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Abstract

Although many studies have found psychological depression associated with higher circulating
levels of C-reactive protein (CRP), not all findings are consistent. Since DNA sequence variation
in the CRP gene has also been shown to predict plasma CRP levels, we hypothesized that plasma
CRP may covary with depressive symptomatology as a function of allelic variation in the CRP
gene. We tested this hypothesis in 868 healthy community volunteers of European ancestry.
Depressive symptomatology was measured using the Center for Epidemiological Studies —
Depression (CESD) scale, and plasma CRP was assayed from whole blood. Three polymorphisms
[rs1417938 (A/T), rs1800947 (C/G) and rs1205 (C/T)] were genotyped and three-locus haplotypes
were generated. Regression models adjusting for demographic and lifestyle-related covariates
showed no direct association of CESD depression scores with CRP. In regression models
adjusting for age, gender, education, smoking status and statin use, one CRP haplotype (T-G-C)
was associated with CRP level (p = 0.014) and a second haplotype (A-G-T) showed marginal
association (p=0.064 respectively). Neither haplotype was related to depressive symptoms.
However, plasma CRP was predicted by the interaction of A-G-T haplotype with depressive
symptomatology (p = 0.009). Higher CESD scores were associated positively with CRP levels
among individuals with the A-G-T haplotype (p = 0.004). In secondary analyses, body mass index
was found to partially account for the moderating effects of the A-G-T haplotype on the
association of depression with circulating CRP. In conclusion, we found that haplotypic variation
in the CRP locus moderates an association of depressive symptoms with circulating CRP, which is
partially mediated by BMI.
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Introduction

C-reactive protein (CRP) is a circulating marker of systemic inflammation that has been
shown to predict cardiovascular pathology and mortality in epidemiological investigations
(Ridker et al., 2006; Ridker and Cook, 2007; Sabatine et al., 2007). A growing literature
suggests that clinical depression and self reported depressive symptomatology covary
positively with circulating CRP levels, even after adjusting for traditional risk factors,
including age, sex, race, smoking status, body mass index (BMI) and HDL cholesterol
concentrations (Danner et al., 2003; Ford et al., 2004; Penninx et al., 2003; Kop et al., 2002).
However, other studies have either failed to observe an association between depression and
circulating CRP (Bremmer et al., 2008; Hemingway et al., 2003; Janszky et al., 2005;
Ladwig et al. 2003; Schins et al., 2005) or have observed an inverse relationship (Whooley
et al., 2007). These inconsistencies may stem from differences in study sample (patient
versus community-based samples), index of depression (clinical diagnosis or symptom
report), or other differences of methodology or analysis (e.g. range of covariate
adjustments). It is also possible that unexamined genetic factors moderate associations
between affect and CRP.

Biometric studies show genetic variation to account for a significant portion of
interindividual variability in circulating levels of CRP, with estimated heritability of about
0.4 (Pankow et al., 2001; Vickers et al., 2002). Additionally, DNA sequence variation in the
gene encoding CRP (the CRP gene) has been associated with levels of circulating CRP
(Carlson et al., 2005; Crawford et al., 2006; Kathiresan et al., 2006; Lange et al., 2006;
Miller et al. 2005; Russell et al., 2004; Szalai et al., 2005; Wang et al., 2006). Moreover, one
recent study has shown that common genetic variation partially accounted for covariation of
depression with the inflammatory marker IL6 (Su et al., 2009). Because polymorphisms of a
number of regulatory genes have been shown to predict phenotypes of interest in interaction
with predisposing behavioral or biological factors (Caspi et al. 2002, 2003; Covault et al.,
2007; Manuck et al., 2004), we hypothesized that CRP-related genetic variation might
analogously moderate an association of depressive symptoms with circulating CRP.
Accordingly, here we examine whether depressive symptomatology covaries with plasma
CRP as a function of polymorphic variation previously shown to predict circulating CRP
levels.

