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Abstract

Introduction: Increased plasma levels of C-reactive protein (CRP) inmidlife are associ-

atedwith increased risk of Alzheimer’s disease (AD), whereas in older age the opposite

association is observed. Whether genetically determined CRP is associated with AD

remains unclear.

Methods:A total of 111,242White individuals from the Copenhagen General Popula-

tion Study and the Copenhagen City Heart Study were included. Plasma levels of CRP

and four regulatory genetic variants in the CRP genewere determined.

Results: For CRP percentile group 1 to 5 (lowest plasma CRP) versus the 50 to 75

group (reference), the hazard ratio for AD was 1.69 (95% confidence interval 1.29–

2.16). Genetically lowCRPwas associatedwith increased risk of AD in individuals with

bodymass index≤25 kg/m2 (P= 4× 10−6).

Discussion: Low plasma levels of CRP at baseline were associated with high risk of

AD in individuals from the general population. These observational findings were sup-

ported by genetic studies.
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1 INTRODUCTION

Alzheimer’s disease (AD) and other dementias are devastating neu-

rodegenerative diseases affecting more than 47 million individuals.

This number is estimated to increase 3-fold by 2050, mainly due

to increased life expectancy.1–3 At present there are no curative

treatment options, and large fractions of the underlying biology are

unknown. Interestingly, several discoveries have recently linked AD

and inflammation.4,5 Increased plasma levels of C-reactive protein

(CRP) in midlife are associated with increased risk of AD,6,7whereas
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in older age the opposite association is observed.8–10 Whether these

associations are due to confounding and/or reverse causation, or

whether CRP may be directly implicated in the development of AD is

not known.

CRP is a well-known acute-phase reactant primarily produced in

the liver, known to function as an opsonin, activate the complement

system, and modulate leukocyte actions via Fc gamma receptor I and

II (FCγRI and FCγRII).11–13 Levels of CRP in cerebrospinal fluid (CSF)

of individuals with intact blood–brain barrier (BBB) is highly corre-

lated with plasma levels of CRP, albeit with lower concentrations as
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would be anticipated,14 and plasma levels of CRP may thus likely

mimic brain CRP levels. CRP has been observed within neurofibrillary

tangles and in amyloid plaques in brains of AD patients,15,16 is pro-

duced locally in the brain, and is upregulated both at the mRNA and

protein level in affected areas of AD brains.17 Whether CRP may be

directly implicated in the development and progression of AD or is

a mere marker of underlying inflammatory processes remains to be

established.

We tested the hypothesis that low plasma levels of CRP are asso-

ciated with increased risk of AD and all-cause dementia. We fur-

ther tested whether genetic variants in CRP—associated with low

CRP levels—were associatedwith risk of dementia, thereby addressing

whether a lifelong modest decrease in CRP contributes to the devel-

opment of dementia.18 For this purpose, we studied 111,242 indi-

viduals from the Copenhagen General Population Study (CGPS) and

the Copenhagen City Heart Study (CCHS), all with baseline plasma

CRPmeasurements. Of these individuals 104,672 were genotyped for

rs3093077, rs1205, rs1130864, and rs3091244—four genetic variants

within the CRP gene that compiled are reported to associate with up

to a 64% change in plasma levels of CRP,19 and that together describe

full haplotype diversity in people of European descent.20 Individuals

were followed for up to 27 years for development of AD and all-cause

dementia.

2 METHODS

2.1 Participants

Studies were approved by institutional review boards and Danish eth-

ical committees and were conducted according to the Declaration of

Helsinki.Written informed consentwas obtained from all study partic-

ipants. All participants were White and of Danish descent. There was

no overlap of individuals between studies. Data from two large inde-

pendent studies of the Danish general population were included: the

CGPS and the CCHS.21–24 Study participants were randomly selected

from the Danish Civil Registration System to reflect the adult popu-

lation aged 20 to 100+ years. The combined studies included a total

of 111,242 individuals of whom 2027 developed AD, and 3459 devel-

oped all-cause dementia. These 111,242 individuals were included in

the observational analysis and the first consecutive 104,672 individ-

uals were included in genetic analyses. Among genotyped individuals

1981 developed AD and 3396 developed all-cause dementia.

