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Abstract

Background: The link between total cholesterol (TC) and all-cause and specific mortality has not been elucidated.
Herein, we aimed to evaluate the effect of TC levels on all-cause, cardiovascular disease (CVD), and cancer mortality.

Methods: All data analyzed were obtained from the National Health and Nutrition Examination Survey 1999-2014.
The relationship between levels of TC and mortality was determined through Cox proportional hazard regression
analysis coupled with multivariable adjustments. Two-piecewise linear regression models and Cox models with penal-
ized splines were applied to explore nonlinear and irregular shape relationships. Kaplan-Meier survival curve and
subgroup analyses were conducted.

Results: The sample studied comprised 14,662 men and 16,025 women, categorized as 25,429 adults aged 18-65
and 5,258 adults over 65 years old. A total of 2,570 deaths were recorded. All-cause, cardiovascular, and cancer
mortality showed U-curve associations after adjusting for confounding variables in the restricted cubic spline analy-
sis. Hazard ratios (HRs) of all-cause and cancer mortality were particularly negatively related to TC levels in the lower
range <200 mg/dL, especially in the range < 120 mg/dL (HR 1.97;95% Cl 1.38, 2.83, HR 2.39; 95% Cl 1.21,4.71, respec-
tively). However, the HRs of cardiovascular disease mortality in the range < 120 mg/dL were the lowest (HR 0.60; 95%
C10.15,2.42). In the upper range, a TC range of > 280 mg/dL was correlated with mortality as a result of CVD and can-
cer (HR 1.31;95% C1 0.87,1.97 and HR 1.22; 95% Cl 0.82, 1.79). The lowest cumulative survival rate of all-cause mortality
was recorded in the lowest TC-level group, while the lowest cumulative survival rate of CYD mortality was recorded in
the highest TC-level group.

Conclusions: A nonlinear association of TC level with all-cause, cancer, and CVD mortality in the American popula-

outcomes.

tion was observed, suggesting that too low or too high serum total cholesterol levels might correlate with adverse
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Background
Cardiovascular disease (CVD) and cancer remain the
main causes of mortality globally. Over 17 million people
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die of CVD every year, with the US accounting for almost
1 million deaths alone [1]. Moreover, the prevalence of
cancer is on the rise globally [2].

Cholesterol is essential for several cellular processes
and also participates in the pathogenesis of CVD and
cancer [3—-6]. Evidence from recent animal studies has
linked impaired intracellular cholesterol metabolism to
the development of many diseases [7].

Prospective studies have explored the relationship
between cholesterol and all-cause, CVD, and cancer

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line

to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0003-0443-5506
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12986-021-00548-1&domain=pdf

He et al. Nutr Metab (Lond) (2021) 18:25

mortality [6, 8]. However, findings from such studies have
been unreliable due to inconsistent results [9-12], and
some are limited by small sample sizes [13—15]. There-
fore, the link between cholesterol and all-cause, CVD,
and cancer mortality remains obscure [16—19].

Recently, there has been an increasing interest in
understanding the impact of lower or higher cholesterol
intake on the occurrence of different chronic diseases
[20]. Moreover, the optimal range of TC required for
good health outcomes is still unknown. To answer these
questions, we evaluated the effect of TC levels on all-
cause, CVD, and cancer mortality in a large, nationwide
US cohort.

Methods

Study population

This cohort study was based on prospective data from
the National Health and Nutrition Examination Sur-
vey (NHANES), a cross-sectional survey program con-
ducted in the United States by the National Center for
Health Statistics (NCHS) that continually assesses the
health status of civilians who are not institutionalized
[21]. This study represents an analysis of data from the
1999-2014 NHANES cycles, collecting data from rep-
resentative samples by either conducting interviews or
laboratory tests. The Institutional Review Board of the
National Center for Health Statistics, CDC, approved the
protocol used by the NHANES. All participants provided
informed consent.