To date, genetically moderated associations between psychological and biological variables
have tended to focus on single polymorphisms (Caspi et al. 2002, 2003; Covault et al., 2005;
Manuck et al., 2004). A limitation of this approach is failure to consider other variation in
the gene of interest that may contribute to phenotypic differences. The recently completed
Human Haplotype Mapping project (HapMap; www.hapmap.org) has identified numerous
single nucleotide polymorphisms (SNPs) within individual genes. With respect to such
variation, genetic transmission from parent to offspring is characterized by lack of
recombination between homologous regions on chromosomes. This process leads to non-
random association, or linkage disequilibrium (LD), between variants (alleles) of closely
spaced polymorphisms, whereby alleles at different loci are transmitted together on a
chromosome more often than expected by chance. The term “haplotype” is used to define a
chromosomal segment within which alleles are in high LD and are therefore transmitted
together through generations. Each haplotype can be “tagged” by a SNP that acts as a
marker of aggregate variation within the haplotype. Consequently, typing the allele at the tag
SNP locus provides information about groups of linked variation in a gene. In practice,
typing a few tag SNPs, instead of sequencing the entire gene, offers a relatively inexpensive
way to examine the association between overall variation within a gene and a measured
phenotype. In addition, association between a tag SNP of no known function and a
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phenotype may indicate presence of a functional locus within the haplotype characterized by
the tag SNP. Refined genetic mapping can then be implemented to identify the functional
variation within the haplotype. Additionally, investigating the association of a multilocus
haplotype (comprised of any combination of tag SNPs and non-tagging SNPs of known
functionality) with a particular phenotype may provide information (over and above single
locus effects) regarding the aggregate influence of the gene on the outcome of interest.
Accordingly, here we studied multiple polymorphisms and their constituent haplotypes to
better characterize potential moderating effects of variation in the CRP gene on the
association between depression and circulating CRP.

2.1. Participants

This investigation was based on data derived from 1295 adults who participated in the
University of Pittsburgh Adult Health and Behavior (AHAB) project between 2001 and
2005. The AHAB registry is a compendium of behavioral and biological measurements
collected on mid-life community volunteers who were recruited via mass-mail solicitation
from Southwestern Pennsylvania (primarily Allegheny County). Registry data include socio-
demographic measurements; indices of personality, temperament, and psychopathology;
aspects of social and cognitive functioning; health-impairing attributes of habit and lifestyle;
biological measurements germane to cardiovascular, metabolic, endocrine, autonomic,
immune and central nervous system functioning; and DNA for the study of genetic variation
associated with registry phenotypes (e.g. Forbes et al., 2007; Halder et al., 2007; MacDonald
et al., 2007; Neumann et al., 2006). Exclusions from AHAB participation included: age <30
or >54 years; a reported history of atherosclerotic cardiovascular disease, chronic kidney or
liver disease, cancer treatment in the preceding year, and major neurological disorders,
schizophrenia or other psychotic illness. Other exclusions included pregnancy and the use of
insulin, glucocorticoid, antiarrhythmic, psychotropic, or prescription weight-loss
medications. Data collections occurred over multiple laboratory sessions and informed
consent was obtained in accordance with approved protocols and guidelines of the
University of Pittsburgh Institutional Review Board.

Previous studies have shown that African Americans exhibit wide variation in individual
bio-geographical ancestry that can confound genetic associations (Halder et al., 2003, 2008).
Although ancestry also varies in European Americans and Europeans, it does so to a lesser
extent. For this reason, we excluded African Americans to prevent confounding due to
admixture, focusing on the 1099 European Americans in the AHAB sample. Because
AHAB exclusions did not include common acute illnesses, such as recent colds or allergies,
we also excluded the data of 213 participants having circulating CRP levels >10 mg/L.
Finally, 18 individuals with missing genotype data were excluded, yielding a final sample of
868 individuals (436 males). These subjects did not differ in age, income, education or
gender from European American AHAB participants who were excluded from the present
analyses.

2.2. Procedure

Prior to the laboratory visit, participants were asked to fast for 8 hours and avoid exercise for
12 hours, alcohol for 24 hours and nicotine for 1 hour. All laboratory sessions were
scheduled in the morning. Upon subjects' arrival, the project nurse completed a medical
history and medication use interview, obtained measurements of height and weight for
determination of BMI (Kg/m?2), and drew a 40 cc blood sample. A portion of the blood
sample collected in citrate-treated tubes was spun down and plasma collected and stored at
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-80°C until batched- analysis of CRP levels. A second portion of the blood sample was
collected in EDTA treated tubes and stored at -80° C for DNA isolation.

2.3. Variable Measures

Circulating CRP—PIlasma CRP was assayed using the BN 11 nephelometer (Dade-Behring
Inc., Deerfield, Illinois, USA) utilizing a particle enhanced immunonephelometric assay. In
this procedure, polystyrene particles are coated with monoclonal antibodies to CRP, which
agglutinate in the presence of appropriate antigen, thereby increasing the intensity of
scattered light. The light intensity is proportional to the amount of CRP in the sample. The
assay has a detection range of 0.175-1100 mg/L. Intra-assay coefficients of variation (CV)
range from 2.3-4.4% and inter-assay CV range from 2.1- 5.7%. Logarithmic transformation
was applied to normalize raw score distributions of the CRP values.