2.2 The Copenhagen General Population Study

This prospective study of the Danish general population was initi-

ated in 2003 with enrollment until 2015 and with ongoing follow-up

examinations.19,21–24 Data collection included a questionnaire, a phys-

ical examination, and blood sampling for biochemical analysis andDNA

extraction.We included 101,292 consecutive individuals in the current

analyses; among these 1570 developed AD and 2413 developed all-

cause dementia.

RESEARCH INCONTEXT

1. Systematic review: We searched the PubMed database

for articles published from January 1, 1980 to April

27, 2021 using the following search terms: “dementia,”

“Alzheimer,” “C-reactive protein,” and “CRP.” Increased

plasma levels of C-reactive protein (CRP) in midlife are

associated with increased risk of Alzheimer’s disease

(AD), whereas in older age the opposite association is

observed.

2. Interpretation: We found that low baseline CRP was

associatedwith high risk of AD in a large prospective gen-

eral population study. The observational findings were

supported by genetic studies in individuals with body

mass index (BMI)≤25 kg/m2—a situation not confounded

by high BMI and related metabolic disturbances. These

genetic findings are novel.

3. Future directions: Our study highlights the importance of

a balanced inflammatory response in preventing AD, and

suggests that increased knowledge of inflammatory path-

ways will improve our understanding of the underlying

causes of AD and thus qualify pathways for drug target-

ing.

HIGHLIGHTS

∙ Low plasma levels of C-reactive protein (CRP) associate

with high risk of Alzheimer’s disease (AD).

∙ Genetically lowCRPassociateswith high risk of AD in per-

sons with bodymass index (BMI)≤25 kg/m2.

∙ BMI interacts with genetically determined CRP in predict-

ing AD.

2.3 The Copenhagen City Heart Study

This prospective study of the Danish general population was initiated

in 1976 to 1978with follow-up examinations in 1981 to 1983, 1991 to

1994, and2001 to2003.19,21–22 Participantswere recruited andexam-

ined as in the CGPS. We included 9950 individuals who gave blood for

CRP and other biochemical measurements as well as DNA analysis at

the 1991 to 1994 or the 2001 to 2003 examinations; among these 457

developed AD and 1046 developed all-cause dementia.

2.4 Endpoints

Information on diagnoses of AD and all-cause dementia was collected

from the national Danish Patient Registry with data on all patient
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contacts from all clinical departments in Denmark since 1977, includ-

ing emergency wards and outpatient clinics since 1995. Data were

also collected from the national Danish Causes of Death Registry, with

data on all causes of deaths in Denmark, as reported by hospitals and

general practitioners since 1977. AD was World Health Organization

International Classification of Disease (ICD) 8 290.10 and ICD10 F00

and G30. All-cause dementia also included vascular dementia (ICD10

F01) and unspecified dementia (ICD8 290.18 ICD10 F03). The AD

and all-cause dementia diagnoses from the Danish registry have high

validity.25,26 Follow-up began at time of blood sampling and ended at

the occurrence of event, death, emigration, or on December 13, 2018

(the last update from the registries), whichever came first. Median

follow-up for all-cause dementia and AD was 10 years (range: < 1–27)

for both the observational and genetic analyses, with no losses to

follow-up.

2.5 Biochemical and genetic analyses

Plasma total cholesterol, triglycerides, high-density lipoprotein (HDL)

cholesterol, and low-density lipoprotein (LDL) cholesterol were deter-

mined as previously described.24 Plasma CRP levels were determined

using high-sensitivity turbidimetry (Dako) or nephelometry (Dade

Behring) assays according to manufacturers’ protocols as previously

described.19,27 Levels of CRP were measured in 9950 individuals from

the CCHS 1991 to 1994 and 2001 to 2003 examinations, and in

101,292 individuals from the CGPS.

An ABI PRISM 7900HT Sequence Detection System (Applied

Biosystems) was used to genotype four genetic variants in CRP,

known to associate with CRP plasma levels: rs3093077, rs1205,

rs1130864, and rs3091244.19,20,27,28 Genotypes have been confirmed

by DNA sequencing in more than 30 individuals with each genotype.

