.05 [95% CI, 0.98–1.14]), along with an 
8% increased risk of CVD with moderate egg consump-
tion (1 egg per day) in the US cohorts and no associa-

B

Figure 2 Continued. 
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tion in Asian cohorts (pooled RR, 0.96). The significant 
overall positive association between moderate egg con-
sumption and CVD risk in our updated meta-analysis 
remained stable among subgroup analyses, including 
when restricted to studies of low potential bias on the 
basis of Newcastle-Ottawa Score ≥7 (pooled RR, 1.04 
[95% CI, 1.01–1.08]).

The association between dietary cholesterol intake 
and CVD-related mortality has been debated for decades 
but remains biologically plausible. Although dietary cho-
lesterol intake and serum cholesterol level are only 

weakly associated, laboratory studies provide evidence 
that dietary cholesterol may be related to postprandial 
inflammation, oxidative stress–associated responses, 
and impairment of endothelial function.40,41 In vivo stud-
ies have found that high dietary cholesterol intake can 
lead to an increased serum biomarker of chronic sys-
temic inflammation, serum amyloid A,42 which has been 
shown to be strongly positively associated with risk of 
CVD,43–46 possibly as a result of serum amyloid A binding 
and inhibition of HDL bioactivity,47,48 promoting monocyte 
chemotaxis and adhesion, and fostering proinflammatory 

Figure 3. Association of egg consumption with cardiovascular disease risk for 1 egg per day increase using random-effects 
meta-analysis.
Squares reflect study-specific relative risk. Gray square areas are proportional to the individual study weight for the overall meta-analysis. 
Horizontal lines denote 95% CIs. I2 refers to the proportion of heterogeneity among studies. CHD indicates coronary heart disease; CVD, 
cardiovascular disease; HF, heart failure; HPFS, Health Professionals’ Follow-Up Study; MI, myocardial infarction; NHS, Nurses’ Health Study; 
PURE, Prospective Urban Rural Epidemiology; and T2D, type 2 diabetes.
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cytokine production,49,50 all actions that would facilitate 
progression of atherosclerosis. Other experimental data 
demonstrate that higher cholesterol intake results in 
adipose tissue macrophage accumulation, which subse-
quently contributed to chronic inflammation,43 and that 
dietary cholesterol withdrawal leads to a reduced inflam-
matory response and monocyte infiltration of coronary 
artery plaque with subsequent favorable stabilization.51

Extensive investigation has shown that serum cho-
lesterol level does not directly reflect dietary cholesterol 
intake in healthy adults, partly owing to metabolic cho-
lesterol homeostasis. Dietary cholesterol is absorbed in 
the small bowel, where it enters the portal circulation as 
chylomicrons, which are taken up by the liver, where cho-
lesterol is metabolized and used for steroid biosynthesis 
and other biochemical requirements. The liver controls 
both endogenously synthesized and exogenous choles-
terol and determines the amount of cholesterol released 
into the bloodstream in lipoproteins.5,39,52,53 In line with 
substantial previous research,54–57 our findings show 
that individuals with higher concentrations of serum 
total cholesterol experience significantly increased 
risk of CVD-related mortality. We found that the serum 
cholesterol–CVD association is largely independent of 
several other risk factors, including cholesterol intake. 
As a leading cause of death worldwide, atherosclerotic 
disease can be initiated by the aggregation of lipids 
(including circulating cholesterol) in the arterial wall, 
which subsequently leads to local chronic inflammation 
and promotes atherosclerotic plaque progression.58 In 
addition to the initial plaque build-up, cholesterol can 
increase the production of oxysterol and aggregation, 
which activates arterial macrophages and an inflam-
matory response.59 Circulating cholesterol can also be 
engulfed by arterial macrophages, promoting inflamma-
some activation and leading to further proinflammatory 
cytokine production and amplification.3,59–61 By contrast, 
our results showed that men with higher serum total 
cholesterol level experienced lower risk of cancer mor-
tality, and these findings are essentially in good agree-
ment with previous studies.62,63