Depressive Symptoms—Depressive symptoms were measured using the Center for
Epidemiological Studies-Depression (CESD) scale (Radloff, 1977). This 20-item measure
assesses how frequently subjects experienced a range of psychological and physical
symptoms of depression during the past week. Responses are on a 4-point scale ranging
from 0O (rarely or none of the time [<1 day]) to 3 (most or all of the time [5 to 7 days]).
Higher scores indicate more severe depressive symptomatology, with a maximum score of
60. The CESD has excellent internal consistency (0.87) and reasonable test-retest reliability
(average 0.57) (Radloff, 1977). Summed CESD scores were log transformed and
standardized when used as a continuous variable in statistical models. CESD scores > 16
was used as a criterion value designating clinically significant depression (Beekman et al.,
1997).

DNA isolation and Genotyping—DNA was isolated from frozen whole blood samples
following a previously described protocol (Miller et al., 1988). The CRP gene on
chromosome one (1g21-23) has two exons, which are joined by a 280 base pair intron, and
encode a 204 amino acid protein. Three common polymorphisms in the CRP gene, all
designated as tag SNPs in European Americans in the HapMap, were used in the current
study: rs1417938 (in the first intron), rs1800947 (synonymous SNP in exon 2, Leul84L eu)
and rs1205 (in the 3' UTR). We selected these markers using the Tagger algorithm
(deBakker et al., 2005) and the HapMap genotype data in Europeans using an R2 cut off of
0.8 and a minor allele frequency cut off of 0.05. These SNPs have also been shown to
predict circulating CRP levels and to be in strong LD with other polymorphisms in the CRP
gene (Carlson et al., 2005; Crawford et al., 2006; Kathiresan et al., 2006; Lange et al., 2006;
Miller et al. 2005; Russell et al., 2004; Szalai et al., 2005; Wang et al., 2006). Together,
these SNPs capture 100% of alleles with R2 > 0.8 and physically cover 84% of the gene.
Subjects were genotyped using Tagman Validated SNP genotyping assays (Applied
Biosystems, Foster City, CA) following standard protocol, and genotypes were scored by
allelic discrimination using the ABI 7900HT Fast Real-Time PCR system and the SDS 2.2
software (Applied Biosystems, Foster City, CA).

Covariate Measures—Several other variables that might explain an association between
depressive symptomatology and CRP levels were assessed and used as standard covariates
in the multivariate models. These included age, gender, BMI, smoking status, education
levels and statin use. Smoking status was defined by participants' self-report and coded as a
binary variable [current cigarette smoking vs. all other categories of tobacco use (which
includes non-smokers, ex-smokers and those using other forms of tobacco)]. Education
levels were measured as participants' self-report of cumulative years of schooling.
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2.4. Genetic analyses

Allele frequencies and Hardy Weinberg equilibrium were ascertained using the Genepop
software (Rousset and Raymond, 1995). Pairwise linkage disequilibrium (LD) was
ascertained using the Linkage Disequilibrium Analyzer 1.0 software (Ding et al., 2003).
Multilocus haplotypes (combinations of alleles of selected loci on each chromosome) were
ascertained using PHASE v 2.0 (Stephens et al., 2001). The haplotypes obtained using
PHASE were used in standard statistical tests as described in the following section. We used
the program EHAP (Seltman et al., 2001, 2003;
http://wpicr.wpic.pitt.edu/WPICCompGen/ehap_v1.htm) to obtain a global test of
association of haplotypes, as described in the following section. The program STRUCTURE
(Falush et al., 2003; Pritchard et al., 2000) was used to evaluate presence of genetic
substructure in the sample, using 15 genome-spanning SNPs (rs1022106, rs1335995,
rs1439564, rs1502812, rs1860300, rs548146, rs705388, rs715994, rs720517, rs722743,
rs730899, rs734204, rs9059966, rs1328994, rs1485405). A model with admixture,
uncorrelated allele frequencies, individual alpha parameters, and independent Fst for all
subpopulations was used and run separately assuming 1, 2, or 3 subpopulations. For each
model we used a burnin of 40,000 followed by 80,000 repetitions and compared the
likelihoods of models fitting the data. Evidence of stratification was inferred if the
likelihood of data fitting a model with =2 subpopulations was greater than the likelihood of
data fitting a model with 1 population.

2.5. Statistical Analyses

All statistical analyses were performed using SPSS v15 (SPSS Inc. Chicago, IL). Bivariate
correlations among variables were examined using Pearson correlation coefficients or point
biserial correlations. Multiple regression analysis was used to examine the proportion of
variation in circulating CRP levels explained by depressive symptomatology. In this model,
the standard covariates were entered in step 1 and log standardized CESD scores were
entered in step 2. A similar regression model was used to investigate the proportion of
variation in depressive symptomatology explained by circulating CRP, with CESD scores as
the outcome and log transformed CRP as the predictor.

