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Abstract
Background: C-reactive protein (CRP) is lower in patients who carry the apoli-
poprotein E epsilon 4 allele variant (APOEε4) of the APOE gene. This could how-
ever be explained by other factors observed in APOEε4 carriers, such as lower 
body mass index (BMI), possibly less diabetes and more use of statins, all associ-
ated with CRP concentrations.
Objectives: To assess the association between CRP and APOEε4 stratified by 
BMI, statin use and diabetes.
Methods: We included 2700 community-dwelling older adults from the 
Hordaland health study with genotyping of the APOE gene by a one-step pol-
ymerase chain reaction and CRP measured using immuno-MALDI-TOF MS. 
Differences in CRP concentrations by APOE (ε4 vs no ε4) were assessed using 
the Mann–Whitney U tests, also stratified by statin use, diabetes and BMI catego-
ries. Finally, we performed linear regression with log (CRP) as the outcome and 
APOEε4 together with statin use, diabetes, BMI and their respective interactions.
Results: CRP was higher in APOEε4 carriers irrespective of BMI, diabetes and 
statin use. In APOEε4 non-carriers, CRP was elevated with diabetes and obesity 
as expected. However, this was attenuated or even reversed in APOEε4 carriers. 
Such differences were not observed for statin use.
Conclusions: Statin use, obesity or diabetes did not confound the known asso-
ciation between the APOEε4 allele and lower CRP. Our data suggest that CRP is 
less responsive to inflammatory cues involved in diabetes and obesity in APOEε4 
carriers. Epidemiological studies should take note of these relationships, as CRP, 
APOEε4, diabetes and obesity are both linked to neurodegenerative and cardio-
vascular disease.
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1   |   INTRODUCTION

Lower C-reactive protein (CRP) concentrations have been 
described by independent investigators in persons hetero-
zygous or homozygous for the apolipoprotein E (APOE) 
ε4 allele variant of the APOE gene.1–4 Both elevated CRP 
and APOEε4 portend adverse health outcomes such as 
neurodegenerative disease, cardiovascular disease and all-
cause mortality, pointing to the potential importance of 
this association.5–7 Furthermore, CRP correlates positively 
with body mass index (BMI),8 which is reduced in persons 
with APOEε4.9

APOE is predominantly expressed in the liver and 
brain, although lower expression levels are also found 
in adipose tissue and immune cells.10 The human APOE 
gene has three alleles, namely epsilon 2 (ε2), ε3, and ε4, 
where ε3 is the most frequent and ε2 the rarest.11 Both 
hetero- and homozygous combinations occur.12 The most 
well-established function of APOE is lipid transport,13,14 
and carriers of the APOEε4 allele have higher total choles-
terol and LDL concentrations compared to ε3 and particu-
larly ε2 carriers.15 Besides its role in lipid transport, APOE 
plays an increasingly recognized role in both innate and 
adaptive immune responses16 where APOEε4 is linked to 
a pro-inflammatory phenotype with a reduced ability to 
suppress inflammation.16–18 Notably, APOEε4 is the major 
genetic risk factor for Alzheimer's disease.19

Despite the consistent association between lower 
CRP and APOEε4, the reasons for this association re-
main obscure.2 It seems prudent to stratify by statin use, 
as APOEε4 carriers are more likely to be treated with 
statins,20 and statins tend to lower CRP.21 Persons with the 
APOEε4 allele variant have lower BMI,9 and this is fre-
quently observed in older individuals.22 Further, obesity 
exacerbates the risk of Alzheimer's disease and exacer-
bates inflammation in persons with APOEε4.23 Experi-
mentally, insulin resistance induced in mice by feeding a 
high-fat diet has more severe consequences for cognition 
in APOEε4 mice.24

In this study, we aimed to determine whether the re-
lationship between CRP and APOEε4 was confounded or 
modified by BMI, statin use or diabetes in community-
dwelling older adults.

