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Abstract

Background: Increasing evidence suggests that high-density lipoprotein (HDL) may play a role in cancer
development. We tested the hypothesis that low HDL levels are associated with increased risk of cancer.

Methods: Individuals from two population-based cohorts, the Copenhagen General Population Study (2003-2015,
N =107 341), and the Copenhagen City Heart Study (1991-1994, N = 9387) were followed prospectively until end
of 2016 to assess low plasma HDL cholesterol and apolipoprotein A1l as risk factors for cancer using Cox
proportional hazard regression.

Results: During up to 25 years follow-up, we observed 8748 cancers in the Copenhagen General Population Study
and 2164 in the Copenhagen City Heart Study. In the Copenhagen General Population Study and compared to
individuals with HDL cholesterol = 2.0 mmol/L (= 77 mg/dL), multivariable adjusted hazard ratios (HRs) for any
cancer were 1.13 (95% confidence interval 1.04-1.22) for individuals with HDL cholesterol of 1.5-1.99 mmol/L (58—
77 mg/dL), 1.18 (1.08-1.30) for HDL cholesterol of 1.0-1.49 mmol/L (39-58 mg/dL), and 1.29 (1.12-1.48) for
individuals with HDL cholesterol < 1.0 mmol/L (< 39 mg/dL). Correspondingly, compared to individuals with
apolipoprotein A1 2 190 mg/dL, HRs for any cancer were 1.06 (0.96-1.17) for individuals with apolipoprotein A1 of
160-189 mg/dL, 1.18 (1.07-1.30) for apolipoprotein AT of 130-159 mg/dL, and 1.28 (1.13-1.46) for individuals with
apolipoprotein A1 < 130 mg/dL. Among 27 cancer types, low HDL cholesterol and/or apolipoprotein A1 were
associated with increased risk of multiple myeloma, myeloproliferative neoplasm, non-Hodgkin lymphoma, breast
cancer, lung cancer, and nervous system cancer. Results were overall similar in women and men separately, and in
the Copenhagen City Heart Study.

Conclusions: Low HDL levels were associated with increased risk of several cancers. Increased risk was most
pronounced for hematological and nervous system cancer, and to a minor extent for breast and respiratory cancer.
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Background

High-density lipoprotein (HDL) is the most abundant
lipoprotein in the majority of species, implying that this
particle has important functions in health and disease
[1]. There is increasing evidence suggesting that HDL
can regulate innate and adaptive immune responses and
may have anti-oxidative, anti-apoptotic, and anti-
inflammatory properties [2—6]. Through dysfunction of
some of these properties, low HDL could play a role in
the development of cancer [6].

Indeed, variation in HDL cholesterol level has been as-
sociated with risks of e.g. lung, endometrial, and colorec-
tal cancer; however, results have been conflicting [6-18].
Further, it is unclear whether it is HDL cholesterol per
se or apolipoprotein Al, the major protein component
of HDL [6, 19], that best describe an association with
risk of cancer.

We tested the hypothesis that low HDL levels are as-
sociated with increased risk of cancer. For this purpose,
we used measured HDL cholesterol and apolipoprotein
Al in 116,728 individuals from two independent Danish
population-based cohorts recruited during different time
periods. These individuals were followed for up to 25
years for risk of any cancer and for 27 specific cancer
types, using the national Danish Cancer Registry.

Methods

Study design and populations

The Copenhagen General Population Study is a
population-based prospective cohort study recruited in
2003-2015 [20, 21]. All individuals in Denmark are
assigned a unique identification number (Central Person
Registration number) at birth or immigration and re-
corded in the national Danish Civil Registration System.
Individuals aged > 20 were selected and invited from the
national Danish Civil Registration System to reflect the
adult Danish general population. All participants com-
pleted a comprehensive questionnaire, underwent a
physical examination, and gave blood for biochemical
analyses. Questionnaires were reviewed in detail at the
day of attendance by a healthcare professional together
with the participant. In the present study, we included
107,341 individuals with information on measured HDL
cholesterol and apolipoprotein Al.

The Copenhagen City Heart Study is a population-
based prospective cohort study initiated in 1976-1978,
with follow-up examinations in 1981-1983, 1991-1994,
and 2001-2003, recruited and examined as the
Copenhagen General Population Study but from differ-
ent parts of Copenhagen [20, 21]. For independent con-
firmation, we included 9387 individuals from the 1991-
1994 examination with information on measured HDL
cholesterol and apolipoprotein Al.
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Both studies were approved by institutional review
boards and Danish ethical committees and conducted
according to the Declaration of Helsinki (approval num-
bers: KF-V-100-2039/91 and H-KF-01-144/01). Written
informed consent was obtained from all participants

HDL cholesterol and apolipoprotein A1

HDL cholesterol and apolipoprotein A1 were measured
using standard hospital assays immediately after collec-
tion of non-fasting blood samples [22]. HDL cholesterol
was measured directly using a colorimetric assay, while
apolipoprotein Al was measured using an immunoturbi-
dimetric assay (Konelab and Cobas). Assay precision was
tested daily, while assay accuracy was tested monthly
using an external quality control program.