We extracted data based on the time when TC test
data were obtained. The entire data integration process
is presented in Fig. 1. In total, 82,091 participants were
enrolled in the NHANES from 1999 to 2014. First, con-
sidering that participants<18 years of age could intro-
duce bias into the analysis, we excluded individuals
under the age of 18 (N=34,735). Second, we excluded
individuals missing serum lipid data (N=5162). In addi-
tion, individuals without blood pressure data (N=1708),
body mass index data (n=592), past medical history
(n=3077), and follow-up data (n=42) were all excluded.
After missing entries were eliminated, 36,775 subjects
with complete data remained. Then, we excluded indi-
viduals with CVD (n=3545) and with cancer (n=2543).
Thus, 30,687 subjects, including 16,025 women and
14,662 men, were included in the final list.
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Baseline characteristics of data collection
Baseline characteristics, socio-demographic, and lifestyle
factors, including age, gender, race, education level, mari-
tal status, smoking habits, body mass index (BMI), and
energy intake, were provided by the participants during
the household interviews [22]. Hypertension referred to
an SBP (systolic blood pressure) of more than or equal
to 140 mmHg or/and a DBP (diastolic blood pressure)
of more than or equal to 90 mmHg. This was verified by
the record of antihypertensive drug usage or history of
hypertension reported by the patient. Diabetes was con-
firmed by fasting blood glucose > 126 mg/dl, self-report,
hemoglobin Alc > 6.5%, or hypoglycemic drug usage.
Serum lipids were evaluated at the Lipoprotein Ana-
lytic Laboratory of Johns Hopkins University. Total cho-
lesterol was measured by a colorimetric method, using a
Hitachi 717 Analyzer (Boehringer Mannheim Diagnos-
tics) from 1999 to 2005 and a Hitachi 912 (Roche Diag-
nostics) since 2006. Details regarding other laboratory
tests can be obtained from the NHANES Laboratory.
The quality control protocols and assurance met the 1988
Clinical Laboratory Improvement Act mandates.

Mortality and follow-up

Mortality linkage methods used herein can be obtained
from the NCHS. The anonymized data of individuals
who participated in NHANES between 1999 and 2014
were allied to the longitudinal Medicare and mortality
data based on the sequence number of NHANES. The
NCHS classified mortality from CVD as follows: codes
100-109 (acute rheumatic fever and chronic rheumatic
heart diseases), code I11 (hypertensive heart disease),
code I13 (hypertensive heart and renal disease), codes
120-125 (ischemic heart diseases), codes 126-151 (other
heart diseases), codes 160-169 (cerebrovascular disease),
and codes C00-C99 (mortality from cancer), according to
ICD-10.

Data analysis

All the data analyses covered the complex, stratified,
multistage, and cluster-sampling design (such as over-
sampling of some subpopulations) of NHANES are based
on the strata, sample weights, and primary sampling
units incorporated in the NHANES data.

TC levels were divided into six groups:<120, 120—
159, 160-199, 200-239, 240-279, and >280 mg/dL.
The group which had the lowest all-cause mortality
acted as a reference. A multivariable Cox proportional
hazards model was applied to estimate the hazard
ratios (HRs) and 95% confidence intervals (Cls). Cox
proportional hazards regression models were utilized
to understand the link between TC levels and total
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National Health and Nutrition Examination
Survey (1999-2014) (n=82091)

Exclusion:
Age<18 yearsold (n=34735)

National Health and Nutrition Examination
Survey(1999-2014)=18years old (n=47356)

Exclusion:

Missing serum lipid data (n=5162)
Missing blood pressure data (n=1708)
Missing body mass index data (n=592)
Missing past medical history (n=3077)
Missing follow-up data (n=42)

Patients with complete data (n=36775)

Exclusion:
Patients with CVD (n=3545)
Patients with cancer (n=2543)

Enrolled analysis (n=30687)

Fig. 1 Study cohort

mortality and cause-specific mortality based on spe-
cific covariates: age, gender, and race in model II; plus
education level, marital status, smoking habits, body
mass index, systolic blood pressure, estimated glomer-
ular filtration rate, high-density lipoprotein cholesterol,
energy intake, comorbidities (hypertension and diabe-
tes), and medication use (antihypertensive drugs, hypo-
glycemic agents, and lipid-lowering drugs) in model III
Continuous variables included: age, body mass index,
blood pressure, estimated glomerular filtration rate,
high-density lipoprotein cholesterol, and energy intake.
Categorical variables consisted of gender, race, educa-
tion level, marital status, smoking habits, comorbidities
(hypertension and diabetes), and medication use (anti-
hypertensive drugs, hypoglycemic agents, and lipid-
lowering drugs).

To examine the irregular shape of the link between
baseline TC and the risk of total mortality and cause-
specific mortality, a Cox proportional hazards regression
with a cubic spline functions model and smooth curve

fitting (penalized spline method) were conducted. If non-
linear relationships were detected, two piecewise linear
regression models were performed to elucidate how the
associations differed by cut-off point. The cut-off points
were estimated by trying all possible values and choosing
the value with the highest likelihood.

The survival probability of the primary outcomes
according to the different ranges of TC variability was
calculated by using Kaplan—Meier curves for all-cause
and cause-specific mortality.

To determine whether the relationship varied by age
at the baseline (<65 or>60 years), sex (female/male),
race (white/non-white), or lipid-lowering drugs (yes or
no), we performed subgroup analyses. Forest plots were
drawn to visualize the different among subgroups.