Important strengths of our study include its prospec-
tive design, large sample size, and completeness of 
follow-up for ascertainment of cause-specific mortality 
through linkage with national registries over a 31-year 
period. The sample size afforded considerable statistical 
power for the examined associations across a wide range 
of cohort subgroups. Our analyses included both exog-
enous dietary cholesterol and endogenous circulating 
cholesterol to offer an objective and thorough examina-
tion of the associations between cholesterol exposures 
and long-term health. Several study limitations should 
also be noted. First, we used a food frequency question-
naire to evaluate cholesterol intake and egg consump-
tion during the previous 12 months and a single baseline 
measurement of serum total cholesterol level, with the 

risk of subsequent changes in diet and biochemical sta-
tus. However, the nondifferential misclassification from 
inherent measurement errors would serve to underes-
timate the associations that influence the observed risk 
estimates and bias them toward the null. On the other 
hand, an earlier validation study using multiple-day diet 
records reported correlations of 0.66 for dietary cho-
lesterol (0.67–0.75 after corrected for attenuation) and 
0.58 for egg consumption, supporting the validity and 
reproducibility of our instrument.25 In addition, the cor-
relation of serum total cholesterol level between baseline 
and 3 years was 0.74 (Spearman correlation coefficient, 
P<10–10), reflecting its stability over time. Our study was a 
relatively homogenous male smoker population of Euro-
pean ancestry with relatively high cholesterol and egg 
intake, which decreases generalizability of the findings 
to other populations. However, we included the updated 
meta-analysis that provided comprehensive findings from 
other populations. Last, we cannot rule out the potential 
influence of residual confounding bias of our observed 
associations. However, our findings remained largely 
unchanged after careful adjustment for a wide range of 
potential confounding factors, construction and use of a 
propensity score to control for variation of these factors 
among comparison groups, estimating associations on 
the basis of gradual increment units for exposure vari-
ables, and conducting multiple stratified analyses.

Findings from the ATBC cohort with >3 decades of 
observation demonstrate that greater consumption of 
dietary cholesterol and eggs is associated with increased 
risk of overall, CVD-related, and heart disease–related 
mortality. Increased serum total cholesterol level was 
also associated with increased CVD-related and heart 
disease–related mortality. The observed cholesterol–
mortality associations were modest and independent 
of several other CVD risk factors. The results from this 
updated meta-analysis provide compelling evidence for 
the association between increased egg consumption 
and elevated risk of CVD, especially in the United States 
and possibly Europe, but not in Asia. Our data regarding 
cholesterol intake provide additional evidence relevant to 
dietary guidelines.

ARTICLE INFORMATION
Received September 22, 2021; accepted January 21, 2022.

Affiliations 
National Clinical Research Center for Metabolic Diseases, Key Laboratory of 
Diabetes Immunology, Ministry of Education, and Department of Metabolism and 
Endocrinology, The Second Xiangya Hospital of Central South University, Chang-
sha, Hunan, China (B.Z., L.G., J.H.). Division of Cancer Epidemiology and Genetics, 
National Cancer Institute, National Institutes of Health, Department of Health and 
Human Services, Bethesda, MD (B.I.G., D.A., J.H.). Department of Public Health 
Solutions, Finnish Institute for Health and Welfare, Helsinki, Finland (S.M.).

Acknowledgments
The authors thank the participants of the ATBC Study (Alpha-Tocopherol, Beta-
Carotene Cancer Prevention).



ORIGINAL RESEARCH 
ARTICLE

Circulation. 2022;145:1506–1520. DOI: 10.1161/CIRCULATIONAHA.121.057642 May 17, 2022 1519

Zhao et al Cholesterol, Egg Consumption, and Mortality

Sources of Funding 
The ATBC Study (Alpha-Tocopherol, Beta-Carotene Cancer Prevention) is sup-
ported by the Intramural Research Program of the US National Cancer Institute, 
National Institutes of Health, Department of Health and Human Services. The 
funders had no role in the design or conduct of this study, including the system-
atic review and meta-analysis.

Disclosures
None.