Apolipoprotein E (APOE) was genotyped using rs429358 (c.388T > C)

defining the ε4 allele and rs7412 (c.526C > T) defining the ε2 allele

as previously described.21,26 All four CRP variants were combined

and used to generate two genetic instruments. The first genetic

instrument was calculated for each individual using a weighted sum

of CRP lowering alleles,29,30 and divided into five reasonably sized

groups. This genetic instrument was named the “weighted allele score

groups” and coded 1 to 5 with 5 including most CRP-lowering alle-

les and as such the lowest CRP plasma level. The weights correspond

to the sum of the individual β-coefficients for CRP-lowering alleles

in each individual obtained from linear regression analysis account-

ing for the impact of the other CRP variants (Table S1 in support-

ing information). In this way we adjusted for linkage disequilibrium

(LD) among the CRP variants, and at the same time captured the

contributions beyond what was harbored by other variants due to

LD. The second genetic instrument was a simple counting of CRP-

lowering alleles in each individual; the instrument was divided into

five reasonably sized groups and was named “simple allele score

groups.”

2.6 Other covariates

Bodymass index (BMI)wasmeasuredusingweight in kilogramsdivided

by height in meters squared. Hypertension was defined as use of

antihypertensive medication, systolic blood pressure ≥140 mm Hg,

and/or diastolic blood pressure of≥90mmHg.Diabeteswas defined as

either self-reported disease, use of insulin, or oral hypoglycemic agents

and/or non-fasting plasma glucose > 11 mmol/L (> 198 mg/dL). Smok-

ing was defined as current smoking. Alcohol consumption was defined

as > 14/21 U per week women/men (1 U = 12 g alcohol, equivalent

to one glass of wine or spirit or one beer [33cl]). Physical inactivity

was defined as ≤4 hours of light physical activity in leisure time per

week. Menopausal status was self-reported, as was the use of hor-

monal replacement therapy. Lipid-lowering therapy was defined as use

of lipid-lowering therapy (yes/no), and was primarily statins. Low edu-

cation was defined as≤8 years.

2.7 Statistical analysis

We used Stata/S.E. version 15.1 (Stata Corp-). Missing data on contin-

uous covariates were imputed from sex, age, and closely related con-

tinuous parameters; nonetheless, resultswere similarwithout imputed

data. P-values < 0.0001 are given as powers of 10. Mann-Whitney

U test and Pearson’s χ2 test were used in two-group comparisons of

continuous and categorical variables. Subjects were coded by plasma

CRP level into six groups with the group containing the median plasma

CRP value serving as the reference. To account for age and sex differ-

ences, plasma CRP percentile groups were generated in groups strat-

ified by sex and age (using age groups 20–29, 30–39, 40–49, 50–

59, 60–69, 70–79, and ≥80 years) and combined into six percentile

groups (1–5%, 5–25%, 25–50%, 50–75%, 75–95%, 95–100%). Other

covariates were adjusted for in the Cox regression models detailed

below.

First, in observational analyses between plasma levels of CRP and

risk of AD and all-cause dementia we used Cox proportional hazards

regression models with age as time-scale and delayed entry (left trun-

cation) to estimate hazard ratios (HR) with 95% confidence intervals

(CIs); with this approach age is automatically adjusted for. Models

were multifactorially adjusted for known risk factors described in the

previous paragraph. On a continuous scale, the associations between

plasma levels of CRP and AD and all-cause dementia were evaluated

using restricted cubic splines. Three knotswere chosen to balance best

fit and overfitting.31 Second, to test whether genetic variants were

associated with plasma levels of CRP we used Cuzik’s extension of a

Wilcoxon rank sum test. Third, we examined the association between

the weighted/simple allele score groups and risk of AD and all-cause

dementia, using multifactorially adjusted Cox proportional hazards

regression models. Interaction between genetically determined

CRP and covariates in predicting risk of AD or all-cause dementia

were evaluated by inclusion of two-factor interaction terms in the
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TABLE 1 Baseline characteristics of individuals in the Copenhagen General Population Study and the Copenhagen City Heart Study by
percentiles of C-reactive protein

C-reactive protein, percentiles

1–5 >5–25 >25–50 >50–75 >75–95 >95–100

CRP (mg/L) 0.21 (0.12–.31) 0.65 (0.49–.80) 1.18 (1.07–1.28) 1.69 (1.52–1.92) 3.27 (2.66–4.33) 10.08 (7.92–5.41)