Cancer endpoints

Cancer endpoints were identified from the national Da-
nish Cancer Registry, which was established in 1943 and
records essentially all cancers diagnosed in Denmark
[23]. Cancer diagnoses are reported by physicians and
categorized based on location and histological examin-
ation by a fully trained pathologist using the World
Health Organization criteria according to national Da-
nish law. All cancer diagnoses (ICD-7: 140-205 and
ICD-10: C00-D09) were included from baseline examin-
ation through December 2016; however, non-melanoma
skin cancers were excluded, as these are very frequent
and likely have a distinct etiology from other cancer
forms. Information on myeloproliferative neoplasm was
obtained from the national Danish Patient Registry, as
done previously [24, 25]. By using the unique Central
Person Registration number provided to everyone in
Denmark at birth or immigration and linking it with the
national Danish Cancer Registry and the national Danish
Patient Registry, no person was lost to follow-up, and in-
dividuals who emigrated were censored at the date of
emigration (N = 352 for the Copenhagen General Popu-
lation Study and N = 66 for the Copenhagen City Heart
Study).

Covariates

Date of birth and sex was obtained from the national
Danish Civil Registration System [26]. Body mass index
was calculated as measured weight divided by measured
height squared (kg/m?). Smoking status was defined as
never, former, or current smoker. Cumulative tobacco
consumption was calculated in pack-years based on in-
formation on age at smoking initiation and cessation (or
for current smokers until age at baseline examination),
duration of tobacco consumption, and amount of con-
sumed tobacco (number of daily consumed cigarettes,
cheroots, and cigars and grams of weekly consumed pipe
tobacco), i.e., a pack-year was 20 cigarettes or equivalent
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smoked daily for a year. Alcohol consumption was re-
ported in units per week (1 unit = 12 g of alcohol).
Leisure-time physical activity was reported according to
hours per week and degree of activity. Education was
based on years attending school. Income was reported as
annual household income. Plasma triglycerides and C-
reactive protein were measured using standard hospital
assays; the latter using a high-sensitive assay. Lipid-
lowering therapy was self-reported and mainly statins.
Information on ischemic heart disease (ICD-8: 410-414
and ICD-10: 120-125) and chronic obstructive pulmonary
disease (ICD-8: 491-492 and ICD-10: J41-J44) was ob-
tained from the national Danish Patient Registry. Infor-
mation on diabetes was based on self-report, non-fasting
plasma glucose > 11 mmol/L, use of anti-diabetic medi-
cation, and/or the national Danish Patient Registry
(ICD-8: 249-250 and ICD-10: E10-E14).

Statistical analyses

Analyses were carried out using STATA/SE 13.1 (Stata-
Corp. LP, StataCorp, College Station, TX), and 2-sided P
values < 0.05 were considered statistically significant.
Baseline characteristics were compared using Pearson’s
chi-squared or Kruskal-Wallis test. Association of HDL
cholesterol and apolipoprotein Al with risk of cancer
was investigated using Cox proportional hazard regres-
sion. We used age as the underlying timescale (=age ad-
justed) with left truncation (=delayed entry) at study
examination. Individuals with event before the baseline
examination were excluded from the particular analysis,
which is why the total number of individuals varies
across cancer types. Some individuals had more than
one cancer, which is why the sum of individual first can-
cers exceeds the number of any first cancer. Only the
appropriate sex was included in the analyses of cancers
in breast, corpus uteri, testis, prostate, ovary, and cervix
uteri. Restricted cubic spline models were used to assess
non-linear relationships with three knots placed accord-
ing to Harrell's recommended percentiles [27], and the
median values of HDL cholesterol and apolipoprotein
A1 were chosen as reference. Associations were also in-
vestigated in a setting with all-cause mortality and emi-
gration as competing events using the methods
proposed by Fine and Gray [28]. Wald’s test was used to
assess potential effect modification (=interaction). As
sensitivity analyses, we excluded individuals with events
within 1-3 years after the baseline examination to inves-
tigate potential reverse causation. Analyses were multi-
variable adjusted for potential confounders, that is, age
(as timescale), sex (except for analyses of cancers in
breast, corpus uteri, testis, prostate, ovary, and cervix
uteri in which only the appropriate sex was included),
body mass index, smoking status, cumulative tobacco
consumption, alcohol intake, leisure-time physical
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activity, education, income, plasma triglycerides, lipid-
lowering therapy, C-reactive protein, and baseline
chronic disease (ischemic heart disease, chronic ob-
structive pulmonary disease, and diabetes); plasma tri-
glycerides are inversely associated with HDL cholesterol
levels [29]. Since information on covariates was > 99%
complete, missing values were imputed with multiple
imputation using chained equations [30]; however, re-
sults were similar using complete case analysis. All risk
estimates and confidence intervals were corrected for re-
gression dilution bias with a nonparametric method, as
done previously [20, 21, 31].