Hierarchical regression models were also used to investigate the association of CRP
polymorphisms and haplotypes with CESD scores. For these analyses haplotype status was
dichotomized, comparing individuals with one or two copies of a haplotype to all others.
Then, the standard covariates were entered in step one, and PHASE-estimated haplotypes
and genotypes were entered in step 2 of models predicting CESD score.

Next, we examined the association of the haplotypes with circulating CRP. For these
analyses, we first used the EHAP program to test for an overall association of haplotypes
with CRP. EHAP estimates individual haplotypes while incorporating uncertainty in the data
and permits the consideration of covariates. For this analysis, CESD score and all standard
covariates except BMI were entered as predictors of CRP. Genotypes at the three loci were
included in the model. All other modeling parameters were set at default values. In a parallel
set of analyses, we included BMI as an additional covariate in the model. In addition to the
EHAP analyses, we also used hierarchical regression models to examine whether PHASE-
estimated haplotypes and their constituent polymorphisms predicted levels of CRP alone or
in interaction with depressive symptoms. Here, age, gender, education, smoking status and
statin use were entered as covariates in step one, log standardized CESD scores and
haplotype status in step 2, and the interaction of “haplotype X CESD” was entered in the
final step. Finally, because BMI has been shown to predict both depression and CRP in prior
literature (de Wit et al., 2009, Ford et al., 2001, Goodman et al., 2002, Herva et al., 2006,
Howren et al., 2009, Panagiotakos et al., 2005, Simon et al., 2006, Visser et al., 1999,
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Williams et al., 2004, Zhao et al., 2009), we examined the possibility that BMI would
partially account for any haplotype-dependent covariation of depression symptomatology
with CRP levels. Here, BMI was entered along with the other covariates in the first step of a
similar regression model predicting CRP. In the event of a reduction in the magnitude of
interaction between depression scores and CRP haplotype when including BMI in the
model, mediational analyses were conducted following the method described by Freedman
& Schatzkin, 1992. To examine the validity of study results with respect to a clinically
meaningful level of depressive symptomatology, we further subjected CRP levels to an
analysis of covariance (ANCOVA) with two between subjects factors, CESD score (= 16 vs.
< 16) and haplotype carrying status.

To control for multiple testing, we used the false discovery rate (FDR) (Benjamini and
Hochberg, 1992) method and report FDR-adjusted P values. Since EHAP provides a
Bonferroni adjusted P value, we report those for the EHAP results.

3.1. Descriptive Statistics

Sample characteristics and bivariate correlations are presented in Table 1. Consistent with
prior literature, higher levels of CRP were associated with higher BMI and fewer years in
school and more symptoms of depression were associated with younger age, female gender,
and higher BMI. Circulating CRP did not covary with CESD scores in bivariate analyses.

Allele frequencies were 69% (A) and 31% (T) for rs1417938, 94% (G) and 6% (C) for
rs1800947, and 67% (C) and 33% (T) for rs1205, which are similar to corresponding allele
frequencies in epidemiological studies of European Americans (Carlson et al., 2005;
Crawford et al., 2006; Lange et al., 2006; Miller et al. 2005). Proportions of missing
genotype data were 6% (rs1417938), 3% (1800947) and 4% (rs1205), respectively.
Distributions of genotypes conformed to Hardy-Weinberg equilibrium for all loci
{rs1417938 (A/T) [AA = 374; AT =375; TT =68 (p > 0.05)]; rs1800947 (C/G) [CC = 750;
CG =88; GG =6 (p > 0.05)] and rs1205(C/T): CC =376, CT = 367; TT = 88 (p > 0.05)]}.
Pairwise LD (r2) values were 0.13 (rs1205-rs1800947: D’ = 1), 0.19 (rs1205-rs1417938, D’
=1) and 0.03 (rs1800947-rs1417983, D’ = 0.93), respectively. STRUCTURE analyses
showed no evidence of genetic stratification in the sample and no further adjustments were
made to control for stratification.

Using PHASE, four different haplotypes (designated as H1 through H4 for ease of
identification) were ascertained in the sample (see Table 2). In the absence of parent
genotypes, individuals' haplotypes were inferred probabilistically. Only those individuals for
whom haplotypes were ascertained with > 95% confidence were included in the analyses.
These haplotypes were confirmed with the EHAP program, which estimated six haplotypes
in the sample of which two were very rare (less than 0.01 frequency). The four remaining
haplotypes were identical to the ones obtained with PHASE; however, as EHAP does not
provide a list of haplotypes for each individual, like the PHASE output, direct comparisons
were not possible. Frequency of EHAP and PHASE estimated haplotypes are shown in
Table 2.