No. of individuals 4456 22,198 27,746 27,716 22,188 6656

Age, years 51 (44–61) 56 (47–65) 56 (47–65) 59 (48–67) 61 (50–69) 62 (51–71)

Female (%) 55.2 55.6 55.6 55.6 55.6 55.6

Total cholesterol

(mmol/L)

5.3 (4.6—6.0) 5.4 (4.8–6.2) 5.5 (4.8–6.3) 5.7 (5.0–6.4) 5.7 (5.0–6.5) 5.5 (4.8–6.3)

LDL cholesterol

(mmol/L)

3 (2.4–3.6) 3.1 (2.5–3.7) 3.2 (2.6–3.8) 3.3 (2.7—4.0) 3.3 (2.7–4.1) 3.2 (2.6–3.9)

HDL cholesterol

(mmol/L)

1.69 (1.39–2.05) 1.67 (1.34–.04) 1.61 (1.30–1.99) 1.52 (1.22–2.19) 1.44 (1.15–1.80) 1.40 (1.10–1.75)

Triglycerides

(mmol/L)

1.0 (0.8–1.5) 1.2 (0.9–1.8) 1.3 (0.9–1.9) 1.5 (1.0–2.2) 1.7 (1.2–2.4) 1.6 (1.1–2.3)

ApoE (mg/dL) 3.7 (3.0–4.5) 3.9 (3.2–4.7) 4.0 (3.3–4.8) 4.2 (3.5–5.1) 4.3 (3.5–5.3) 4.2 (3.5–5.2)

Bodymass index

(kg/m2)

23 (21.3–25) 24.3 (21.3–25) 24.7 (22.6–27.1) 26.2 (23.8–28.8) 27.5 (24.7–30.7) 27.6 (24.5–31.4)

Hypertension (%) 41.4 52.6 53.9 62.8 69.6 69.3

Diabetes (%) 2 2.9 3 3.7 5.6 7.8

Smoking (%) 14.5 14.2 17 20.6 26.6 29.7

Alcohol consumption

(%)

14.1 15.1 16.5 18.7 18.8 17.7

Physical inactivity (%) 37.5 42.5 44.8 51.5 59.4 64.8

Lipid-lowering

therapy (%)

6.9 11.1 10.3 11.2 11.9 11.5

Low education,≤8

years (%)

4.9 7.4 8.6 12.1 17.6 20.4

Notes: Values are median (interquartile range) or percentage and are from the day of enrollment. Hypertension was defined as use of antihypertensive med-

ication, systolic blood pressure of ≥140 mmHg, and/or diastolic blood pressure of ≥90 mmHg. Diabetes was defined as self-reported disease, use of insulin

or oral hypoglycemic agents, and/or nonfasting plasma glucose level of > 11 mmol/L (> 198 mg/dL). Smoking was defined as current smoking. High alcohol

consumptionwas defined as>14/21Uperweek forwomen/men (1U= 12 g alcohol, equivalent to 1 glass ofwine or spirit or 1 beer [33cl]). Physical inactivity

was defined as ≤4 hours per week of light physical activity in leisure time. Women reported menopausal status and use of hormonal replacement therapy.

Lipid-lowering therapy was primarily statins (yes/no), and low education was defined as≤8 years.

Abbreviations: CRP, C-reactive protein; HDL, high density lipoprotein; LDL, low density lipoprotein;

Cox regression model, using a likelihood ratio test between models

excluding and including the interaction term.

3 RESULTS

3.1 Baseline characteristics

Baseline characteristics of the 111,242 study participants divided into

six percentile groups of plasma CRP levels are shown in Table 1. Indi-

viduals in the lowest CRP percentile group were younger, had lower

BMI, hadhigher education, andwere less likely tobephysically inactive,

have diabetes, or to receive hormone replacement therapy. We found

no interaction between plasma levels of CRP and study cohort in pre-

dicting AD (P for interaction= 0.92). Consequently, all further analyses

were performed on the studies combined.

3.2 Plasma levels of CRP and risk of dementia:
Observational estimate

The distribution of plasma CRP, color coded by percentile groups, is

shown in Figure S1A in supporting information and plasma CRP levels

as a function of APOE genotypes are shown in Figure S1B.