Supplemental Material
Expanded Methods

Expanded Results

Figures S1–S5

Tables S1–S18

REFERENCES
 1. Soliman GA. Dietary cholesterol and the lack of evidence in cardiovascular 

disease. Nutrients. 2018;10:E780. doi: 10.3390/nu10060780
 2. Soffientini U, Graham A. Intracellular cholesterol transport proteins: 

roles in health and disease. Clin Sci (Lond). 2016;130:1843–1859. doi: 
10.1042/CS20160339

 3. Cortes VA, Busso D, Maiz A, Arteaga A, Nervi F, Rigotti A. Physiological 
and pathological implications of cholesterol. Front Biosci (Landmark Ed). 
2014;19:416–428. doi: 10.2741/4216

 4. Brown MS, Radhakrishnan A, Goldstein JL. Retrospective on cholesterol 
homeostasis: the central role of Scap. Annu Rev Biochem. 2018;87:783–
807. doi: 10.1146/annurev-biochem-062917-011852

 5. Luo J, Yang H, Song BL. Mechanisms and regulation of cholesterol ho-
meostasis. Nat Rev Mol Cell Biol. 2020;21:225–245. doi: 10.1038/ 
s41580-019-0190-7

 6. Zhong VW, Van Horn L, Cornelis MC, Wilkins JT, Ning H, Carnethon MR, 
Greenland P, Mentz RJ, Tucker KL, Zhao L, et al. Associations of dietary 
cholesterol or egg consumption with incident cardiovascular disease and 
mortality. JAMA. 2019;321:1081–1095. doi: 10.1001/jama.2019.1572

 7. Li Y, Zhou C, Zhou X, Li L. Egg consumption and risk of cardiovascular dis-
eases and diabetes: a meta-analysis. Atherosclerosis. 2013;229:524–530. 
doi: 10.1016/j.atherosclerosis.2013.04.003

 8. Krauss RM, Eckel RH, Howard B, Appel LJ, Daniels SR, Deckelbaum RJ, 
Erdman JW Jr, Kris-Etherton P, Goldberg IJ, Kotchen TA, et al. AHA di-
etary guidelines: revision 2000: a statement for healthcare professionals 
from the nutrition committee of the American Heart Association. Circulation. 
2000;102:2284–2299. doi: 10.1161/01.cir.102.18.2284

 9. Kanter MM, Kris-Etherton PM, Fernandez ML, Vickers KC, Katz DL. Ex-
ploring the factors that affect blood cholesterol and heart disease risk: is 
dietary cholesterol as bad for you as history leads us to believe? Adv Nutr. 
2012;3:711–717. doi: 10.3945/an.111.001321

 10. US Department of Agriculture. Scientific Report of the 2015 Dietary Guide-
lines Advisory Committee: advisory report to the Secretary of Agriculture 
and the Secretary of Health and Human Services. Published 2015. https://
ods.od.nih.gov/pubs/2015_dgac_scientific_report.pdf 

 11. Kuang H, Yang F, Zhang Y, Wang T, Chen G. The impact of egg nutrient 
composition and its consumption on cholesterol homeostasis. Cholesterol. 
2018;2018:6303810. doi: 10.1155/2018/6303810

 12. US Department of Agriculture. Scientific Report of the 2020 Dietary Guide-
lines Advisory Committee: advisory report to the Secretary of Agriculture 
and the Secretary of Health and Human Services. Published 2020. https://
www.dietaryguidelines.gov/sites/default/files/2020-07/ScientificReport_
of_the_2020DietaryGuidelinesAdvisoryCommittee_first-print.pdf 

 13. Khawaja O, Singh H, Luni F, Kabour A, Ali SS, Taleb M, Ahmed H, 
Gaziano JM, Djoussé L. Egg consumption and incidence of heart failure: 
a meta-analysis of prospective cohort studies. Front Nutr. 2017;4:10. doi: 
10.3389/fnut.2017.00010

 14. Xu L, Lam TH, Jiang CQ, Zhang WS, Zhu F, Jin YL, Woo J, Cheng KK, 
Thomas GN. Egg consumption and the risk of cardiovascular disease and 
all-cause mortality: Guangzhou Biobank Cohort Study and meta-analyses. 
Eur J Nutr. 2019;58:785–796. doi: 10.1007/s00394-018-1692-3