For sensitivity analysis, we compared the difference
between post-imputation data and pre-imputation data
to understand the possible influence of our missing data
approach on the results. Multiple imputation analyses
were conducted to account for the missing data created
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from adjusting from multiple covariates. Five complete
datasets were created (Additional file 1: Table S1). Anal-
yses were performed in each of the five datasets and
results were combined across imputations according to
Rubin’s rules.

All analyses were administrated with R software 3.6.3
(R Core Team, Vienna, Austria), and the alpha level for
significance in statistical analysis was set as 0.05 in this
study.

Results

Baseline characteristics

The demographic features of the study participants based
on the six TC levels are listed in Table 1. The average age
of the 30,687 adults was 46.0 years, and about half of the
sample were women (52.2%). The average level of choles-
terol was 198.8+42.2 mg/dL. Race, including Mexican
American, other Hispanic, non-Hispanic White, non-
Hispanic Black, and other races, accounted for 19.9%,
8.0%, 44.1%, 20.4%, and 7.6%, respectively. Almost three-
quarters of participants self-identified as high school-
educated or above. Half of the sample were married.
55.7% of the sample were not currently smokers. Women
and individuals with higher education levels were more
likely to have higher TC values. The levels of systolic and
diastolic blood pressure increased across the TC levels;
hypertension and diabetes accounted for approximately
37.6% and 13.5%, respectively. However, only 20.3% and
7.1% were treated with antihypertensive drugs and hypo-
glycemic agents.

During the NHANES follow-up period of up to
15 years from 1999 to 2014, 2,570 all-cause deaths were
recorded, including 487 due to CVD and 564 cancer-
related deaths.

Associations between total cholesterol and mortality
Follow-up data on mortality can be obtained from
the date the survey was started (median follow-up:
98.6 + 54.0 months).

Table 2 shows the adjusted HRs (95% ClIs) of spe-
cific and all-cause mortality in the six groups of TC
levels. The associations of TC levels with incidence
and mortality were non-linear. In models I and II, TC
levels <120 (mg/dL) were strongly linked to all-cause
deaths, cardiovascular diseases, and cancer mortality.
Similarly, TC levels>280 (mg/dL) were significantly
related to all-cause deaths and deaths associated with
cardiovascular diseases. An analysis with multivari-
able adjustments (model III) showed the HRs of total
mortality and cancer mortality were still particularly
negatively correlated with TC levels in the lower range
of <200 mg/dL, especially in the range of <120 mg/dL
(HR 1.97; 95% CI 1.38, 2.83 and HR 2.39; 95% CI 1.21,
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4.71, respectively). However, the HRs of cardiovas-
cular disease mortality in the range <120 mg/dL were
the lowest (HR 0.60; 95% CI 0.15, 2.42). In the upper
range, a TC range of > 280 mg/dL was correlated with
mortality as a result of CVD (HR 1.31; 95% CI 0.87,
1.97). To ensure the robustness of our data analysis, we
reanalyzed the association between total cholesterol
and mortality using imputation data (Additional file 2:
Table S2). Results of the sensitive analyses were consist-
ent with above mentioned analysis.

Based on the restricted cubic spline analysis (Fig. 2),
cardiovascular, cancer, and all-cause mortality showed
U-curve associations after adjusting for confounding
variables. These were largely similar to the TC cat-
egorical analysis. There were significant non-linear
relationships between the levels of TC and specific and
all-cause mortality.

We observed that the cutoff values were 172 mg/dL,
267 mg/dL, and 205 mg/dL for all-cause, cardiovascular
disease, and cancer mortality, respectively, by using a
two-piecewise linear regression model (Table 3). When
TC levels were<172 mg/dL and 205 mg/dL, a 1-unit
decrease in the TC level was associated with a 40% and
a 21% greater adjusted hazard ratio of all-cause and
cancer mortality, respectively (HR 0.60; 95% CI 0.52,
0.70 and HR 0.79; 95% CI 0.67, 0.93, respectively). Can-
cer and all-cause mortality were not related when TC
levels were > 172 mg/dL and 205 mg/dL, respectively.
When TC levels were > 267 mg/dL, a 1-unit increase in
the TC level was linked to a 38% greater adjusted haz-
ard ratio of cardiovascular mortality (HR 1.38; 95% CI
1.09, 1.75).

The Kaplan—Meier survival curve (Fig. 3) for all-
cause, cardiovascular, and cancer mortality showed that
the lowest cumulative survival rate of all-cause mortal-
ity was recorded in the lowest TC-level group, while the
lowest cumulative survival rate of CVD mortality was
recorded in the highest TC-level group.