Multifactorially adjusted restricted cubic spline Cox regression

models evaluated risk of AD and all-cause dementia by plasma CRP

levels, further adjusted for APOE genotype. Risk of AD and all-cause

dementiawas inversely associatedwithplasma levels ofCRP (Figure1).

These associations remained after adjustment for plasma lipids (LDL

cholesterol, HDL cholesterol, and triglycerides) and APOE genotype.

For percentile group 1 to 5 (lowest plasma CRP) versus the 50 to 75

group (reference), HRs were 1.69 (95% CI 1.29–2.16) for AD and 1.60

(1.29–1.97) for all-cause dementia (Figure 2). When excluding the first

2, 5, and 10 years of follow-up, when stratifying on sex, when adjusting
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F IGURE 1 Restricted cubic splines illustrating risk of Alzheimer’s disease and all-cause dementia as a function of plasma C-reactive protein
(CRP) on a continuous scale. Solid lines aremultifactorially adjusted hazard ratios, whereas dashed lines indicate 95% confidence intervals (CIs)
derived from restricted cubic spline regressions with three knots. Graphs are truncated at 22.0 g/L, due to statistically unstable estimates at
extremely high levels, thus including 109,926 individuals in these analyses. Cox regressionmodels were adjusted for age (time scale), sex, body
mass index, hypertension, diabetes, smoking, alcohol consumption, physical inactivity, menopausal status and hormonal replacement therapy
(women only), lipid-lowering therapy, and education. APOE, apolipoprotein E

for exact measurement time of plasma CRP concentrations, or when

adjusting for disease endpoints with inflammatory components, the

inverse association between plasma CRP levels and risk of AD and all-

cause dementia remained (Figures S2-S6 in supporting information).

3.3 Genotype, plasma levels of CRP, and risk of
dementia

Because weighted/simple allele score groups interacted with BMI

in predicting risk of AD and all-cause dementia (P for interac-

tion = 3 × 10−4 and 4 × 10−3; Figures 3 and S7 in supporting

information), we stratified all genetic analyses by BMI ≤25 kg/m2

and BMI > 25 kg/m2. CRP levels decreased with stepwise increas-

ing weighted/simple allele score groups, with up to –31% from

group 1 (highest CRP level) to group 5 (lowest CRP level; all P for

trends < 8 × 10−138; Figure 4). In individuals with BMI ≤25 kg/m2

weighted/simple allele score groups were associated with increased

risk of AD (P for trends=4×10−6; Figure 4), with similar results for all-

cause dementia (Figure S8 in supporting information). In contrast, the

associations disappeared in individualswith BMI> 25 kg/m2 (Figures 4

and S8). In individuals with BMI ≤25 kg/m2, HRs for weighted/simple

allele score group 5 (lowest CRP) versus 1 (reference)were 1.93 (1.50–

2.48) for AD and 1.43 (1.18–1.73) for all-cause dementia. Results

remained after adjustment for APOE genotype (Figures 4 and S8).

4 DISCUSSION

The principal findings of this study are that baseline low plasma CRP

levels were associated with high risk of AD and all-cause dementia.

A weighted score of CRP decreasing alleles interacted with BMI in

predicting risk, and genetically low plasma CRP was associated with

high risk of dementia in individuals with BMI ≤25 kg/m2. The observa-

tion that the genetic associations were only present in individuals with

BMI ≤25 kg/m2—where the genetic association with CRP levels is not

abolished by high BMI and related metabolic disturbances—suggests

that lifelongmoderate decreases in plasma levels of CRPmay be impli-

cated in the etiology ofADand all-cause dementia. These findingswere

observed inWhite individuals of Danish descent, and the observations

should be interpreted with this homogeneity in mind. The findings are

novel.