3.2. Association between depressive symptomatology and circulating CRP levels

In initial regression analyses controlling for age, gender, education, smoking status, statin
use, and BMI, there was no independent association of depressive symptoms with CRP
levels (B = 0, SE = 0.016, t = 0.155, p > 0.05). Together, the standard covariates accounted
for 21% of the variance in circulating CRP (R = 0.463). Similarly, CRP as a predictor did
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not explain variability in depressive symptoms after standard covariates were included in the
model (B = 0.002, SE = 0.068, t = 0.029, P = 0.977).

3.3 Main effects of genotypes and haplotypes on depression symptoms

In regression models controlling for age, gender, education, smoking status and statin use,
neither individual genotypes nor haplotypes showed an association with CESD scores
(P>0.05 for all for both FDR-adjusted and unadjusted values).

3.4. Main effects of genotypes and haplotypes on circulating CRP

In regression models controlling for age, gender, education, smoking status and statin use,
circulating CRP was predicted by allelic variation at rs1417938 (B = -0.079, SE = 0.029, t =
2.773, p = 0.0.024) and rs1205 (B =-0.074, SE = 0.027, t = -2.749, p = 0.024), but not at
rs1800947 (B = -0.055, SE = 0.053, t =-1.023, p = 0.136). Based on previous reports
(Carlson et al., 2005; Crawford et al., 2006; Kathiresan et al., 2006; Lange et al., 2006;
Miller et al. 2005; Wang et al., 2006), an additive model was used for these individual SNP
analyses. Individuals carrying either the T allele of rs1417983 or the C allele of rs1205 (the
alleles present in haplotype H2) had significantly higher mean CRP levels than other
genotypes (rs1417983: TT+AT [untransformed CRP= 1.8 ug/ml] vs. AA [untransformed
CRP = 1.5 pg/ml], t =-2.773, p = 0.02; rs1205: CC+CT [untransformed CRP = 1.7 pug/ml]
vs. TT [untransformed CRP = 1.3 pug/ml]; t = 2.749, p = 0.03). Similarly adjusted regression
models showed a significant positive association of haplotype H2 with CRP (untransformed
CRP for carriers and non-carriers =1.8 ug/ml and 1.5 pg/ml, respectively; B = 0.153, SE =
0.066, t = 2.313, p = 0.021), and a marginal inverse association for haplotype H3
(untransformed CRP for carriers and non-carriers =1.5 pg/ml and 1.7 pg/ml, respectively; B
=-0.116, SE = 0.064, t = -1.751, p = 0.064). Haplotypes H1 and H4 were not significantly
associated with CRP (p's > 0.1).

In addition to the above analyses, we also used the program EHAP to obtain a global test of
association of haplotypes with CRP. EHAP accounts for the haplotype uncertainty that is
present when parental genotypes are not available and permits the consideration of
covariates. It uses a maximum likelihood based method for inferring haplotypes. In a model
that included age, gender, smoking status, education and statin use as covariates, no global
association was detected between haplotypes and circulating CRP (Bonferroni adjusted P =
0.11).

3.4. Do CRP genotypes or haplotypes moderate an association between depressive
symptoms and circulating CRP levels?

To test whether the CRP genotypes or haplotypes moderate an association between
depressive symptoms and circulating CRP, we next entered the interaction term (genotype X
CESD or haplotype status X CESD) in a third step of the regression models. Results
revealed a significant interaction between haplotype H3 and CESD score in the prediction of
CRP (B =0.173, SE = 0.064, t = 2.697, p = 0.009). As shown in Figure 1, CESD scores were
positively associated with CRP among H3 carriers (B = 0.133, SE = 0.047,t=2.848,p =
0.004) but not in non-carriers (B = -0.039, SE = 0.044, t = -0.886, p = 0.376). Neither
individual SNPs nor haplotypes H1, H2 and H4 showed an interaction with depressive
symptoms in the prediction of CRP (Ps>0.05).

In a subsequent ANCOVA, we examined effects of clinically elevated CESD scores (= 16
vs. < 16) and haplotype H3 carrying status on CRP levels, after controlling for the standard
covariates. Results confirmed a significant interaction between depression status and
haplotype H3 (F = 4.27, df = 3, p = 0.01). Tukey HSD post-hoc comparison revealed a
significant difference in covariate-adjusted mean CRP levels between depressed and non-
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depressed subjects in H3 carriers (1.9 pg/ml vs. 1.3 ug/ml; P = 0.014). CRP levels did not
differ between depressed and non-depressed H3 non-carriers (1.3 pg/ml vs. 1.6 pg/ml,
p>0.05)

3.5 Might BMI account for the H3-moderated association of depressive symptomatology
with CRP level?

Since BMI correlated significantly with both CESD scores and circulating CRP levels
(Table 1), we next investigated whether the main and interaction effects observed in the
preceding analyses might be accounted for by BMI. Including BMI as a covariate in the
EHAP analysis yielded a significant result (p=0.005) indicating an overall association of
haplotypes with circulating CRP. We then tested main effects of PHASE-estimated
haplotypes H2 and H3 on circulating CRP levels by including BMI as a covariate in the
model (in addition to age, gender, education, smoking status and statin use). When BMI was
included as a covariate in the models, the main effect of both H2 and H3 increased in
significance (H2: B = 0.195, SE = 0.059, t = 3.324, p = 0.006; H3: B =-0.136, SE = 0.059, t
=-2.312, p = 0.032).