2   |   MATERIALS AND METHODS

2.1  |  Study participants

The Hordaland Health Study (HUSK) is a community-
based interdisciplinary study whose overall aim is to in-
vestigate the epidemiology of chronic disease and how 
these are affected by lifestyle risk factors and blood-based 

biomarkers. Participants were invited based on their year 
of birth and place of residence in a previous survey in 
1992–93 (The Hordaland Homocysteine study) where all 
residents in a specific geographical region born 1925–27 
had been invited. The place of residence included Bergen 
and three surrounding municipalities. In 1997–99, all par-
ticipants were re-invited for a new survey, and this time, 
also blood sampling (The HUSK study). Although several 
age groups were involved, this study focuses on the sub-
cohort of older adults who were born 1925–27 and par-
ticipated in HUSK 1997–99, when they were 71–74 years 
old. Of the 4338 who were invited, 3328 (76.7%) agreed to 
participate.

The letter of invitation included a self-report question-
naire on education, smoking habits, use of medications, 
physical exercise, alcohol consumption and history of 
angina pectoris, myocardial infarction, stroke, phlebitis, 
thrombosis and hypertension. Additionally, the partic-
ipants answered a 7-item subscale for depression from 
the Hospital Anxiety and Depression Scale and a compre-
hensive food-frequency questionnaire. During the clin-
ical examination, study nurses collected blood samples, 
recorded height, weight, waist circumference, upper-arm 
circumference and blood pressure.25 For this study, 2700 
participants were included who had APOE genotypes, 
CRP concentrations and BMI measured.

2.2  |  Measures

2.2.1  |  Body mass index

Height (to the nearest 1 cm) and weight (to the near-
est 0.5 kg) of participants (wearing light clothing and no 
shoes) were measured by trained study staff according to 
standard protocols. BMI was calculated as weight in kilo-
grams divided by the square of height in meters.26 Partici-
pants with a BMI > 30 were considered obese.

2.2.2  |  Diabetes and statin use

Diabetes was assessed using a questionnaire with the item 
“have you, or have you had diabetes” and items concerning 
antidiabetic treatments. Participants answering affirma-
tive were classified according to the type of antidiabetic 
treatment as (1) un-medicated diabetes (no use of antidia-
betic drugs), (2) orally treated diabetes (with or without 
the use of insulin) and (3) insulin-treated diabetes (and 
no oral antidiabetic agents). Antidiabetic medications 
and statin use were classified using the 1997 anatomical 
therapeutic chemical classification system. This included 
all drugs classified as A10A (insulins), A10B (for example 

 13653083, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sji.13323 by U

N
IV

E
R

SIT
Y

 O
F B

E
R

G
E

N
, W

iley O
nline L

ibrary on [15/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  3 of 9GIIL et al.

metformin, glibenclamide, chlorpropramide, and acar-
bose), and AX2 (glimeperide). The sensitivity and speci-
ficity of self-reported diabetes range between 58.5%–70.8% 
and 95.6%–96.8%, respectively.27 Additionally, plasma 
glucose was measured and used to make a diagnosis of 
diabetes in cases with high non-fasting plasma glucose, as 
previously described.28

2.3  |  Biomarkers and APOE genotyping

CRP was measured using an immuno-MALDI-TOF MS 
approach, as previously described.29 The limit of detec-
tion for CRP was 0.2 μg/mL, and within-  and between-
day coefficients of variation were 5.5–8.4 and 7.0–11.7, 
respectively. The biochemical analyses were performed 
at the laboratory of Bevital AS (Bergen, Norway, https://
bevit​al.no). Genotyping of the APOE gene was carried out 
using a one-step polymerase chain reaction, as previously 
described.30,31

2.4  |  Statistics

Normally distributed continuous variables were described 
by their means and standard deviations (SDs), whereas 
continuous variables that deviated from normality were 
described by their medians and interquartile ranges 
(IQRs). In the case of normality, differences in continu-
ous variables between two groups were tested using t-
tests, and Mann–Whitney U tests (MWUT) with deviation 
from normality (Kruskal–Wallis test with more than two 
groups). Differences between groups in categorical varia-
bles were tested using the Pearson chi-square test and cor-
relation involving categorical variables was determined 
using tetrachoric correlations.