Several observational studies have investigated the association

between plasma levels of CRP and risk of AD; however, the nature of

these associations remains elusive.6,7,9,10,32,33 Midlife elevated plasma

CRP levels6,7 as well as late-life decreased plasma CRP levels were

reported to be associatedwithAD,9,34 whereas other studies aswell as

meta-analyses found no association between plasma levels of CRP and

risk of AD.32,33 High CRP levels were reported to be associated with

low cortical amyloid beta (Aβ) levels,35 and CRP levels in CSF were

lower in AD patients and in individuals with mild cognitive impairment

that subsequently developed AD.34,36 These studies are however
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F IGURE 2 Plasma levels of C-reactive protein in percentile groups and risk of Alzheimer’s disease and all-cause dementia. Hazard ratios were
multifactorially adjusted for age (as time scale), sex, bodymass index, hypertension, diabetes mellitus, smoking, alcohol consumption, physical
inactivity, menopausal status and hormonal replacement therapy (women only), lipid-lowering therapy, and education. Themiddle columnwas
additionally adjusted for total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and triglycerides. The right
columnwas additionally adjusted for APOE genotype. APOE, apolipoprotein E

moderate in size and do not have a long follow-up period, in contrast to

the present study in which median follow-up was 10 years with up to

27 years of maximum follow-up time. Interestingly, our observational

results remained after excluding up to 10 years of follow-up time, indi-

cating that the present associations are not likely influenced by reverse

causation. Recent large Mendelian randomization studies did not find

associations between genetically determined CRP levels in plasma and

risk of AD.37,38 These studies were however based on summary level

data without the possibility of testing for interaction with a spectrum

of possible confounders, and thus unable to detect context-dependent

effects, as in the present article with BMI. Three genetic variants

used in the present study (rs3093077, rs1205, rs1130864) obtain full

haplotype diversity in people of European descent.20 We additionally

included the triallelic variant (rs3091244)19,28 to ensure the best

possible coverage of the CRP locus. These common genetic variants

are located in regulatory regions of the gene and have reliably been

associated with differences in plasma CRP levels, and importantly not

with any known change in CRP function.20 As they only impact plasma

CRP quantitatively, and not qualitatively, they are optimal to use as

genetic instruments for plasma levels of CRP.

There is considerable evidence from the literature that BMI causally

affects plasma levels ofCRP.39 We tested systematically for interaction

between genetically determined CRP and 17 potential confounders

and observed a statistically significant interaction for BMI in predicting

dementia. Consequently, we stratified the analyses on BMI≤ 25 kg/m2

and> 25 kg/m2. Interestingly, genetically lowCRPwas associatedwith

increased risk only in individuals with BMI ≤ 25 kg/m2. These find-

ings suggest that in individuals with BMI ≤25 kg/m2, plasma CRP is

not elevated through low-grade inflammation caused by adiposity and

related metabolic changes. Consequently, we observe the associations

between the genetic variants and plasma levels of CRP more clearly,

whereas in individuals with BMI> 25 kg/m2 low-grade inflammation is

present and tends to abolish the genetic associations.40

CRP is present in CSF of non-demented individuals with intact BBB,

and CSF and plasma CRP levels are highly correlated. Thus a potential

mechanistic role for CRP in AD pathogenesis is likely.14 CRP is located

within amyloid plaques and neurofibrillary tangles in brains of AD

patients,15,16 and seems to be produced locally by pyramidal neurons

in affected areas.17 CRP activates the classical complement pathway

through bindingwithC1q,41 and defects in the complement systemare
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0.75 1 1.5 2

WAS and risk of Alzheimer's disease

Hazard ra�o (95% CI)

Covariates 
Age, years

Sex

Study popula�on

Total cholesterol mmol/L

LDL cholesterol mmol/L

HDL cholesterol mmol/L

Triglycerides mmol/L

Plasma apoE mg/dL

Body mass index (kg/m2)