Subgroup analyses
Subgroup analyses according to age, gender, race, and the
use of lipid-lowering drugs were presented in Fig. 4.

Significant associations between the lowest range of
TC level and all-cause mortality were observed in all sub-
groups except for using lipid-lowering drugs. When the
range of TC level was 120-159 mg/dL, strong links were
also observed in all subgroups.

The significant associations between the highest range
of TC and cardiovascular mortality were observed in
patients aged <65 years, male, non-white, and without
using lipid-lowering drugs.

The associations of the lowest range of TC range with
cancer mortality were significant in all subgroups except
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Table 1 Demographic and clinical characteristics according to total cholesterol levels

Characteristic Total Total cholesterol, mg/dL
<120 120-159 160-199 200-239 240-279 > 280 p Value
Number 30,687 385 4782 11,364 9486 3552 1118
Age, years 460+£17.2 395+186 41.0£18.1 445+£17.1 48.7+163 502+16.0 496+£16.1 <0.001
Gender, n (%) <0.001
Male 14,662 (47.8) 246 (63.9) 2417 (50.5) 5511 (48.5) 4469 (47.1) 1565 (44.1) 454 (40.6)
Female 16,025 (52.2) 139 (36.1) 2365 (49.5) 5853 (51.5) 5017 (52.9) 1987 (55.9) 664 (59.4)
Race, n (%) <0.001
Mexican American 6120 (19.9) 66 (17.1) 809 (16.9) 2273 (20.0) 2019 (21.3) 717 (20.2) 236 (21.1)
Other Hispanic 2449 (8.0) 27 (7.0) 377 (7.9) 898 (7.9) 754.(7.9) 304 (8.6) 89 (8.0)
Non-Hispanic 13,536 (44.1) 136 (35.3) 1996 (41.7) 4910 (43.2) 4237 (44.7) 1710 (48.1) 547 (48.9)
White
Non-Hispanic 6252 (20.4) 126 (32.7) 1184 (24.8) 2398 (21.1) 1795 (18.9) 577 (16.2) 172 (15.4)
black
Other race— 2330(7.6) 30(7.8) 416 (8.7) 885 (7.8) 681 (7.2) 244 (6.9) 74 (6.6)
including
Multiracial
Education level, <0.001
n (%)
Less than high 8405 (27.4) 106 (27.6) 1212 (254) 3045 (26.8) 2669 (28.2) 1051 (29.6) 322(289)
school
High school or 22,247 (72.6) 278 (72.4) 3563 (74.6) 8307 (73.2) 6809 (71.8) 2498 (70.4) 792 (71.1)
above
Marital status, n (%) <0.001
Other 14,130 (46.6) 239 (62.7) 2545 (53.7) 5391 (48.0) 3981 (42.5) 1499 (42.9) 475 (43.6)
Married 16,169 (53.4) 142 (37.3) 2192 (46.3) 5835 (52.0) 5386 (57.5) 1999 (57.1) 615 (56.4)
Smoking, n (%) <0.001
No 17,083 (55.7) 201 (52.2) 2765 (57.9) 6403 (56.4) 5279 (55.7) 1855 (52.3) 580(51.9)
Yes 13,580 (44.3) 184 (47.8) 2014 (42.1) 4950 (43.6) 4199 (44.3) 1695 (47.7) 538 (48.1)
Body mzass index, 286+66 276+70 280473 286+6.7 289+63 290459 288453 <0.001
kg/m

Systolic blood pres-  122.9+18.6 11994179 11894170 12164+17.8 12464188 12704202 12804215 <0.001
sure, mmHg

Diastolic blood 703+13.0 65.8+14.6 67.6+122 69.9+125 71.6+129 7224140 7224147 <0.001
pressure, mmHg

eGFR, mg/ 91.3+285 96.1+31.6 9354281 91.8+27.1 89.9+282 89.5+30.8 94.0+£35.5 <0.001
min/1.73m?