Next, we entered the interaction term (haplotype H3 X CESD) in the third step of the
regression model for H3. The H3 X CESD interaction also remained a significant predictor
of circulating CRP (B = 0.115, SE = 0.057, t = 2.007, p = 0.045), although attenuated in
strength (from B = 0.173, p = 0.009 to B = 0.115, p = 0.045), implying possible partial
mediation by BMI.

For mediation analyses we first explored whether haplotypes alone or in combination with
depressive symptoms predict BMI. Here, age, gender, education, smoking status and statin
use were entered in step 1, haplotype and CESD score in step 2 and the interaction of
haplotype and CESD score in the final step of the model predicting BMI. Results showed no
independent association of haplotype H2 or H3 with BMI. Haplotype H3 showed a marginal
interaction with CESD scores in the prediction of BMI (B = 0.707, SE = 0.339, t = 2.087, p
= 0.07). We then investigated the independent association of BMI with circulating CRP
levels. After adjusting for age, gender, education, smoking status and statin use, BMI
showed a significant positive association with circulating CRP in this sample (B = 0.088, SE
=0.006, t = 15.413, p < 0.0001).

Finally, we tested whether the haplotype H3 X CESD interaction was partially mediated by
BMI, using the method of Freedman and Schatzkin (1992). This analysis showed BMI to be
a significant mediator of the H3 X CESD interaction (t = 2.9, p = 0.0038) in this sample.
Because the H3 X CESD interaction term remained significant (though weakened) in the
regression model with BMI as a covariate, correlated variation in BMI does not fully
account for the H3-dependent association of CESD scores with CRP.

Discussion

This investigation aimed to examine whether sequence variation in the CRP gene, which has
been associated with circulating levels of CRP (Carlson et al., 2005; Crawford et al., 2006;
Kathiresan et al., 2006; Lange et al., 2006; Miller et al. 2005; Russell et al., 2004; Szalai et
al., 2005; Wang et al., 2006), moderates an association between depressive symptomatology
and circulating CRP levels. Consistent with existing evidence (Carlson et al., 2005;
Crawford et al., 2006; Kathiresan et al., 2006; Lange et al., 2006; Miller et al. 2005; Wang et
al., 2006), we observed an association of genetic variation at two individual loci and two
CRP haplotypes with circulating levels of CRP in our community sample of 868 European
American, mid-life adult volunteers. In single locus tests we confirmed that the T allele of
rs1417983 and the C allele of rs1205 (which are present in haplotype H2) were associated
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with higher levels of circulating CRP, similar to previously reported single-locus tests
(Carlson et al., 2005; Lange et al., 2006; Miller et al., 2005, Russell et al., 2004).
Associations between the third tag SNP, rs1800947, and CRP have been reported
inconsistently in the literature (Carlson et al., 2005; Kathiresan et al., 2006; Lange et al.,
2006; Miller et al., 2005; Wang et al., 2006) and the current findings showed no significant
relationship with circulating CRP. In multivariate regression analyses we found that the T-
G-C haplotype (H2) was associated with higher CRP levels, and conversely, the A-G-T
haplotype (H3) was associated with lower CRP levels in this sample. Interestingly, neither
single loci nor haplotypes were associated with depressive symptoms in this study.

CRP is an acute phase protein that increases during systemic inflammation and is a well-
established predictor for CVD, even in apparently healthy individuals. Depression and
depressive symptoms are also risk factors for CVD and often covary with inflammation.
However, the relationship between depression and inflammation is itself uncertain. Two
opposing mechanistic hypotheses have been postulated to explain the covariation of
depression and inflammation. One hypothesis postulates a pathway of cytokine-induced
depression. An alternate hypothesis suggests that depression dysregulates immune system
pathways in ways that promote inflammation. If inflammation leads to depression, then
variation in inflammatory genes, which are known to be associated with levels of the
inflammatory biomarker, might also predict depressive symptoms. This we did not see in the
present study, and would not be expected if instead depression leads to inflammation. If
anything, one might expect that depressive symptoms, acting as a stimulus for inflammatory
response might interact with genetic variation to predict the inflammatory marker.
Moreover, this pattern is consistent with the finding here, though the cross-sectional nature
of these data precludes any causal interpretation. Thus, while genetics may explain some of
the relationship between depression and inflammation, a longitudinal design is best suited to
study the temporal relationship between depression and inflammation. A regression model
such as one we have used can only indicate a statistical association between variables at a
given time point and for our analysis such an association would not provide direct evidence
of a pathway from inflammation to depression, since both are complex multigenic outcomes.