Hypertension

Diabetes mellitus

Smoking

Lipid-lowering therapy

Alcohol consump�on*

Physical inac�vity**

Educa�on***

APOE Ɛ4 carrier

<65

>65

Women

Men

CGPS

CCHS

<50 pct

>50 pct

<50 pct

>50 pct

<50 pct

>50 pct

<50 pct

>50 pct

<50 pct

>50 pct

<25

>25

Yes

No

Yes

No

Yes

No

Yes

No

Yes

No

Yes

No

Yes

No

Yes

No

P for interac�onP-value
0.54

0.02

0.01

0.47

0.02

0.71

0.52

0.01

0.35

0.02

0.33

0.02

2x10-3

0.70

0.37

0.02

2x10-5

0.48

0.03

0.42

0.77

0.02

0.62

0.02

0.07

0.08

0.79

0.01

0.31

0.02

0.13

0.06

0.02

0.27

0.57

0.49

0.36

0.72

0.33

0.49

0.06

0.22

3x10-4

0.81

0.69

0.60

0.38

0.48

0.37

0.41

0.37

F IGURE 3 Interaction of potential confounders with weighted allele score groups in predicting risk of Alzheimer’s disease. Potential
confounders were dichotomized: Age (> 65 vs.≤65 years); sex (men vs. women); study population (CGPS vs. CCHS); total cholesterol (≥ 50 pct
vs.< 50 pct); LDL cholesterol (≥ 50 pct vs.< 50 pct); HDL cholesterol (≥ 50 pct vs.< 50 pct); triglycerides (≥ 50 pct vs.< 50 pct); plasma apoE (≥ 50
pct vs.< 50 pct); bodymass index (> 25 vs≤ 25); hypertension (use of antihypertensivemedication, systolic blood pressure≥140mmHg and/or
diastolic blood pressure≥90mmHg vs. systolic blood pressure< 140mmHg and diastolic blood pressure< 90mmHg and no antihypertensive
medication); diabetes (self-reported diabetes, use of insulin or oral hypoglycemic agents, and/or nonfasting plasma glucose level> 11mmol/L vs.
no diabetes); smoking (current smoking vs. no current smoking); lipid-lowering therapy (use of lipid-lowering therapy vs. no lipid-lowering
therapy); alcohol consumption (> 14/21 vs.≤14/21U per week for women/men, with 1 U= 12 g alcohol, equivalent to 1 glass of wine or spirit or 1
beer [33 cl]); physical inactivity (≤4 vs.> 4 hours per week of light physical activity in leisure time); education (< 8 vs.≥8 years), APOE ε4 carrier
(yes vs. no). APOE, apolipoprotein E; CCHS, Copenhagen City Heart Study; CGPS, Copenhagen General Population Study; CI, confidence interval;
HDL, high density lipoprotein; LDL, low density lipoprotein; pct, percentile;WAS, weighted allele score
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7,525

10,434

14,091

9,402

5,172

IndividualsEvents

Observed risk
Multifactorially and

APOE genotype adjusted
Weighted allele 
score group

Δ%
P for trend

-16%

-17%

-25%

-31%

7,632

10,335

14,241

9,261

5,155

-16%

-17%

-25%

-31%

1

2

3

4

5

1-5

6

7-8

9

10

110

198

278

190

134

112

194

285

185

134

1.00

1.35

1.36

1.39

1.98

(reference)

(1.06-1.70)

(1.08-1.70)

(1.09-1.76)

(1.53-2.55)

1.00

1.32

1.37

1.35

1.97

(reference)

(1.04-1.67)

(1.10-1.71)

(1.07-1.71)

(1.53-2.54)

Simple allele 
score group

Observed risk
Multifactorially adjusted

P for trend
1.00

1.37

1.38

1.46

1.93

(reference)

(1.09-1.74)

(1.11-1.73)

(1.15-1.84)

(1.50-2.48)

1.00

1.36

1.40

1.43

1.93

(reference)

(1.08-1.71)

(1.13-1.74)

(1.13-1.81)

(1.50-2.48)

Alzheimer's disease

P for trend

1x10-138

8x10-138

9,226

12,856

17,395

11,844

6,727

0.5 1 2 3

Hazard ra�o (95% CI)

Weighted allele 
score group 0.28

0.25

CRP (mg/L)

-12%

-16%

-25%

-30%

0 1 2 3 4

9,341

12,789

17,552

11,659

6,707

-11%

-16%

-25%

-30%

1

2

3

4

5

1-5

6

7-8

9

10

191

226

317

233

104

195

223

319

230

104

1.00

0.86

0.88

0.98

0.76

(reference)

(0.71-1.04)

(0.74-1.06)

(0.81-1.19)

(0.60-0.97)

1.00

0.84

0.87

0.97

0.76

(reference)

(0.70-1.03)

(0.73-1.05)

(0.80-1.18)

(0.59-0.96)

Simple allele 
score group

0.5 1 2 3

Hazard ra�o (95% CI)

0.24

0.22

1.00

0.85

0.89

0.96

0.76

(reference)

(0.70-1.03)

(0.74-1.06)

(0.79-1.17)

(0.60-0.97)

1.00

0.83

0.88

0.95

0.75

(reference)