 15. Nakamura Y, Okamura T, Kita Y, Okuda N, Kadota A, Miura K, Okayama A, 
Ueshima H; NIPPON DATA90 Research Group. Re-evaluation of the asso-
ciations of egg intake with serum total cholesterol and cause-specific and 
total mortality in Japanese women. Eur J Clin Nutr. 2018;72:841–847. doi: 
10.1038/s41430-017-0051-4

 16. Djoussé L, Gaziano JM. Egg consumption in relation to cardiovascu-
lar disease and mortality: the Physicians’ Health Study. Am J Clin Nutr. 
2008;87:964–969. doi: 10.1093/ajcn/87.4.964

 17. Drouin-Chartier JP, Chen S, Li Y, Schwab AL, Stampfer MJ, Sacks FM, 
Rosner B, Willett WC, Hu FB, Bhupathiraju SN. Egg consumption and risk 
of cardiovascular disease: three large prospective US cohort studies, sys-
tematic review, and updated meta-analysis. BMJ. 2020;368:m513. doi: 
10.1136/bmj.m513

 18. Dehghan M, Mente A, Rangarajan S, Mohan V, Lear S, Swaminathan 
S, Wielgosz A, Seron P, Avezum A, Lopez-Jaramillo P, et al. Association 
of egg intake with blood lipids, cardiovascular disease, and mortality in 
177,000 people in 50 countries. Am J Clin Nutr. 2020;111:795–803. doi: 
10.1093/ajcn/nqz348

 19. Xia PF, Pan XF, Chen C, Wang Y, Ye Y, Pan A. Dietary intakes of eggs 
and cholesterol in relation to all-cause and heart disease mortal-
ity: a prospective cohort study. J Am Heart Assoc. 2020;9:e015743. doi: 
10.1161/JAHA.119.015743

 20. Guo J, Hobbs DA, Cockcroft JR, Elwood PC, Pickering JE, Lovegrove JA, 
Givens DI. Association between egg consumption and cardiovascular dis-
ease events, diabetes and all-cause mortality. Eur J Nutr. 2018;57:2943–
2952. doi: 10.1007/s00394-017-1566-0

 21. Key TJ, Appleby PN, Bradbury KE, Sweeting M, Wood A, Johansson I, Kühn 
T, Steur M, Weiderpass E, Wennberg M, et al. Consumption of meat, fish, 
dairy products, and eggs and risk of ischemic heart disease. Circulation. 
2019;139:2835–2845. doi: 10.1161/CIRCULATIONAHA.118.038813

 22. Qin C, Lv J, Guo Y, Bian Z, Si J, Yang L, Chen Y, Zhou Y, Zhang H, Liu J, et 
al; China Kadoorie Biobank Collaborative Group. Associations of egg con-
sumption with cardiovascular disease in a cohort study of 0.5 million Chinese 
adults. Heart. 2018;104:1756–1763. doi: 10.1136/heartjnl-2017-312651

 23. The ATBC Cancer Prevention Study Group. The alpha-tocopherol, beta-caro-
tene lung cancer prevention study: design, methods, participant characteristics, 
and compliance. Ann Epidemiol. 1994;4:1–10.doi: 10.1016/1047- 
2797(94)90036-1

 24. Reinivuo H, Hirvonen T, Ovaskainen ML, Korhonen T, Valsta LM. Dietary survey 
methodology of FINDIET 2007 with a risk assessment perspective. Public 
Health Nutr. 2010;13(6A):915–919. doi: 10.1017/S1368980010001096

 25. Pietinen P, Hartman AM, Haapa E, Räsänen L, Haapakoski J, Palmgren J, 
Albanes D, Virtamo J, Huttunen JK. Reproducibility and validity of dietary 
assessment instruments: I: a self-administered food use questionnaire with 
a portion size picture booklet. Am J Epidemiol. 1988;128:655–666. doi: 
10.1093/oxfordjournals.aje.a115013

 26. D’Agostino RB Jr. Propensity score methods for bias reduction in the 
comparison of a treatment to a non-randomized control group. Stat Med. 
1998;17:2265–2281. doi: 10.1002/(sici)1097-0258(19981015)17: 
19<2265::aid-sim918>3.0.co;2-b