The interaction between depression and haplotype H3 that we have observed indicates that
depressive symptoms covary positively with CRP levels among carriers of the H3 haplotype,
but not in its absence. These relationships were independent of demographic and lifestyle
health risk factors, including age, sex, years of education, smoking, and statin use. An
examination of this statistical interaction, as illustrated in Figure 1, indicates that the lower
CRP level otherwise attributable to Haplotype H3 is mitigated at higher levels of depressive
symptoms, though it remains unclear how depression or its behavioral, neuroendocrine or
other physiologic correlates might preferentially augment CRP production in H3 carriers.
Overall, these results suggest that the association of depressive symptomatology with
circulating CRP levels, which has been observed inconsistently in previous studies
(Bremmer et al., 2008;Hemingway et al., 2003;Janszky et al., 2005;Ladwig et al.
2003;Schins et al., 2005;Whooley et al., 2007), may be moderated partly by variation in the
CRP gene.

It is also possible that inconsistencies across previous studies reflect differences in sample
characteristics. In the current study, we found no overall association of depressive
symptomatology with CRP levels among relatively-healthy mid-life adults. It is possible that
our participants are younger and healthier than in previous studies that showed a positive
association of depressive symptoms with circulating CRP levels across all subjects (Kop et
al., 2002; Lesperance et al., 2004; Liukkonen et al., 2006; Penninx et al., 2003; Vaccarino et
al., 2007). Depressive symptomatology was also generally lower in the current sample than
in prior studies, with mean CESD scores of 7.4 and only 12% of individuals having

Brain Behav Immun. Author manuscript; available in PMC 2011 April 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Halder et al.

Page 10

clinically relevant CESD score (= 16) (Beekman et al., 1997). Further, subjects with
clinically meaningful CESD scores did not vary significantly in age, gender, education,
smoking status and statin use from those with lower CESD scores. Only BMI was slightly,
but significantly higher in subjects with CESD scores > 16 (Mean BMI 27 vs. 26),
suggesting that BMI may influence any observed association. As our subsequent analyses
have shown, BMI does partially mediate the haplotype-dependent association of depressive
symptomatology with circulating CRP. In sum, our findings suggest that stronger and more
consistent associations between depression and levels of CRP may be found if CRP-related
genetic variation is considered.

The current study also contributes to an understanding of the role of BMI in relationships
between genetic variation, depressive symptoms, and levels of CRP. Consistent with the
extant literature, we found positive associations of BMI with circulating levels of CRP
(Visser et al., 1999, Ford et al., 2001, Williams et al., 2004, Panagiotakos et al., 2005) and
depression (Goodman et al., 2002, Herva et al., 2006, Simon et al., 2006, de Wit et al., 2009,
Zhao et al., 2009). Furthermore, BMI partially accounted for associations between
depression and CRP observed among haplotype H3 carriers. Even after adjustment for BMI,
however, we still observed residual interaction of H3 haplotype with CESD scores. This
pattern is consistent with a recent meta analysis finding that BMI contributes to the variance
in CRP associated with symptoms of depression, but does not fully account for this
relationship (Howren et al., 2009). The current results suggest that genetic variation at the
CRP locus contributes to associations between depression and CRP by pathways both
related and unrelated to BMI. However, the study design and findings do not clarify the
temporal relationship between depression and inflammation.

Although previous studies of CRP — related genetic variation and circulating CRP levels
have examined the moderating effects of age, gender, race, medication use, socioeconomic
status and the metabolic health of individuals, we believe ours' is the first to consider
potential interaction with a psychological variable. Of course, the cross sectional nature of
the current study precludes causal interpretation. It is possible that depression is associated
with activation of multiple physiological and/or behavioral pathways that influence immune
function among vulnerable individuals. Alternatively, higher levels of systemic
inflammation may differentially affect the central nervous system among A-G-T haplotype
carriers. In this regard, a growing literature supports immune-to-brain communication, with
activation of peripheral inflammatory processes influencing neural activity involved in the
regulation of affect (Maier and Watkins, 1998), raising the possibility that systemic
inflammation results in increased symptoms of depression.