The distribution of CRP was positively skewed and thus 
log transformation was performed after adding a constant 
of one (Figure S1) prior to any parametric analysis. How-
ever, QQ plots and histograms revealed that although the 
log (CRP + 1) distribution was closer to normality, it was 
still somewhat positively skewed. More complex power 
transformations did not perform better. Thus, robust anal-
yses using MWUT were used for most of the study. To fa-
cilitate the interpretation of this non-parametric test, we 
report the Mann–Whitney effect size (MWES), equivalent 
to the Area Under the Curve (AUC). It reports the prob-
ability that a value in group one is higher than in group 
zero where no effect is 0.5 (50%), a positive effect could be 
0.6 (60%) and a negative effect 0.4 (40%).32 As the MWUT 
is a univariate analysis, we performed linear regression 
for multivariable analysis with standardized log (CRP + 1) 
as the outcome and APOEε4 as the predictor with and 

without adjustment for obesity, diabetes and statin use. 
Due to the residual positive skewness of log (CRP + 1) 
and thus of the residuals from the model, we estimated 
robust standard errors using the Huber/White sandwich 
estimator.33,34

Assessment of effect modification was performed 
qualitatively by gauging the AUC for APOEε4 on CRP 
stratified by subgroups and formally by introducing inter-
actions in linear regression with CRP as the outcome. The 
linear regressions were estimated as log (CRP + 1) = β0 + β1 
APOEε4 + β2 Variable + β3 APOEε4*Variable + ε. Here, 
β0 represents the intercept and ε the error (or residuals). 
We ran three separate linear regression models where 
“Variable” was either obesity, diabetes or statin use. We 
were unable to statistically adjust for all three two-way 
interactions with APOEε4 as, for example, only nine 
persons with APOEε4 had both diabetes and obesity. We 
calculated adjusted P-values, q-values (Q (Stata package: 
qqvalue, method: Simes)), using the Benjamini–Hochberg 
approach accepting a false discovery rate (FDR) of 0.05.35 
The m number of tests were all test involving differences 
according to the presence of allele variation in the APOE 
gene. A q-value <0.05 was thus considered statistically 
significant. For all tests included in the total of tests used 
to estimate the FDR, q-values are listed in the results. All 
analyses were conducted in Stata 16. StataCorp. 2019. 
Stata Statistical Software: Release 16. College Station, TX: 
StataCorp LLC.

3   |   RESULTS

3.1  |  Study participants of the Hordaland 
Health Study, Norway

Table  1 lists the descriptive statistics. The study partici-
pants were invited according to their year of birth and 
thus the age range was narrow, spanning from 71 to 
74 years of age. There were no differences in age according 
to the presence of at least one APOEε4 allele. About 55–
56 per cent of the participants were women, irrespective 
of the presence of the APOEε4 allele. The mean BMI was 
26.1 (SD 3.9) kg/m2 and was slightly higher in participants 
without the APOEε4 allele (mean 26.2 SD 3.9) compared to 
those with the allele (mean 25.8, SD 3.8), Q = 0.017. Over-
all, 13.6% were obese (BMI ≥ 30 kg/m2), 12.7% with the 
APOEε4 allele and 14.0% without the ε4 allele, although 
these differences were not statistically significant. Fewer 
study participants with the APOEε4 allele had diabetes 
but this did not reach statistical significance (overall 6.6%, 
no APOEε4 7.0%, APOEε4 5.5%, Q = 0.072). Overall, 12.6% 
of the participants were using statins; 11.3% of APOEε4 
non-carriers and 15.7% of APOEε4 carriers (Q = 0.002). 
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The median (Mdn) CRP concentration was 2.17 μg/mL 
(IQR 3.40). The tetrachoric correlation between diabetes 
and obesity was 0.26 (P < .001), diabetes and statin use 
0.20 (P < .001) and obesity and statin use 0.02 (P = .612).