Energy intake, kcal 21705410294 2338.7+£1261.8 2217.8+£10654 21892410457 2141449778 2131610442 20935+£9806 <0.001
Serum lipid level

High density <0.001
lipoprotein cho-
lesterol
mg/dL 53.1+£159 4184105 490£123 523+147 548+16.6 563+188 56.7£204
mmol/L 1.37+£041 1.084+0.27 1274032 1.35+038 1424043 1464049 1.4740.53
Total cholesterol <0.001
mg/dL 198.8+42.2 1084£10.1 1449+104 1804+114 2175+£113 25564112 3084+£403
mmol/L 5144£1.09 2.8040.26 3.754+0.27 467+029 56240.29 6.6140.29 798+£1.04
Comorbidities, n (%)
Hypertension <0.001
No 19,146 (62.4) 251 (65.2) 3211 (67.1) 7357 (64.7) 5740 (60.5) 1967 (554) 620 (55.5)
Yes 11,541 (37.6) 134 (34.8) 1571 (32.9) 4007 (35.3) 3746 (39.5) 1585 (44.6) 498 (44.5)
Diabetes <0.001

No 26,552 (86.5) 302 (784) 3994 (83.5) 9914 (87.2) 8342 (87.9) 3074 (86.5) 926 (82.8)




He et al. Nutr Metab (Lond) (2021) 18:25 Page 6 of 11
Table 1 (continued)
Characteristic Total Total cholesterol, mg/dL
<120 120-159 160-199 200-239 240-279 >280 p Value
Yes 4135 (13.5) 83(21.6) 788 (16.5) 1450 (12.8) 1144 (12.1) 478 (13.5) 192(17.2)
Treatment, n (%)
Hypoglycemic <0.001
agents
No 28,517 (92.9) 329 (85.5) 4233 (88.5) 10,598 (93.3) 8945 (94.3) 3379 (95.1) 1033 (92.4)
Yes 2170(7.1) 56 (14.5) 549 (11.5) 766 (6.7) 541(5.7) 173 (4.9) 85 (7.6)
Lipid-lowering <0.001
drugs
No 27,777 (90.5) 328(85.2) 4106 (85.9) 10,166 (89.5) 8766 (92.4) 3361 (94.6) 1050 (93.9)
Yes 2910 (9.5) 57 (14.8) 676 (14.1) 1198 (10.5) 720 (7.6) 191 (54) 68 (6.1)
Antihypertensive 0.061
drugs
No 24,471 (79.7) 292 (75.8) 3771 (78.9) 9117 (80.2) 7561 (79.7) 2817 (79.3) 913 (81.7)
Yes 6216 (20.3) 93 (24.2) 1011 (21.1) 2247 (19.8) 1925 (20.3) 735 (20.7) 205 (18.3)
Outcomes, n (%)
Cardiovascular dis- <0.001
ease mortality
No 30,200 (98.4) 383(99.5) 4727 (98.8) 11,209 (98.6) 9316 (98.2) 3478 (97.9) 1087 (97.2)
Yes 487 (1.6) 2(0.5) 55(1.2) 155 (1.4) 170 (1.8) 74 (2.1) 31(2.8)
Cancer mortality 0.124
No 30,123 (98.2) 376 (97.7) 4706 (98.4) 11,166 (98.3) 9305 (98.1) 3483 (98.1) 1087 (97.2)
Yes 564 (1.8) 9(23) 76 (1.6) 198 (1.7) 181(1.9) 69 (1.9) 31(2.8)
All-cause mortality <0.001
No 28,117 (91.6) 349 (90.6) 4420 (92.4) 10,536 (92.7) 8626 (90.9) 3204 (90.2) 982 (87.8)
Yes 2570 (84) 36 (94) 362 (7.6) 828(7.3) 860 (9.1) 348 (9.8) 136 (12.2)

eGFR, estimated glomerular filtration rate

Values are mean =+ standardized differences or n (%)

for using lipid-lowering drugs. Interestingly, female with
a TC range 120-159 mg/dL was inclined to have lower
cancer mortality. Besides, the significant associations
of TC level range 200-239 mg/dL with cancer mortal-
ity were observed in patients using lipid-lowering drugs.
When TC was > 280 mg/dL, TC was independently asso-
ciated with cancer death in subjects aged < 65 years.

Discussion

Herein, we revealed that there was a nonlinear associa-
tion of TC with all-cause and specific-cause mortality,
using data from the US NHNES. U-curve relationships
between TC and mortality were found. Negative corre-
lations in the lower TC range were strong in all-cause
and cancer mortality, whereas positive correlations in
the upper TC range were only found in CVD mortal-
ity. The occurrence of a TC range of <120 mg/dL was
strongly predictive of heightened death risk from all
causes, whereas a TC range of>280 mg/dL was not,
except with regard to CVD mortality.

Until recently, it was believed that TC is a biomarker
of cholesterol metabolism and a significant contribu-
tor to atherosclerotic CVD, especially regarding the
risk of CVDs. However, findings from previous studies
have been inconsistent. Varied association shapes for
TC versus all-cause mortality were obtained, including
positive linear, U-curve, reverse-L-curve (or reverse-]J-
curve), and negative associations [16, 23, 24].