 27. Moher D, Liberati A, Tetzlaff J, Altman DG; PRISMA Group. Preferred re-
porting items for systematic reviews and meta-analyses: the PRISMA state-
ment. PLoS Med. 2009;6:e1000097. doi: 10.1371/journal.pmed.1000097

 28. Hamling J, Lee P, Weitkunat R, Ambühl M. Facilitating meta-analyses by 
deriving relative effect and precision estimates for alternative comparisons 
from a set of estimates presented by exposure level or disease category. 
Stat Med. 2008;27:954–970. doi: 10.1002/sim.3013

 29. Zazpe I, Beunza JJ, Bes-Rastrollo M, Warnberg J, de la Fuente-Arrillaga C, 
Benito S, Vázquez Z, Martínez-González MA; SUN Project Investigators. Egg 
consumption and risk of cardiovascular disease in the SUN Project. Eur J 
Clin Nutr. 2011;65:676–682. doi: 10.1038/ejcn.2011.30

 30. Houston DK, Ding J, Lee JS, Garcia M, Kanaya AM, Tylavsky FA, 
Newman AB, Visser M, Kritchevsky SB; Health ABC Study. Dietary fat 
and cholesterol and risk of cardiovascular disease in older adults: the 
Health ABC Study. Nutr Metab Cardiovasc Dis. 2011;21:430–437. doi: 
10.1016/j.numecd.2009.11.007

 31. Larsson SC, Åkesson A, Wolk A. Egg consumption and risk of heart failure, 
myocardial infarction, and stroke: results from 2 prospective cohorts. Am J 
Clin Nutr. 2015;102:1007–1013. doi: 10.3945/ajcn.115.119263

 32. Virtanen JK, Mursu J, Virtanen HE, Fogelholm M, Salonen JT, Koskinen TT, 
Voutilainen S, Tuomainen TP. Associations of egg and cholesterol intakes 
with carotid intima-media thickness and risk of incident coronary artery dis-
ease according to apolipoprotein E phenotype in men: the Kuopio Ischaemic 
Heart Disease Risk Factor Study. Am J Clin Nutr. 2016;103:895–901. doi: 
10.3945/ajcn.115.122317

 33. Zamora-Ros R, Cayssials V, Cleries R, Redondo ML, Sánchez MJ, 
Rodríguez-Barranco M, Sánchez-Cruz JJ, Mokoroa O, Gil L, Amiano P, et 
al. Moderate egg consumption and all-cause and specific-cause mortality in 
the Spanish European Prospective into Cancer and Nutrition (EPIC-Spain) 
study. Eur J Nutr. 2019;58:2003–2010. doi: 10.1007/s00394-018-1754-6



OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

May 17, 2022 Circulation. 2022;145:1506–1520. DOI: 10.1161/CIRCULATIONAHA.121.0576421520

Zhao et al Cholesterol, Egg Consumption, and Mortality

 34. Chen GC, Chen LH, Mossavar-Rahmani Y, Kamensky V, Shadyab AH, 
Haring B, Wild RA, Silver B, Kuller LH, Sun Y, et al. Dietary cholesterol 
and egg intake in relation to incident cardiovascular disease and all-cause 
and cause-specific mortality in postmenopausal women. Am J Clin Nutr. 
2021;113:948–959. doi: 10.1093/ajcn/nqaa353

 35. Greenland S, Longnecker MP. Methods for trend estimation from summa-
rized dose-response data, with applications to meta-analysis. Am J Epide-
miol. 1992;135:1301–1309. doi: 10.1093/oxfordjournals.aje.a116237

 36. Berger S, Raman G, Vishwanathan R, Jacques PF, Johnson EJ. Dietary cho-
lesterol and cardiovascular disease: a systematic review and meta-analysis. 
Am J Clin Nutr. 2015;102:276–294. doi: 10.3945/ajcn.114.100305

 37. Xu Z, McClure ST, Appel LJ. Dietary cholesterol intake and sources 
among US adults: results from National Health and Nutrition Examina-
tion Surveys (NHANES), 2001-2014. Nutrients. 2018;10:E771. doi: 
10.3390/nu10060771

 38. Puertas G, Vázquez M. Advances in techniques for reducing cholesterol 
in egg yolk: a review. Crit Rev Food Sci Nutr. 2019;59:2276–2286. doi: 
10.1080/10408398.2018.1448357