3.2  |  CRP concentrations according to 
APOE gene

CRP was lower in participants with the APOEε4 allele 
(Mdn 1.73 μg/mL, IQR 2.85) than without the allele (Mdn 
2.4 μg/mL, 1 IQR 3.60, see Table 1) and this difference was 
significant (AUC 0.41, Q < 0.001, see Table 4). The median 
difference in CRP concentrations was 0.7 μg/mL (Table 4). 
This corresponded to a standardized β of −0.30 in unad-
justed linear regression and −0.29 in linear regression ad-
justed for diabetes, statin use and obesity (Table 2).

Assessing all alleles, there was significant variation in 
CRP according to APOE alleles (Kruskal–Wallis P < .001), 
see Table 3 for a summary. Using the most frequent ε3ε3 
allele as a reference, only participants with the ε3ε4 allele 
had significantly lower CRP (MWUT Q < 0.001). However, 
compared to a median CRP of 2.41 μg/mL (IQR 3.70) in 
participants with the ε3ε3 allele, all groups with at least 
one ε4 allele had relatively similarly lower CRP concen-
trations (ε4ε4 Mdn 1.61 IQR 3.13, ε3ε4 Mdn 1.72 IQR 2.82, 
ε2ε4 Mdn 1.81 IQR 3.51). The lowest CRP concentrations 

observed in participants homozygous for epsilon four. Ac-
cordingly, the concentration was 0.80, 0.69 and 0.60 μg/
mL lower in ε4ε4, ε3ε4 and ε2ε4 relative to participants 
homozygous for epsilon three with a corresponding AUC 
of 0.38, 0.41, and 0.44, respectively (Table 2). Of note, the 
sample size was low for some alleles (ε2ε4: 67, ε4ε4: 83, 
ε2ε2: 9) and thus a “at least one ε4 allele” was used for 
further analyses (ε2ε4, ε3ε4, and ε4ε4).

3.3  |  Effect modification of the APOEε4–
CRP association by obesity and diabetes

Participants with the APOEε4 allele had lower CRP than 
persons without APOEε4. This difference was observed 
to a higher degree in persons with higher BMI. Accord-
ing to whether a person was underweight (BMI < 18.5), 
normal (18.5–24.9), pre-obese (25–29.9), obese class I (30–
34.9) or obese classes II–III (BMI ≥ 35), the median CRP 
was 0.1, 1.3, 2.0, 2.3 and 3.3 μg/mL lower in APOEε4 car-
riers compared to non-carriers with the respective AUC 
0.47, 0.41, 0.42, 0.36 and 0.30 (Table 4). This interaction 
(APOEε4*Obese [BMI< or ≥30]) was significant using 
(Q = 0.047) linear regression (Figure  1 and please see 
Table 5 for details).

Similarly, the median CRP was 0.7 μg/mL lower in 
APOEε4 carriers compared to non-carriers without 

T A B L E  1   Study participants overall an according to one or more APOEε4 alleles.

All No APOEε4 APOEε4

P-value q-ValuecN = 2700 n = 1858 n = 842

Age, years

71, n (%) 412 (15.3) 277 (14.9) 135 (16.0)

72, n (%) 930 (31.4) 647 (34.8) 283 (33.6)

73, n (%) 909 (33.7) 633 (34.1) 276 (32.8)