Current guidelines on cholesterol levels are largely
based on CVD risk, and they all suggest a TC range
of <200 mg/dL as ideal. Interestingly, our study results
also showed that the HRs of CVD mortality in the range
of <120 mg/dL were the lowest (HR 0.60; 95% CI 0.15,
2.42); however, a TC range of <200 mg/dL was strongly
linked to a higher risk of death from all causes, as well
as cancer. It is no surprise that a TC range of <200 mg/
dL does not usually indicate good health with regards to
the presence of other diseases. A recent national guide-
line on nutrition also did not recommend a reduction in
dietary cholesterol [25]. Additionally, previous studies
have mainly focused on elderly individuals. Our study
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Table 2 Multivariate Cox regression analysis of total cholesterol levels with cause-specific mortality
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Model |
HR (95%Cl), P-value

Model I
HR (95%Cl), P-value

Model llI
HR (95%Cl), P-value

Event/total  Event rate/
1000 person-
years

All-cause mortality

Total cholesterol (per 1 mmol/L incre- 2570/30,687 10.20
ment)

Total cholesterol group, mg/dL
<120 36/385 12.82
120-159 362/4782 10.08
160-199 828/11,364 9.02
200-239 860/9486 10.70
240-279 348/3552 11.24
> 280 136/1118 13.29

P for trend

Cardiovascular mortality

Total cholesterol (per 1 mmol/L incre- 487/30,687 1.93
ment)

Total cholesterol group, mg/dL
<120 2/385 0.71
120-159 55/4782 1.53
160-199 155/11,364 1.69
200-239 170/9486 212
240-279 74/3552 2.39
>280 31/1118 3.03

P for trend

Cancer mortality

Total cholesterol (per 1 mmol/L incre- 564/30,687 224
ment)

Total cholesterol group, mg/dL
<120 9/385 3.21
120-159 76/4782 2.20
160-199 198/11,364 2.16
200-239 181/9486 225
240-279 69/3552 223
> 280 31/1118 3.03

P for trend

1.06 (1.03, 1.10) 0.0006

1.45 (1.04,2.02) 0.0300
1.14(1.01,1.29) 0.0410
Reference
1.17(1.07,1.29) 0.0010
1.23(1.08,1.39) 0.0013
143 (1.19,1.72) 0.0001
0.002

1.18(1.09, 1.27) <0.0001

043(0.11,1.72) 0.2320
0.92 (0.68, 1.25) 0.5933
Reference

1.24 (1.00, 1.55) 0.0498
140 (1.06, 1.85) 0.0175
1.76 (1.19, 2.58) 0.0043
<0.001

1.03 (0.95, 1.11) 0.4600

1.51(0.78,2.95) 0.2243
1.00(0.77,1.30) 0.9857
Reference

1.03 (0.85, 1.27) 0.7409
1.02(0.77,1.34) 0.8973
1.37(0.94, 2.00) 0.1042
0473

0.94 (0.90, 0.97) 0.0008

2.13(1.53,2.98) <0.0001
1.36 (1.20, 1.53) < 0.0001
Reference

0.94 (0.86, 1.04) 0.2232
0.95 (0.84,1.08) 0.4232
1.16 (0.96, 1.39) 0.1188
<0.001

1.07 (0.98,1.17) 0.1125

0.62(0.15,2.51) 0.5061
1.07 (0.79, 1.46) 0.6622
Reference

1.00 (0.81, 1.25) 0.9789
1.11(0.84, 1.46) 0.4804
146 (0.99, 2.15) 0.0576
0.208

0.93(0.86,1.01) 0.0764

2.07 (1.06,4.03) 0.0335
1.17 (0.90, 1.52) 0.2465
Reference
0.87(0.71,1.06) 0.1743
0.84 (0.64,1.11) 0.2248
1.19(0.81, 1.74) 0.3660
0.050

0.92 (0.89, 0.96) 0.0001

1.97 (1.38, 2.83) 0.0002
1.35(1.18, 1.53)<0.0001
Reference

0.93 (0.84, 1.03) 0.1558
0.88(0.77,1.00) 0.0590
1.07(0.88,1.29) 05114
<0.001

1.05 (0.96, 1.15) 0.2730

0.60(0.15, 2.42) 0.4692
1.01 (0.73, 1.40) 0.9466
Reference

0.98 (0.78,1.23) 0.8393
1.02(0.76, 1.37) 0.8938
1.31(0.87,1.97) 0.2034
0410

0.93 (0.85,1.01) 0.0909

239(1.21,4.71) 0.0121
1.18(0.89, 1.56) 0.2492
Reference

0.85(0.69, 1.05) 0.1294
0.85(0.64,1.13) 0.2548
1.22(0.82,1.79) 0.3276
0.061

HR, hazard ratio; Cl, confidence interval
Model | adjust for none
Model Il adjust for age, gender, and race