 39. Abeyrathne EDNS, Huang X, Ahn DU. Antioxidant, angiotensin-converting 
enzyme inhibitory activity and other functional properties of egg white pro-
teins and their derived peptides: a review. Poult Sci. 2018;97:1462–1468. 
doi: 10.3382/ps/pex399

 40. Spence JD, Jenkins DJ, Davignon J. Dietary cholesterol and egg yolks: not 
for patients at risk of vascular disease. Can J Cardiol. 2010;26:e336–e339. 
doi: 10.1016/s0828-282x(10)70456-6

 41. Njike V, Faridi Z, Dutta S, Gonzalez-Simon AL, Katz DL. Daily egg consump-
tion in hyperlipidemic adults: effects on endothelial function and cardiovas-
cular risk. Nutr J. 2010;9:28. doi: 10.1186/1475-2891-9-28

 42. Lewis KE, Kirk EA, McDonald TO, Wang S, Wight TN, O’Brien KD, Chait A. 
Increase in serum amyloid a evoked by dietary cholesterol is associated 
with increased atherosclerosis in mice. Circulation. 2004;110:540–545. 
doi: 10.1161/01.CIR.0000136819.93989.E1

 43. Subramanian S, Han CY, Chiba T, McMillen TS, Wang SA, Haw A III, Kirk 
EA, O’Brien KD, Chait A. Dietary cholesterol worsens adipose tissue 
macrophage accumulation and atherosclerosis in obese LDL receptor-
deficient mice. Arterioscler Thromb Vasc Biol. 2008;28:685–691. doi: 
10.1161/ATVBAHA.107.157685

 44. Jousilahti P, Salomaa V, Rasi V, Vahtera E, Palosuo T. The association of 
c-reactive protein, serum amyloid a and fibrinogen with prevalent coro-
nary heart disease–baseline findings of the PAIS project. Atherosclerosis. 
2001;156:451–456. doi: 10.1016/s0021-9150(00)00681-x

 45. Ridker PM, Hennekens CH, Buring JE, Rifai N. C-reactive protein and 
other markers of inflammation in the prediction of cardiovascular dis-
ease in women. N Engl J Med. 2000;342:836–843. doi: 10.1056/ 
NEJM200003233421202

 46. Zhou J, Lu Y, Wang S, Chen K. Association between serum amyloid A 
levels and coronary heart disease: a systematic review and meta-anal-
ysis of 26 studies. Inflamm Res. 2020;69:331–345. doi: 10.1007/ 
s00011-020-01325-1

 47. Van Lenten BJ, Hama SY, de Beer FC, Stafforini DM, McIntyre TM, Prescott 
SM, La Du BN, Fogelman AM, Navab M. Anti-inflammatory HDL becomes 
pro-inflammatory during the acute phase response: loss of protective effect 
of HDL against LDL oxidation in aortic wall cell cocultures. J Clin Invest. 
1995;96:2758–2767. doi: 10.1172/JCI118345

 48. Zewinger S, Drechsler C, Kleber ME, Dressel A, Riffel J, Triem S, Lehmann 
M, Kopecky C, Säemann MD, Lepper PM, et al. Serum amyloid A: high-
density lipoproteins interaction and cardiovascular risk. Eur Heart J. 
2015;36:3007–3016. doi: 10.1093/eurheartj/ehv352

 49. Badolato R, Wang JM, Stornello SL, Ponzi AN, Duse M, Musso T. Serum 
amyloid A is an activator of PMN antimicrobial functions: induction of de-
granulation, phagocytosis, and enhancement of anti-Candida activity. J Leu-
koc Biol. 2000;67:381–386. doi: 10.1002/jlb.67.3.381

 50. Song C, Shen Y, Yamen E, Hsu K, Yan W, Witting PK, Geczy CL, Freedman 
SB. Serum amyloid A may potentiate prothrombotic and proinflammatory 
events in acute coronary syndromes. Atherosclerosis. 2009;202:596–604. 
doi: 10.1016/j.atherosclerosis.2008.04.049