74, n (%) 449 (16.6) 301 (16.2) 148 (17.6) .643b

Women, n (%) 1519 (56.3) 1055 (56.8) 464 (55.1) .416b

BMI kg/m2, m ± SD 26.1 ± 3.9 26.2 ± 3.9 25.8 ± 3.7 0.017*,d

Obese, n (%)a 367 (13.6) 260 (14.0) 107 (12.7) 0.428b

Diabetes, n (%) 177 (6.6) 130 (7.0) 42 (5.0) 0.072b

Using statins, n (%) 341 (12.6) 209 (11.3) 132 (15.7) 0.002*,b

CRP, μg/mL, Mdn ± IQR 2.17 ± 3.40 2.41 ± 3.60 1.73 ± 2.85 <0.001**,e

Abbreviations: APOEε4, apolipoprotein E gene epsilon 4 allele (one or two); BMI, body mass index; CRP, C-reactive protein; IQR, interquartile range; m, 
mean; Mdn, median; N, number of participants; SD, standard deviation.
aBMI ≥30.
bPearson chi-square test.
cMultiple-comparisons adjusted q-values were estimated from all relevant study P-values by the Benjamini-Hochberg False Discovery rate (see statistics for 
details).
dStudent's t-test.
eMann–Whitney U test.
*Q < 0.05.; **Q < 0.001.
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diabetes (AUC 0.42) and 1.5 μg/mL lower in APOEε4 car-
riers compared to non-carriers with diabetes (AUC 0.31), 
see Table  4. The APOEε4*diabetes interaction term was 
also significant using linear regression (Q = 0.048, see 
Table  5 and Figure  1). Notably, CRP was the lowest in 
APOEε4 carriers with diabetes and the highest in partici-
pants without APOEε4 but with diabetes (Table 4). There 
was no effect modification by statin use (Tables 4, 5 and 
Figure 1).

4   |   DISCUSSION

In this study on community-dwelling older adults we con-
firm the association between the ε4 allele of the APOE 
gene and lower CRP concentrations, also after stratifying 
by the use of statins (more frequent among APOEε4 car-
riers) and for obesity and diabetes. APOEε4 carriers had 
a slightly but significantly lower BMI. Expanding on pre-
vious results,1–4 we find that the tendency for lower CRP 
among APOEε4 carriers is more pronounced in persons 
with higher BMI or diabetes. This suggest that CRP may 

be less responsive to underlying cues of chronic inflam-
mation in APOEε4 carriers.

In our study, we observed that CRP concentrations 
were lower in participants with the APOEε4 allele, in-
dependent of statin use, diabetes and obesity where sta-
tin use is an important additional analysis adding on 
previous works.1–4 The tendency for CRP to be higher 
in obesity and diabetes was less pronounced in APOEε4 
carriers than in non-carriers. Further, the higher CRP 
in diabetic compared to non-diabetic persons36–38 was 
not observed in APOEε4 and was indeed reversed. The 
association between APOEε4 and the risk of diabetes 
remains controversial.39 In our data, without adjusting 
for BMI, APOEε4 carriers had marginally less diabetes 
compared to non-carriers, although this was not sig-
nificant following adjustment for multiple compari-
sons and would likely be less significant in an adjusted 
analysis.

A study by März and associates have addressed the 
possibility that the lower CRP in APOEe4 carriers is in-
fluenced by the mevalonate pathway in the liver.1 This is 
based on the observation that the mevalonate pathway is 

Univariate analyses Multivariate analysis

βa 95% CI q-valueb βa 95% CI q-valueb

APOEε4 −0.30 −0.38, 
−0.22

<0.001 −0.29 −0.37, 0.21 <0.001

Obesity 0.50 0.40, 0.61 <0.001 0.49 0.40, 0.59 <0.001

Diabetes 0.14 −0.03, 0.41 0.105 0.05 −0.11, 0.22 0.517

Statin use −0.10 −0.21, 0.01 0.065 −0.09 −0.19, 0.02 0.118

Abbreviations: APOE, apolipoprotein E gene; CI, confidence interval.
aLinear regression with Huber/White sandwich standard errors.34 CRP was standardized prior to analysis 
so that the mean was zero and one standard deviation one (z-score).
bMultiple-comparisons adjusted q-values were estimated from all relevant study P-values by the 
Benjamini–Hochberg False Discovery rate (see statistics for details).

T A B L E  2   C-reactive protein 
concentrations by APOEε4, obesity, 
diabetes and statin use.