Results

Among individuals from the Copenhagen General Popu-
lation Study, 8748 (8.1%) were diagnosed with cancer
during up to 13 years follow-up (median 7.4 years).
Among individuals from the Copenhagen City Heart
Study, 2164 (23%) were diagnosed with cancer during up
to 25 years follow-up (median 18 years). Baseline charac-
teristics are presented in the supplement (Tables S1-S4).

Any cancer

Low levels of HDL cholesterol and apolipoprotein Al
were associated with increased risk of any cancer in the
Copenhagen General Population Study (Figs. 1 and 2).
Compared to individuals with HDL cholesterol > 2.0
mmol/L (= 77 mg/dL), multivariable adjusted hazard ra-
tio (HR) for any cancer was 1.13 (95% confidence inter-
val [CI] 1.04-1.22) for individuals with HDL cholesterol
of 1.5-1.99 mmol/L (58-77 mg/dL), 1.18 (1.08-1.30) for
individuals with HDL cholesterol of 1.0-1.49 mmol/L
(39-58 mg/dL), and 1.29 (1.12-1.48) for individuals with
HDL cholesterol < 1.0 mmol/L (< 39 mg/dL) (P for
trend = 9 x 107> Fig. 2, upper left panel). Correspond-
ingly, compared to individuals with apolipoprotein Al >
190 mg/dL, multivariable adjusted HR for any cancer
was 1.06 (0.96-1.17) for individuals with apolipoprotein
Al of 160-189 mg/dL, 1.18 (1.07-1.30) for individuals
with apolipoprotein Al of 130-159 mg/dL, and 1.28
(1.13-1.46) for individuals with apolipoprotein Al < 130
mg/dL (P for trend = 8 x 107% Fig. 2, upper right panel).

Specific cancer types
Among nine major cancer forms, low levels of HDL
cholesterol and apolipoprotein A1l were associated with
increased risk of hematological cancer, breast cancer,
and respiratory cancer, but not with gynecological can-
cer, urological cancer, gastrointestinal cancer, prostate
cancer, malignant melanoma, or other cancer in the
Copenhagen General Population Study (Figs. 2 and 3
and Figures S1 and S2).

Among 27 specific cancer types, low levels of HDL
cholesterol and/or apolipoprotein Al were associated
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Fig. 1 Association of HDL cholesterol and apolipoprotein A1 levels with risk of any cancer in individuals from the Copenhagen General
Population Study. Hazard ratios and 95% confidence intervals (Cls) were obtained from Cox proportional hazards regression with restricted cubic
splines. Multivariable adjustment included age, sex, body mass index, smoking status, cumulative tobacco consumption, alcohol intake, leisure-
time physical activity, education, income, plasma triglycerides, lipid-lowering therapy, C-reactive protein, and baseline chronic disease (ischemic
heart disease, chronic obstructive pulmonary disease, and diabetes). The median values of HDL cholesterol and apolipoprotein A1 were chosen as
reference. The red line represents the hazard ratio and the dotted lines 95% Cls. Areas of light blue and purple represent the distribution of levels
of HDL cholesterol and apolipoprotein A1, respectively. HDL=high-density lipoprotein
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with increased risk of multiple myeloma, myeloprolifera-
tive neoplasm, non-Hodgkin lymphoma, breast cancer,
lung cancer, and nervous system cancer, and with re-
duced risk of oral cavity and pharynx cancer (Fig. 4 and
Figures S3 and S4). When taking multiple comparisons
into account, only risk of multiple myeloma, myelopro-
liferative neoplasm, and non-Hodgkin lymphoma had P
values < 0.05 (Fig. 4).