Model Ill adjust for age, gender, race, education level, married, smoking, body mass index, systolic blood pressure, estimated glomerular filtration rate, high density
lipoprotein cholesterol, energy intake, comorbidities (hypertension, and diabetes), and medication use (antihypertensive drugs, hypoglycemic agents, and lipid-

lowering drugs)

showed a stronger effect size associated with a TC range
of <159 mg/dL at ages of <65 years in all-cause mortal-
ity and a TC range of<120 mg/dL at ages of <65 years
in cancer mortality. Besides, interpreting the connec-
tion between CVD mortality and cholesterol has been an
intractable clinical challenge. In this study, the TC range
of > 280 mg/dL was positively related to cardiovascular
mortality in patients aged <65 years. Because individu-
als with low cholesterol levels exhibited higher rates of

all-cause and cancer mortality, we postulated that low TC
might partially reflected frailty. For CVD mortality, indi-
viduals aged below 65 years with a TC range of > 280 mg/
dL were more likely to die compared to aged 65 years or
older. However, the association between low TC and a
higher occurrence rate of serious adverse cardiovascu-
lar events in men aged > 70 years has also been reported
[26].
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35 4

3.0

HR (95%Cl)
HR (95%Cl)

100 200 300 400
Total cholesterol,mg/dL Total cholesterol,mg/dL Total cholesterol,mg/dL.

Fig. 2 Spline analyses of all-cause (a), cardiovascular (b), and cancer (c) mortality by total cholesterol levels. (Adjusted for age, gender, race,

education level, married, smoking, body mass index, systolic blood pressure, estimated glomerular filtration rate, high density lipoprotein

cholesterol, energy intake, hypertension, diabetes, antihypertensive drugs, hypoglycemic agents, and lipid-lowering drugs)

Table 3 The results of two-piecewise linear regression model between total cholesterol and cause-specific mortality

All-cause mortality Cardiovascular mortality Cancer mortality

HR (95% Cl) p value HR (95% Cl) p value HR (95% Cl) p value
Cutoff value, mg/dL 172(4.45 mmol/L) 267(6.90 mmol/L) 205(5.30 mmol/L)
< Cut-off value 0.60 (0.52,0.70) < 0.0001 0.99 (0.89, 1.10) 0.8479 0.79 (0.67,0.93) 0.0058
> Cut-off value 1.01 (0.96, 1.06) 0.8160 1.38(1.09, 1.75) 0.0084 1.05(0.92,1.21) 04612
P for log likelihood ratio test <0.001 0.053 0.032

HR, hazard ratio; Cl, confidence interval

The two-piecewise linear regression model were adjusted for age, gender, race, education level, married, smoking, body mass index, systolic blood pressure, estimated
glomerular filtration rate, high density lipoprotein cholesterol, energy intake, comorbidities (hypertension, and diabetes), and medication use (antihypertensive drugs,
hypoglycemic agents, and lipid-lowering drugs)

3 - <120 = 160-199 - 240-279 - <120 = 160-199 - 240-279 - <120 = 160-199 - 240-279
a Total cholesterol,mg/dL __ 120-159 — 200-239 — >280 b Total cholesterol,mg/dL __ 120-159 — 200-239 — >280 C Total cholesterol,mg/dL __ 120-159 — 200-239 — >280
1.0 ~ s m—
2
:':3' 0.9
<
=)
<]
=
a
= 0.8
h=
5
\ 0.7 Log-rank P <0.001 Log-rank P = 0.004 Log-rank P=0.53
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Number at risk Number at risk Number at risk
0{ 385 254 149 71 5 385 254 149 71 5 385 254 149 71 5
4782 3435 1880 862 28 4782 3435 1880 862 28 4782 3435 1880 862 28
11364 8607 5116 2440 65 11364 8607 5116 2440 65 11364 8607 5116 2440 65
94 7491 576 2258 72 94 7491 4576 2258 72 9 7491 576 2258 72
3552 2881 1810 871 22 3552 2881 1810 22 3552 2881 1810 22
1118 928 626 322 8 1118 928 626 322 8 1118 928 626 322 8
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Follow-up time(months) Follow-up time(months) Follow-up time(months)
Fig. 3 Kaplan—-Meier survival curve for all-cause (a), cardiovascular (b), and cancer (c) mortality by total cholesterol