APOE N CRP
Diff. from 
ε3ε3a AUC q-valueb,c

ε2ε2 9 2.04 ± 1.98 −0.37 0.45 0.626

ε2ε3 260 2.40 ± 3.53 −0.01 0.49 0.683

ε3ε3 1589 2.41 ± 3.70 Reference Reference

ε2ε4 67 1.81 ± 3.51 −0.60 0.44 0.148

ε3ε4 692 1.72 ± 2.82 −0.69 0.41 <0.001**

ε4ε4 83 1.61 ± 3.13 −0.80 0.38 0.114

Abbreviations: APOE, apolipoprotein E gene; AUC, area under the curve; CRP, C-reactive protein 
(μg/mL); ε, epsilon, N, number of participants.
aMedian CRP with other alleles – median CRP in APOEε3ε3 carriers.
bMann–Whitney U test (Kruskal–Wallis testing CRP variation in all groups: P < .001).
cMultiple-comparisons adjusted q-values were estimated from all relevant study P-values by the 
Benjamini-Hochberg False Discovery rate (see statistics for details).

T A B L E  3   C-reactive protein 
concentrations by APOE genotypes.
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downregulated in APOEε4 carriers compared to APOEε2,1 
combined with the finding that statins, which inhibit the 
mevalonate pathway through HMG–CoA, not only re-
duce cholesterol but also CRP.40–42 However, in our study, 
statins did not modify the association between APOEε4 
and CRP. Further, APOEε2 carriers had similar CRP con-
centrations to APOEε3 carriers. Thus, our data suggest an 
altered CRP response to metabolic inflammation in obe-
sity and diabetes rather than changes in the melavonate 
pathway.

The relationship between APOEε4 and CRP has im-
plications for our understanding of the risk associated 
with CRP in epidemiological studies on several levels. 
First, it has already been shown that CRP might be pro-
tective with regards to cognitive function in persons 
carrying APOEε43 but associated with risk in persons 
without APOEε4. For all outcomes where both CRP and 
APOEε4 are associated with the risk of that outcome, 
such as all-cause mortality, cardiovascular disease and 
neurodegenerative disorder, several dilemmas arise. As 
APOEε4 causes CRP lowering and not vice versa, it is 

not a confounding relationship that can be easily re-
solved by adjustment. Further, our study suggests that 
if adjustment for BMI and diabetes is to be performed 
for an end-point associated with CRP, this confound-
ing adjustment might also be different according to the 
presence of APOEε4. Thus, we would suggest carefully 
considering the analytic approach when assessing the 
predictive value of CRP in relation to allele variation in 
the APOE gene, obesity and diabetes. In clinical prac-
tice, median differences of 0.8 μg/mL (ε3ε3 vs ε4ε4) 
could be relevant when assessing high-sensitivity CRP 
with cut-offs as low as 3 or 5 μg/mL,43 and more so with 
obesity (Tables 4 and 5).

Our study has limitations. More extensive immune 
and metabolic profiling of markers linked to obesity and 
diabetes might have been revealing. For example, the cor-
relation of CRP with biomarkers of insulin resistance and 
adipokines could have been informative, as could inter-
leukin-6, which induces CRP synthesis. Further, the sub-
groups of patients with obesity and diabetes were small, 
making more detailed analyses complicated and we did 