Local tumor expression levels of apolipoprotein Al
might influence inflammatory pathways, which in turn
might impact growth of neoplastic cells. Indeed, for lung
adenocarcinoma and squamous cell carcinoma, expres-
sion levels of both apolipoprotein A1 RNA and protein
in the Cancer Genome Atlas Program (GEPIA inter-
active web server) and the Clinical Proteomic Tumor
Analysis Consortium (UALCAN interactive web server)
were significantly decreased compared to in normal tis-
sue [32-34]. For invasive breast carcinoma, apolipopro-
tein A1 RNA expression did not seem to differ, whereas
protein expression was decreased in tumor tissue. No
broad classification for hematological malignancies were
available in the databases.

Independent confirmation

Low levels of HDL cholesterol and apolipoprotein Al
were also associated with increased risk of any cancer in
the Copenhagen City Heart Study with comparable risk

estimates to those observed in the Copenhagen General
Population Study (compare Fig. 1 to Fig. 5). On direct
comparison for HDL cholesterol above 2 mmol/L (77
mg/dL), the risk of any cancer was nominally higher in
the Copenhagen City Heart Study but not in the
Copenhagen General Population Study; however, the
95% CI for HRs in the two studies overlapped, likely
suggesting similar results.

For hematological and breast cancer, we observed
similar results in the Copenhagen City Heart Study
when compared to the Copenhagen General Population
Study (compare Fig. 3 with Figure S5). In contrast, nei-
ther HDL cholesterol nor apolipoprotein Al were asso-
ciated with risk of respiratory cancer in individuals from
the Copenhagen City Heart Study (Figure S5). Common
for these analyses were wide confidence intervals due to
limited statistical power. Similarly, due to a smaller sam-
ple size, risk of 27 specific cancer types could not be in-
vestigated in the Copenhagen City Heart Study with
sufficient statistical power.

Sensitivity and subgroup analyses

Results were similar for HDL cholesterol and apolipo-
protein Al in men and women separately (compare Figs.
1 and 3 and Figure S1 with Figures S6, S7, and S8; re-
sults for apolipoprotein Al and major cancer forms are
not shown). Results for any cancer were similar when
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HDL cholesterol

Individuals Events HR (95% CI) Pfor trend
Any cancer
<1.0 mmol/L (<39 mg/dL) 9524 816 - 1.2 (112, 1.48)
1.0-1.4 mmol/L (39-58 mg/dL) 35 432 3107 - 118(108,130)
1.5-1.9 mmol/L (58-77 mg/dL) 33 076 2896 - 1.13(1.04, 1.22)
22.0 mmollL. (277 mg/dL) 21820 1929 . 1 [Reference]
Hematological cancer
<1.0 mmol/L (<39 mg/dL) 10088 19 —®—  261(1.76,387)
1.0-1.4 mmollL (39-58 mg/dL) 37 642 367 —a— 1850118,204)
1.5-1.9 mmol/L (58-77 mg/dL) 35 327 309 - 1.16 (0.90, 1.49)
22,0 mmollL. (277 mg/dL) 23799 212 . 1 [Reference]
Respiratory cancer
<1.0 mmol/L (<39 mg/dL) 10161 110 R 1.35 (0.92, 1.99)
1.0-1.4 mmol/L (39-58 mg/dL) 37 729 407 —— 126098163
1.5-1.9 mmollL (58-77 mg/dL) 35 412 324 —-— 1.06 (0.83, 1.34)
22.0 mmollL (277 mg/dL) 23814 234 . 1 [Reference]
Gastrointestional cancer
<1.0 mmollL (<39 mg/dL) 10095 21 —a— 0.98(0.75, 1.28)
1.0-1.4 mmollL (39-58 mg/dL) 37 434 821 - 107089128
1.5-1.9 mmollL (58-77 mg/dL) 35 105 725 - 1.07 (0.91, 1.26)
22,0 mmollL. (277 mg/dL) 23599 476 ] 1 [Reference]
Malignant melanoma
<1.0 mmollL (<39 mg/dL) 10121 75 — - 1.14(0.73, 1.77)
1.0-1.4 mmol/L (39-58 mg/dL) 37 509 260 —a— 0.96 (0.71, 1.30)
1.5-1.9 mmollL (58-77 mg/dL) 35178 294 —— 123095.160) OO
22,0 mmollL. (277 mg/dL) 23621 172 . 1 [Reference]
Urological cancer
<1.0 mmol/L (<39 mg/dL) 10132 69 - 1.14 (0.68, 1.91)
1.0-1.4 mmol/L (39-58 mg/dL) 37 681 21 —a— 100(068,146)
1.5-1.9 mmol/L (58-77 mg/dL) 35 390 152 —a— 0.90(0.62, 1.29)
22,0 mmollL. (277 mg/dL) 23823 99 ] 1 [Reference]
Breast cancer
<1.0 mmollL. (<39 mg/dL) 2142 54 —t—— 1.15(0.74, 1.77)
1.0-1.4 mmol/L (39-58 mg/dL) 15219 455 —-— 1168
1.5-1.9mmol/L (58-77 mg/dL) 21598 626 - 1.20(1.01, 1.41)
22.0 mmollL. (277 mg/dL) 17 831 506 . 1 [Reference]
Gynecological cancer
<1.0 mmol/L. (<39 mg/dL) 2188 23 —_— 1.43 (0.68, 2.98)
1.0-1.4 mmol/L (39-58 mg/dL) 15 531 136 — - 115079,160)
1.5-1.9mmol/L (58-77 mg/dL) 22 087 177 —a— 1.03(0.76, 1.41)
22,0 mmollL. (277 mg/dL) 18 440 155 ] 1 [Reference]
Prostate cancer
<1.0 mmol/L (<39 mg/dL) 7839 200 —a— 1.00(0.73, 1.35)
1.0-1.4 mmol/L (39-58 mg/dL) 21629 692 —— 1.04(0.82, 1.31)
1.5-1.9 mmollL (58-77 mg/dL) 12 820 504 —— 1188 130 °
22.0 mmollL (277 mg/dL) 4995 21 . 1 [Reference]
Other cancer
<1.0 mmollL. (<39 mg/dL) 10082 78 —a— 1.56 (0.98, 2.49)
1.0-1.4 mmol/L (39-58 mg/dL) 37 510 239 —— 109079151
1.5-1.9mmol/L (58-77 mg/dL) 35 246 232 —r— 1.13(0.85, 1.50)
22.0 mmollL. (277 mg/dL) 23747 150 . 1 [Reference]
| N
05 1 2 4