TC levels were usually classified into three categories:  between ischemic heart disease (IHD) and TC. In this
desirable (less than 200), borderline high (between 200  study, 267 mg/dL and 205 mg/dL TC levels were linked
and 239), and high level (> 240 mg/dL). However, these  to the lowest cardiovascular and cancer mortality rates
categories were suggested according to the interactions in the spline analyses, respectively. Our data indicated

that the optimal overall survival ranges were higher
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All-cause mortality
(HR,95%Cl)

CVD mortality
(HR,95%Cl)

Cancer mortality
(HR,95%CI)

Variables TC, mg/dL
Age
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Lipid-lowering drugs
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Fig. 4 Forest plots of subgroups analyses. (age, gender, race, education level, married, smoking, body mass index, systolic blood pressure, estimated
glomerular filtration rate, high density lipoprotein cholesterol, energy intake, hypertension, diabetes, antihypertensive drugs, hypoglycemic agents,

and lipid-lowering drugs were all adjusted except the variable itself)

relative to those for IHD. Previous studies have shown
a higher optimal BMI range for overall survival relative
to IHD mortality [27]. Cholesterol levels may reflect the
general health status but not the health status specific
to CVD [28].

The association of low cholesterol levels with higher
mortality may be explained by reverse causality. How-
ever, a study that involved long-term follow-up with
the Japanese-American population indicated that peo-
ple with low cholesterol levels that last for more than
20 years were likely to have the worst all-cause mortal-
ity. The study suggested that reverse causality was not

likely to be fully responsible for the higher mortality
linked to low cholesterol [29].

Besides, a key finding of our study regarding cancer
suggested that low cholesterol could be linked to high
rates of cancer-associated deaths. Although a few stud-
ies of statins indicated that statin therapy increases can-
cer incidence [30-32], it was still challenging to elucidate
the connection between low cholesterol and cancer dis-
ease mortality. Previous studies on liver cancer reported
an increased level of cholesterol [33, 34]. However, in this
study, a higher rate of cancer mortality in the group with
the lowest cholesterol was also significant. This suggested
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that screening the low cholesterol levels of patients with
cancers is needed.

In addition to being a membrane component, cho-
lesterol is a precursor to bile acids, certain fat-soluble
vitamins, sex hormones (estradiol and testosterone),
and steroid hormones (cortisone and aldosterone). It is
involved in both the biogenesis of ligands in producer
cells and signal reception in target cells. Recent struc-
tural, biochemical, and cell-biological studies have con-
verged at the surprising model that a specific pool of
plasma membrane cholesterol, termed accessible choles-
terol, functions as a second messenger that conveys the
signal between Patched 1 and Smoothened [7].

The effects of malnutrition, a risk factor for non-
ischemic heart disease and cancer, might be the reason
for this result [20, 35]. Therefore, a spontaneous decline
in cholesterol levels may be a marker for a worsening
health condition.

A large-scale, long-term complete follow-up study eval-
uating the influence of TC on all-cause and specific mor-
tality are clear strengths of this study, and the large sample
size used can ensure statistical efficiency. The NHANES
database represented the entire US population, and this
study has shown that low TC is a significant risk factor,
not only in patients but also in the general population.
Another advantage of this study is that it estimated all-
cause, CVD, and cancer mortality risk related to TC lev-
els as low as <120 mg/dL. However, this study had some
limitations. First, we could not understand the reason
behind the link between TC and mortality risk in a cross-
sectionally designed study. Second, we might have under-
estimated the risk associated with high cholesterol. Also,
we could not verify that low cholesterol levels induced by
statin increase mortality. Third, this study was based on a
sample of American participants; as such, its findings may
not be generalizable to other populations. Although the
U-curve associations can apply to other ethnic groups, the
level of relative risk related to TC, as well as the optimal
TC range with the lowest mortality, might differ among
various ethnic groups. Finally, physical activity and alco-
hol drinking were also important risk factors for all-cause
and cause-specific mortality. However, we failed to adjust
for these variables due to the lack of related data.

Conclusions

In summary, a U-curve association of TC level with CVD,
cancer, and all-cause mortality risks was observed in the
American population, suggesting that cholesterol levels
that are too low or too high in the serum might increase
the likelihood of adverse outcomes. Besides, high
TC levels were linked to CVD mortality, and positive
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correlations in the upper TC range were enhanced in age
groups <65 years and reduced in advanced age groups.
However, a low TC level was linked to additional adverse
outcomes. Our findings indicated that TC levels might
be a critical risk factor in the general population, and TC
levels <200 mg/dL might not be indicative of good health.
However, there is a need to conduct further studies to
verify our findings. This will aid in the appropriate man-
agement of disorders linked to low TC levels and hence
improve survival rates.
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