No APOEε4 APOEε4

Diff. AUC q-Valuej,kCRP CRP

Overall 2.4 ± 3.6 1.7 ± 2.9 −0.7 0.41 <0.001**

BMI class

Underweighta 1.0 ± 1.8 0.9 ± 6.0 −0.1 0.47 0.760

Normalb 1.8 ± 2.9 1.3 ± 2.3 −0.5 0.41 <0.001**

Pre-obesec 2.5 ± 3.4 2.0 ± 3.0 −0.5 0.42 <0.001**

Obese class Id 3.7 ± 5.7 2.3 ± 2.7 −1.4 0.36 <0.001**

Obese class II–IIIe 5.5 ± 5.5 3.3 ± 3.5 −2.2 0.30 0.031*

Diabetes

Nof 2.4 ± 3.5 1.7 ± 2.9 −0.7 0.42 <0.001**

Yesg 3.0 ± 5.9 1.5 ± 2.3 −1.5 0.31 <0.001**

Statin use

Noh 2.4 ± 3.4 1.8 ± 3.1 −0.6 0.42 <0.001**

Yesi 2.3 ± 3.4 1.5 ± 1.8 −0.8 0.37 <0.001**

Abbreviations: APOEε4, epsilon 4 alleles of the apolipoprotein E gene; AUC, area under the curve; BMI, 
body mass index; CRP, C-reactive protein (median concentrations in μg/mL ± interquartile range); Diff., 
APOEε4 group median – no APOEε4 group median; IQR, interquartile range; Mdn, median.
aBMI <18.5, n = 36.
bBMI 18.5–24.9, n = 1061.
cBMI 25–29.9, n = 1236.
dBMI 30 to 34.9, n = 299.
eBMI ≥35, N = 68.
fn = 2487.
gn = 177.
hn = 2359.
in = 341.
jMann–Whitney U test.
kMultiple comparisons adjusted P-values (see statistics).

T A B L E  4   C-reactive protein 
according to APOEε4 by BMI, diabetes 
and statin use.
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not have statistical power to adjust the interaction analy-
ses for other interactions. CRP did not follow a log-normal 
distribution and thus there are some risks of bias using 
linear regression although sample size should to a large 
degree protect against highly influential cases. Further, 
a sensitivity analysis (data not shown) supported this 
conclusion.

In conclusion, we demonstrate that CRP is lower in 
community-dwelling older adults who are carriers of the 
APOEε4 allele variant of the APOE gene independent of 
the lower BMI, diabetes and more frequent use of statins 
in persons with this variant. The tendency for CRP to be 
higher in persons with a higher BMI or diabetes was less 
pronounced in APOEε4 carriers compared to non-carriers, 

suggesting that CRP responds less to underlying dysme-
tabolism related to insulin resistance and inflammation in 
APOEε4 carriers.
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F I G U R E  1   Effect modification of obesity, diabetes and statins 
on the APOEε4-CRP association. Linear regression with CRP as 
the outcome, and one or two APOEε4 alleles vs other alleles as the 
predictor, together with either obesity (first row), diabetes (second 
row) or statins (third row) with the corresponding interaction. The 
left-hand side displays the effect size by group and the right-hand 
side displays the conditional effect, meaning the difference in effect 
size of APOEε4 on CRP due to the presence of obesity, diabetes or 
statin use. ApoE4, epsilon 4 alleles of the apolipoprotein gene; Dia, 
diabetes.

T A B L E  5   Effect modification of the CRP–APOEε4 association 
by obesity and diabetes.a

β 95% CI q-Valueb

Obese 0.55 0.42, 0.68 <0.001

APOEε4 −0.24 −0.32, 
−0.15

<0.001

Obese* APOEε4 −0.25 −0.39, 
−0.04

0.047

Diabetes 0.23 0.05, 0.42 0.025

APOEε4 −0.25 −0.33, 
−0.17

<0.001

Diabetes* APOEε4 −0.38 −0.72, 
−0.04

0.048

Statins −0.04 −0.18, 0.10 0.626

APOEε4 −0.25 −0.34, 
−0.16

<0.001

Statins* APOEε4 −0.14 −0.36, 0.07 0.238

Abbreviations: APOE, apolipoprotein E gene; CI, confidence interval; Obese, 
body-mass index < or ≥30.
aThree separate linear regression models with Huber/White sandwich 
standard errors.34 CRP was standardized prior to analysis so that the mean 
was zero and one standard deviation one (z-score).
bMultiple comparisons adjusted q-values were estimated from all relevant 
study P-values by the Benjamini–Hochberg False Discovery rate (see 
statistics for details).
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