Hazard ratio (95% CI)

Fig. 2 Association of HDL cholesterol and apolipoprotein A1 levels with risk of any cancer and nine major cancer forms in individuals from the
Copenhagen General Population Study. Hazard ratios and 95% confidence intervals (Cls) were obtained from Cox proportional hazards regression
multivariable adjusted for age, sex, body mass index, smoking status, cumulative tobacco consumption, alcohol intake, leisure-time physical
activity, education, income, plasma triglycerides, lipid-lowering therapy, C-reactive protein, and baseline chronic disease (ischemic heart disease,
chronic obstructive pulmonary disease, and diabetes). P for trend was obtained from Wald's test. Numbers vary slightly due to exclusion of
individuals with baseline cancer relevant for the specific cancer form. The sum of the nine major cancer forms exceeds the number of any cancer,
as some individuals developed more than one specific cancer form. Hematological cancer included: non-Hodgkin lymphoma, Hodgkin's
lymphoma, multiple myeloma, leukemia, and myeloproliferative neoplasm. Respiratory cancer included: larynx and lung. Gynecological cancer
included: cervix uteri, corpus uteri, and ovaries. Urological cancer included: kidney, bladder, and excretory urinary tract. Gastrointestinal cancer
included: oral cavity and pharynx, esophagus, stomach, colon/rectum/anus, liver and biliary tract, and pancreas. HDL=high-density lipoprotein