 51. Verhamme P, Quarck R, Hao H, Knaapen M, Dymarkowski S, Bernar H, 
Van Cleemput J, Janssens S, Vermylen J, Gabbiani G, et al. Dietary cho-
lesterol withdrawal reduces vascular inflammation and induces coronary 
plaque stabilization in miniature pigs. Cardiovasc Res. 2002;56:135–144. 
doi: 10.1016/s0008-6363(02)00515-1

 52. Lecerf JM, de Lorgeril M. Dietary cholesterol: from physiology to cardiovas-
cular risk. Br J Nutr. 2011;106:6–14. doi: 10.1017/S0007114511000237

 53. Repa JJ, Mangelsdorf DJ. The role of orphan nuclear receptors in the regu-
lation of cholesterol homeostasis. Annu Rev Cell Dev Biol. 2000;16:459–
481. doi: 10.1146/annurev.cellbio.16.1.459

 54. Shin JY, Xun P, Nakamura Y, He K. Egg consumption in relation to risk of 
cardiovascular disease and diabetes: a systematic review and meta-analy-
sis. Am J Clin Nutr. 2013;98:146–159. doi: 10.3945/ajcn.112.051318

 55. Asia Pacific Cohort Studies Collaboration. Joint effects of systolic 
blood pressure and serum cholesterol on cardiovascular disease in the 
Asia Pacific region. Circulation. 2005;112:3384–3390. doi: 10.1161/ 
CIRCULATIONAHA.105.537472

 56. Stamler J, Daviglus ML, Garside DB, Dyer AR, Greenland P, Neaton JD. Re-
lationship of baseline serum cholesterol levels in 3 large cohorts of younger 
men to long-term coronary, cardiovascular, and all-cause mortality and to 
longevity. JAMA. 2000;284:311–318. doi: 10.1001/jama.284.3.311

 57. Heart Protection Study Collaborative Group. MRC/BHF Heart Protection 
Study of cholesterol lowering with simvastatin in 20,536 high-risk individu-
als: a randomised placebo-controlled trial. Lancet. 2002;360:7–22. doi: 
10.1016/S0140-6736(02)09327-3

 58. Björkbacka H, Kunjathoor VV, Moore KJ, Koehn S, Ordija CM, Lee MA, 
Means T, Halmen K, Luster AD, Golenbock DT, et al. Reduced atherosclero-
sis in MyD88-null mice links elevated serum cholesterol levels to activation 
of innate immunity signaling pathways. Nat Med. 2004;10:416–421. doi: 
10.1038/nm1008

 59. Tall AR, Yvan-Charvet L. Cholesterol, inflammation and innate immunity. Nat 
Rev Immunol. 2015;15:104–116. doi: 10.1038/nri3793

 60. Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, 
Abela GS, Franchi L, Nuñez G, Schnurr M, et al. NLRP3 inflammasomes 
are required for atherogenesis and activated by cholesterol crystals. Nature. 
2010;464:1357–1361. doi: 10.1038/nature08938

 61. Sheedy FJ, Grebe A, Rayner KJ, Kalantari P, Ramkhelawon B, Carpenter SB, 
Becker CE, Ediriweera HN, Mullick AE, Golenbock DT, et al. CD36 coor-
dinates NLRP3 inflammasome activation by facilitating intracellular nucle-
ation of soluble ligands into particulate ligands in sterile inflammation. Nat 
Immunol. 2013;14:812–820. doi: 10.1038/ni.2639

 62. Kitahara CM, Berrington de González A, Freedman ND, Huxley R, Mok Y, 
Jee SH, Samet JM. Total cholesterol and cancer risk in a large prospec-
tive study in Korea. J Clin Oncol. 2011;29:1592–1598. doi: 10.1200/ 
JCO.2010.31.5200

 63. Guan XM, Wu SL, Yang XL, Han X, Yang YH, Li XT, Bin Waleed K, Du Y, 
Zhan SY, Liu Y, et al. Association of total cholesterol, low-density lipoprotein 
cholesterol, and non-high-density lipoprotein cholesterol with atheroscle-
rotic cardiovascular disease and cancer in a Chinese male population. Int J 
Cancer. 2018;142:1209–1217. doi: 10.1002/ijc.31149