(0.70-1.01)

(0.73-1.05)

(0.79-1.16)

(0.59-0.96)

3x10-181

5x10-181

BMI<25

BMI>25

4x10-6
5x10-6

5x10-64x10-6

BMI 
mean

22.6

22.6

22.6

22.6

22.6

22.6

22.6

22.6

22.6

22.6

28.9

28.9

29.0

28.9

29.0

28.9

28.9

29.0

28.9

29.0

F IGURE 4 Plasma levels of C-reactive protein and hazard ratios of Alzheimer’s disease as a function of weighted/simple allele score groups
stratified by BMI at or below 25 kg/m2 or BMI above 25 kg/m2. Hazard ratios weremultifactorially adjusted for age (as time scale), sex,
hypertension, diabetes mellitus, smoking, alcohol consumption, physical inactivity, menopausal status and hormonal replacement therapy (women
only), lipid-lowering therapy, and education. The right columnwas additionally adjusted for APOE genotype. APOE, apolipoprotein E; BMI, body
mass index (kg/m2); CI, confidence interval; CRP, C-reactive protein

reported to be associated with increased risk of AD in both genome-

wide associations studies5,42 and in population-based large prospec-

tive cohorts.43 Mechanistically, we suggest that low CRP levels lead to

decreased opsonization and decreased phagocytosis of Aβbymicroglia

as well as decreased activation of the complement system resulting

in a less efficient clearance of Aβ. Several observational studies have
found APOE genotype to be associated with plasma levels of CRP

and the APOE ε4 carriers to have the lowest CRP levels among APOE

genotypes.44,45 This was replicated and extended in the present study,

in which we found a gene dosage effect per APOE ε4 allele on lowering
ofCRP.Regardlessof this, theassociationbetween lowplasmaCRPand

risk of AD remained after adjusting for APOE genotype. Interestingly,

apoEwas recently reported to attenuate unresolvable inflammation by

complex formation with activated C1q.46 As CRP activates C1q and

as apoE binds to C1q it may be these mutual interactions that some-

how explain the known association between the ɛ4 allele and plasma

CRP levels. Finally, Mendelian randomization studies have shown CRP

to be causally associated with psychiatric disorders—low CRP with

schizophrenia and high CRP with bipolar disorder—thus supporting

that CRPmay play amechanistic role in disorders within the CNS.37

Strengths of our study include the large prospective general

population design with no losses to follow-up and with plasma CRP

measurements preceding the AD diagnosis. Furthermore, as the clin-

ical diagnosis of AD is preceded by biomarker changes many years in

advance,withAβmarker being abnormal up to 20 years before onset of

clinical symptoms, this study design using a general population cohort

represents the most robust evaluation of the association between

baseline measurement of CRP and development of AD without condi-

tioning on the future event of ADonset. A potential limitation concerns

the availability and completeness of the diagnostic information; how-

ever, the Danish Patient Registry includes all hospital visits as well as

out-patient visits. It has previously been shown that the dementia diag-

noses in the Danish Registries has high diagnostic validity with 85.8%

of overall dementia and 81.0%of ADbeing correctly assigned, whereas

other less frequent dementia subtypes had low kappa scores.25,26

Further, the use of two different methods for analyzing plasma CRP
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concentrations or the presence of disease endpoints with inflamma-

tory components could have introduced some error. After adjusting

for exact analysis time for each sample and for a range of inflammatory

and infectious disease endpoints, findings were however similar to

the main analysis, suggesting that bias due to these issues was not of

major importance. Finally, as we studied White individuals of Danish

descent only, these results may not be applicable to other ethnicities.

We cannot dismiss the possibility that our results are chance findings;

however, the strong observational results and the fact that the associ-

ation remained significant after excluding up to 10 years of follow-up

combinedwith corresponding genetic findings argues against this.

In conclusion, low baseline CRPwas associated with high risk of AD

and all-cause dementia in individuals from the general population, and

the associations remained significant after excluding up to 10 years

of follow-up. These observational findings were supported by genetic

studies in individuals with BMI ≤25 kg/m2—where the genetic associ-

ations with plasma levels of CRP are not confounded by high BMI and

related metabolic disturbances—and as such may suggest that modest

lifelong decreases in CRPmay be implicated in AD etiology.
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