Apolipoprotein A1

individuals ~ Events HR (95% CI) Pfor trend
Any cancer
<130 mg/dL 12302 1136 E 3 1.28 (113, 1.46)
130-159 mg/dL 38989 3477 - 118(107.130)
160-189 mg/dL 32225 2733 3 1.06 (0.96, 1.17)
2190 mg/dL 16336 1402 L 1 [Reference]
Hematological cancer
<130 mg/dL 12959 160 e 217 (1.50, 3.14)
130-159 mg/dL 41217 41 —a— 148(110,200
160-189 mg/dL 34639 290 L 1.10 (082, 1.49)
2190 mg/dL 17981 146 L 1 [Reference]
Respiratory cancer
<130 mg/dL 13 049 162 = 1.24 (0.8, 1.74)
130-159 mg/dL 41374 427 —— 1.08(0.82, 1.41)
160-189 mg/dL 34688 298 —a 086066, 1.13)
2190 mg/dL 18005 188 L 1 [Reference]
Gastrointestional cancer
<130 mg/dL 12935 217 e 0.87 (0.67, 1.11)
130-159 mg/dL 41060 867 —= 090(074,1.09)
160-189 mg/dL 34419 704 —m 0.92(0.76, 1.10)
2190 mg/dL 17819 385 L 1 [Reference]
Malignant melanoma
<130 mg/dL 12986 %0 . 0.94 (0.61, 1.45)
130-159 mg/dL 41128 322 m 1.10 (0.80, 1.53)
160-189 mg/dL 34 459 265 —— 11081, 15
2190 mg/dL 17 856 124 L 1 [Reference]
Urological cancer
<130 mg/dL 13007 84 e 1.18 (0.70, 1.99)
130-159 mg/dL 41336 225 L 113073174
160-189 mg/dL 34669 155 L 1.09 (0.71, 1.68)
2190 mg/dL 18014 67 L 1 [Reference]
Breast cancer
<130 mg/dL 3909 123 e 1.59 (116, 2.17)
130-159 mg/dL 18103 539 = 122(100.149)
160-189 mg/dL 21229 588 s 1.01(0.83, 1.22)
2190 mg/dL 13549 391 L 1 [Reference]
Gynecological cancer
<130 mg/dL 3943 26 L 1.1 (0.57, 2.15)
130-159 mg/dL 18423 166 i 150(103,219)
160-189 mg/dL 21845 195 —a— 1.37 (0.96, 1.95)
2190 mg/dL 14035 104 L 1 [Reference]
Prostate cancer
<130 mg/dL 8932 261 —— 1.05 (0.76, 1.46)
130-159 mg/dL 22394 766 . 1.20(0.91, 1.59)
160-189 mg/dL 12310 450 e 110080, 158 O
2190 mg/dL 3647 130 L 1 [Reference]
Other cancer
<130 mg/dL 12940 110 e 1.79 (1.15, 2.79)
130-159 mg/dL 41172 276 - 127089, 182)
160-189 mg/dL 34515 212 —— 1.15 (0.81, 1.64)
2190 mg/dL 17958 101 L 1 [Reference]
17 1
05 1 2 4

Hazard ratio (95% CI)

stratified according to covariates, without evidence of
interaction after taking multiple comparisons into ac-
count (Figure S9). Results for any cancer and the nine
major cancer forms were also similar in a setting with

all-cause mortality and emigration as competing events
(compare Fig. 2 with Figure S10). Further, results for
any, hematological, breast, and respiratory cancer were
similar when individuals who developed cancer within
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Fig. 3 Association of HDL cholesterol and apolipoprotein A1 levels with risk of hematological, breast, and respiratory cancer in individuals from
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the Copenhagen General Population Study. Hazard ratios and 95% confidence intervals (Cls) were obtained from Cox proportional hazards

regression with restricted cubic splines multivariable adjusted for age, sex, body mass index, smoking status, cumulative tobacco consumption,

alcohol intake, leisure-time physical activity, education, income, plasma triglycerides, lipid-lowering therapy, C-reactive protein, and baseline
chronic disease (ischemic heart disease, chronic obstructive pulmonary disease, and diabetes). The median values of HDL cholesterol and
apolipoprotein A1 were chosen as reference. The red line represents the hazard ratio and the dotted lines 95% Cls. Areas of light blue and purple

represent the distribution of levels of HDL cholesterol and apolipoprotein A1, respectively. Numbers vary slightly due to exclusion of individuals

with baseline cancer relevant for the specific cancer form. Hematological cancer included: non-Hodgkin lymphoma, Hodgkin's lymphoma,
multiple myeloma, leukemia, and myeloproliferative neoplasm. Respiratory cancer included: larynx and lung. HDL=high-density lipoprotein
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HDL cholesterol

Hazard ratio (95% CI)
for 0.5 mmol/L or 19 mg/dL (1 SD) decrease in HDL cholesterol

Cancer type Individuals Events HR (95% CI)