The SNPs genotyped here are all identified in HapMap as tag SNPs in European Americans,
marking variations within a linked chromosomal segment. It is likely that these segments
harbor other functional variants that influence CRP levels. By using tag SNPs, we aimed to
extend our examination of specific loci to a much larger segment of the gene. The loci
studied here are either functional [e.g. rs1205 (Miller et al., 2005; Crawford et al., 2006)] or
are closely associated with other functional loci in the gene. For instance, the SNP
rs1417983 is in strong LD with a promoter SNP, rs301244, which is known to regulate CRP
production by modulating transcription factor binding (Miller et al., 2005). Most
importantly, although we used tag SNPs, which themselves are markers for larger
chromosomal segments, we also generated three-locus haplotypes in order to identify the
combination of tag SNP alleles present on each chromosome. Since parental genotypes were
not available, subjects’ haplotypes were inferred probabilistically and are thus subject to
computational bias. Hence, we restricted our analyses to those haplotypes for which
confidence levels were >95%.
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The STRUCTURE analyses did not identify subpopulations within the sample, which we
interpreted as evidence of absence of potential confounding by population substructure.
Empirical evidence suggests that genetic stratification is far less common in populations of
European ancestry, relative to African American or Hispanic populations. Although recent
reports indicate that genetic stratification may not be entirely absent in populations of
primarily European ancestry (Douglas et al., 2004; Lesperance et al., 2004), so far only one
phenotype, height, has been shown to covary with ancestry within continental Europe
(Campbell et al., 2005) and it is as yet unclear to what extent differences in genetic ancestry
may influence candidate gene association studies in European Americans.

Limiting our analysis to individuals of European-American descent, however, also limits the
generalizability of our findings to non-European American populations. Given evidence that
circulating levels of CRP are higher in African Americans than European Americans
(Carlson et al., 2005; Lange et al., 2006), further research is warranted, using African
American samples implementing appropriate controls for genetic admixture using ancestry
informative markers (e.g. Halder et al., 2003, 2008)

Despite these limitations, our findings provide initial evidence that CRP-related genetic
variation moderates an association of depressive symptomatology with circulating levels of
CRP, a marker of inflammation thought to play a role in the pathogenesis of cardiovascular
and other inflammatory diseases. In the future, longitudinal investigations will be needed to
determine whether depression and the A-G-T CRP haplotype interact similarly in the
chronic regulation of CRP levels and to better elucidate how depression may shape the
physical health of individuals.
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Figure 1.

Interaction of depressive symptomatology and haplotype H3 status predicts circulating CRP,
after adjustment for age, gender, education, smoking status and statin use. Log-transformed
CESD scores, which were used as predictor in the regression model, are represented on the
X-axis, along with a corresponding scale of untransformed CESD scores shown at the
bottom (for comparison purposes). The Y-axis displays log transformed circulating CRP
levels on the left axis. For reference, comparison values of CRP, back-transformed to the
unit of CRP measurement (ug/ml), are presented on the right ordinate. Solid line represents
significant association between depression and circulating CRP in haplotype H3 carriers (P
= 0.004). Broken line represents association between depressive symptoms and circulating
CRP in non-carriers of haplotype H3 (P = 0.376).
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Sample Characteristics (mean and standard deviations) and bivariate correlations

Table 1

Mean (SD) CRP CESD
r r
Age (years) 44.8 (6.7) -0.047 -0.087
# Gender (%Female) 50 0.034*  .0.082"
BMI (kg/m?) 2711(5:2) 044 0095
#o5 using statins >1 -0.015%# 0043
#o current smoker 16 0.009% 0.056
Years in School 159 (2.8) .0.088™* -0.055
Range 6-24
CRP (ug/ml) 1.6 (1.8) 0.051
Range 0.2-9.9
CESD 7.4 (1.5) 0.051
Range 0-42

Correlation Coefficients are shown.

P <0.05

*:

*
P<0.01

#oooo .
Point biserial correlations
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BMI: Body Mass Index. Gender coded as 1 = Male, 2 = Female, Smoking status (0 = not current smokers, 1 = current smokers), Statin Use (0 = not

using statins, 1 = currently using statins); correlations were conducted on log transformed CRP and CESD variables.
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Table 2

Observed CRP Haplotypes and circulating CRP levels associated with each haplotype

Haplotype Sequence PHASE EHAP Mean CRP
Frequency Frequency (ug/ml)

H1 A-G-C 0.36 0.43 1.7

H2 T-G-C 0.31 0.31 1.8

H3 A-G-T 0.27 0.2 15

H4 A-C-T 0.06 0.06 1.6

Order of SNPs: rs1417938 (A>T); rs1800947 (G>C); rs1205 (C>T)

Page 18

PHASE Frequency = Frequency of haplotypes obtained with PHASE and represents proportion of individuals who carry at least one copy of a
specific haplotype to the total number of haplotypes in all subjects.

EHAP Frequency = Haplotype Frequencies obtained with EHAP program and represents Mean CRP values (not adjusted for covariates) for each

haplotype group is shown.
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