Hodgkin's lymphoma 107 324 21 2.32(0.98, 5.46)
Multiple myeloma 107 279 159 —a— 1.73(1.28, 2.35)
Myeloproliferative neoplasm 107 210 186 —— 1.66 (1.22, 2.26)
Thyroid and other endocrine tumors 107 254 91 - 1.48(0.97, 2.26)
Non-Hodgkin lymphoma 107 222 363 - 1.31(1.07, 1.60)
Brain: nervous system 107 235 166 i 1.30(0.98, 1.73)
Stomach 107 298 135 T 1.21(0.90, 1.63)
Liver and biliary tract 107 323 150 i 1.20(0.89, 1.62)
Leukemia 107 183 287 il 1.16 (0.94, 1.44)
Breast 56 790 1641 ol 1.12(1.03, 1.22)
Corpus uteri 58 694 240 —— 1.12(0.88, 1.43)
Lung 107 209 1026 g 1.12(1.00, 1.24)
Kidney 107 224 240 —— 1.10(0.85, 1.42)
Testis 48 033 38 1.07 (0.53, 2.16)
Metastasis: primary tumor unknown 107 325 179 —— 1.05(0.83, 1.34)
Colon/rectum/anus 106 496 1347 a| 1.04 (0.95, 1.15)
Malignant melanoma 106 429 801 - 1.03(0.91, 1.15)
Prostate 47 283 1607 . 1.02(0.93, 1.11)
Ovary 58 889 203 —— 1.01(0.81, 1.27)
Other cancers 107 119 131 —— 1.00(0.74, 1.37)
Esophagus 107 323 118 —.— 0.99(0.75, 1.31)
Pancreas 107 325 309 - 0.98 (0.81, 1.19)
Larynx 107 248 60 & 0.91(0.55, 1.51)
Sarcomas and other mesodermal tumors 107 243 107 — 0.91(0.66, 1.25)
Bladder and excretory urinary tract 107 142 297 - 0.88(0.73, 1.07)
Oral cavity and pharynx 107 166 217 .| 0.78 (0.62, 0.97)
Cervix uteri 58 793 55 & 0.77 (0.45, 1.32)
Any cancer 99 852 8748 1.09 (1.05, 1.14)
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Fig. 4 Risk of 27 specific cancer types in the Copenhagen General Population Study according to HDL cholesterol and apolipoprotein A1 levels.
Hazard ratios (HRs) and 95% confidence intervals (Cls) were obtained from Cox proportional hazards regression multivariable adjusted for age,
sex, body mass index, smoking status, cumulative tobacco consumption, alcohol intake, leisure-time physical activity, education, income, plasma
triglycerides, lipid-lowering therapy, C-reactive protein, and baseline chronic disease (ischemic heart disease, chronic obstructive pulmonary
disease, and diabetes). Numbers vary slightly due to exclusion of individuals with baseline cancer for the relevant type of cancer. The sum of the
27 specific cancer types exceeds the number of any cancer, as some participants developed more than one type of cancer. HDL=high-density
lipoprotein. *P value <0.05 after adjustment for 28 multiple comparisons according to the method of Bonferroni; P value=0.05 is equivalent

to P=0.05/28=0.002
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Fig. 5 Association of HDL cholesterol and apolipoprotein A1 levels with risk of any cancer in individuals from the Copenhagen City Heart Study.
Hazard ratios and 95% confidence intervals (Cls) were obtained from Cox proportional hazards regression with restricted cubic splines
multivariable adjusted for age, sex, body mass index, smoking status, cumulative tobacco consumption, alcohol intake, leisure-time physical
activity, education, income, plasma triglycerides, lipid-lowering therapy, C-reactive protein, and baseline chronic disease (ischemic heart disease,
chronic obstructive pulmonary disease, and diabetes). The median values of HDL cholesterol and apolipoprotein A1 were chosen as reference.
The red line represents the hazard ratio and the dotted lines 95% Cls. Areas of light blue and purple represent the distribution of levels of HDL
cholesterol and apolipoprotein A1, respectively. Number of individuals and events vary slightly due to lacking information on apolipoprotein Al
in some individuals. HDL=high-density lipoprotein
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1-3 years after baseline examination were excluded, with
the aim of reducing potential reverse causation (Figures
S11-S13). Interestingly, when HDL cholesterol and apo-
lipoprotein Al were included in the same analyses, we
found that risk estimates for HDL cholesterol overlapped
with 1, while risk estimates for apolipoprotein Al did
not (Figure S14).

Discussion

In two independent Danish cohorts totaling 116,728 in-
dividuals and up to 25 years of follow-up, we found that
low levels of HDL cholesterol and apolipoprotein Al
were associated with increased risk of several cancers.
Increased risk was most pronounced for hematological
and nervous system cancer, and to a minor extent for
breast and respiratory cancer. Importantly, chance find-
ings due to multiple comparison needs to be considered
when interpreting our results on specific cancer types.

Mechanisms behind the present findings may be related
to the ability of HDL to regulate proliferative and inflam-
matory pathways in cancer development through its pro-
posed immunomodulatory, anti-oxidative, anti-apoptotic,
and anti-inflammatory properties [2-6, 21, 35, 36]. By
interacting with lipid rafts on cellular membranes
enriched in immune cell receptors [37], HDL could
modulate and prime the immune system towards a more
beneficial anti-cancer state. Another interesting aspect is
that HDL cholesterol and apolipoprotein Al have been
shown to inhibit proliferation of hematopoietic stem and
progenitor cells [3, 38, 39]. The fact that low HDL choles-
terol and apolipoprotein Al were associated with in-
creased risk of hematological cancers suggests that HDL
particles may be essential in the tight control of prolifera-
tion and homeostasis of the hematopoietic system, per-
haps hindering malignant transformation. The interplay
between HDL cholesterol and apolipoprotein A1l with re-
ceptors responsible for cholesterol transport such as ATP-
binding cassette transporters and scavenger receptors in
the development of hematological cancers could be ex-
plored in future studies. Whether this potential mechan-
ism is also involved in development of non-hematological
cancer forms can only be speculated on.

Other mechanistic studies suggest that apolipoprotein
Al itself has anti-tumorigenic properties through re-
duced angiogenesis, modification of immune cells, and
enhancement of cholesterol efflux and reverse choles-
terol transport from cancer cells; mechanisms that could
potentially inhibit proliferation or growth of tumor cells
[40, 41]. An important role of apolipoprotein Al can
also be supported by our last analysis, where apolipopro-
tein Al was still associated with risk of cancer independ-
ent from HDL cholesterol, while the opposite was not
applicable (Figure S14). Thus, a potential protective role
of HDL cholesterol may be mediated through the
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number of HDL particles and its components such as
apolipoprotein Al rather than by the cholesterol level
itself.

Alternatively, results could also merely be reflective of
an epiphenomenon of cancer-related inflammation and
cancer cell renewal, e.g., through cancer cell up-
regulation of HDL cholesterol transporting scavenger re-
ceptors [6, 42, 43]. This alternative explanation suggests
bias in form of reverse causation. We tried to address
this issue by excluding individuals developing cancer
within the first 3 years of follow-up, which yielded simi-
lar results and therefore suggests absence or minor influ-
ence of reverse causation. However, in some cancer
types such as myeloproliferative neoplasm, it can take
several years before the cancers become overt and con-
sequently diagnosed. Thus, we cannot completely ex-
clude that low HDL cholesterol and apolipoprotein Al
may just represent preclinical indicators of early cancer
development.

Previous studies on HDL cholesterol and cancer have
recently been summarized in a review article [6]. In the
Women’s Health Study, an inverse association of HDL
cholesterol and/or apolipoprotein Al with any cancer,
colorectal cancer, and lung cancer was observed [7].
Meta-analyses of randomized controlled trials have
showed that low levels of HDL cholesterol were associ-
ated with increased risk of any cancer as well [9]. Cor-
respondingly, cohort studies and meta-analyses thereof
have shown similar inverse associations [6, 10—-12, 44].
However, other similar studies were unable to observe
an association between HDL cholesterol and risk of can-
cer [6, 13, 18, 45]. A meta-analysis of Mendelian
randomization studies has shown an association between
the APOE €2/e3/e4 polymorphism and risk of cancer in
Asians [8]. However, since APOE is highly pleiotropic,
the association could be driven by other lipid fractions
than HDL cholesterol. In contrast, other Mendelian
randomization studies have failed to show a causal asso-
ciation of HDL cholesterol and risk of colorectal, pros-
tate, lung, and breast cancer [14, 16, 17, 46], and in one
of the studies, genetically high levels of HDL cholesterol
was contrarily associated with increased risk of estrogen
receptor-positive breast cancer [16]. In the present study
by using two independent population-based cohorts, we
investigated the association of low HDL levels with risk
of any cancer and 27 specific cancer types. We observed
that low levels of HDL cholesterol and apolipoprotein
A1 were associated with an increased risk of several can-
cers, with the increased risk being most pronounced for
hematological and nervous system cancer, and to a
minor extent for breast and respiratory cancer.

Strengths of the present study include the large num-
ber of randomly selected individuals, detailed informa-
tion on important covariates, long follow-up time
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without any losses to follow-up, and the use of the na-
tional Danish Cancer Registry to identify cancer end-
points, which has shown high completeness and validity
[23]. Furthermore, overall results were similar in two in-
dependent population-based cohorts with individuals re-
cruited in two different time-periods.

A limitation is the study design which cannot be used
to infer causality. Despite observing similar results after
multivariable adjustment and after excluding those diag-
nosed with cancer up to 3 years after the baseline exam-
ination, we cannot exclude residual confounding and/or
reverse causation. Another limitation is that we only had
information on HDL cholesterol and apolipoprotein Al
at the baseline examination and not during follow-up.
Lastly, we studied white individuals only.

Conclusions

Low HDL cholesterol and apolipoprotein Al were asso-
ciated with increased risk of several cancers. Increased
risk was most pronounced for hematological and ner-
vous system cancer, and to a minor extent for breast
and respiratory cancer. Further investigations are needed
to identify which HDL component(s) and/or HDL sub-
population(s) are responsible for the observed
associations.
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