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Abstract

Background—Exposure to adverse social factors has been associated with an altered 

inflammatory profile, a risk factor for several acute and chronic diseases. Differential gene 

expression may be a biological mediator in the relationship. In this study, associations between a 

range of social factors and expression of inflammation-related genes were investigated.

Methods—Social factor and gene expression data were collected from 1,264 individuals in the 

Multi-Ethnic Study of Atherosclerosis (MESA). Inflammation-related genes were identified from 

the Gene Ontology database. The associations between social factors and gene expression were 

first assessed using the Global Analysis of Covariance (Global ANCOVA) gene set enrichment 

test. When the global test was significant, linear regression and elastic net penalized regression 
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tests were employed to identify the individual gene transcripts within each gene set associated 

with the social factor.

Results—Loneliness (p=0.003), chronic burden (p=0.002), and major or lifetime discrimination 

(p=0.045) were significantly associated with global expression of the chronic inflammatory gene 

set. Of the 20 transcripts that comprise this gene set, elastic net selected 12 transcripts for 

loneliness, 8 for chronic burden, and 3 for major or lifetime discrimination. Major or lifetime 

discrimination was also associated with the inflammatory response (p=0.029), regulation of the 

inflammatory response (p=0.041), and immune response (p=0.025) gene sets in global analyses, 

and 53, 136, and 26 transcripts were selected via elastic net for these gene sets respectively. There 

were no significant associations in linear regression analyses after adjustment for multiple testing.

Conclusions—This study highlights gene expression as a biological mechanism through which 

social factors may affect inflammation.

Introduction

Epidemiologic evidence suggests that low-grade chronic inflammation is a risk factor for 

many common diseases. Of the 10 leading causes of death, there is evidence that 

inflammation is associated with eight (i.e. cardiovascular disease, cancer, chronic lower 

respiratory diseases, stroke, Alzheimer’s disease, diabetes, kidney disease, and influenza and 

pneumonia) (Bertoni et al., 2010; FastStats - Deaths and Mortality, n.d.; Grivennikov, 

Greten, & Karin, 2010; Kaptoge et al., 2010; Monadi et al., 2016; Racanelli, Kikkers, Choi, 

& Cloonan, 2018; Rubio-Perez & Morillas-Ruiz, 2012). For example, prior studies have 

found that people with high levels of the inflammatory biomarker C-reactive protein (CRP) 

have 1.6 times the risk of ischemic heart disease and 1.3 times the risk of cerebrovascular 

disease compared to those with low levels (Zacho et al., 2008). An elevated CRP level is 

also associated with increased risk of mortality (Marsik et al., 2008; Ridker, 2007). 

Understanding the factors that affect inflammation and the processes by which inflammation 

leads to disease will be important for reducing overall disease burden.

Exposure to adverse social factors may alter inflammation in a manner that affects disease 

risk. However, the current understanding of the biological mechanisms through which social 

factors “get under the skin” to affect inflammatory processes has been limited. Altered gene 

expression patterning has been proposed as a potential mechanism. For example, Cole and 

colleagues report differential expression of 144 genes by loneliness status with an 

overrepresentation of proinflammatory genes (Steve W Cole et al., 2007). Subsequent 

studies have found associations between low socioeconomic status (Powell et al., 2013), 

caregiver stress (Miller et al., 2008), well-being (Fredrickson et al., 2013), positive vs. 

negative affect (Antoni et al., 2012), and grief (O’Connor, Schultze-Florey, Irwin, Arevalo, 

& Cole, 2014) with altered expression of inflammatory genes. Prior work in human social 

genomics suggests that exposure to adverse social factors has a consistent response on the 

genome (i.e. conserved transcriptional response to adversity). However, since most of the 

previous studies analyzed only one or very related social factors (e.g. complicated vs non-

complicated grief) at a time and used varying methods and data sources, cross-study 

comparisons are currently difficult.
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Although these previous studies are promising, they suffer from two important limitations 

that present the need for subsequent investigation. Most notably, the ability to detect 

differential expression is limited by small sample sizes. This heightens the concern for 

having adequate power to detect significant associations. Indeed, previous work suggests 

that human social genomics studies are prone to Type II error leading to an under detection 

of significant associations (Steve W. Cole, 2010a). A second limitation of many previous 

studies is the use of peripheral blood mononuclear cells (PBMCs) in evaluating gene 

expression. PBMCs are a combination of different types of blood cells with a round nucleus 

(e.g. T cells, B cells, natural killer cells, monocytes, and macrophages), each with different 

gene expression patterns (Kleiveland & Kleiveland, 2015). Since gene expression patterning 

is cell type specific, potential significant associations in one cell type may be muted by the 

presence of cell types with null associations. These limitations present the need for deeper 

research.

In this study, we investigate whether seven social factors are each associated with immune 

response genes with a focus on genes involved in the inflammatory response. Loneliness was 

selected as a social factor because it was previously assessed in the seminal paper of human 

social genomics research by Cole et. al and has been associated with inflammation in several 

studies (Steve W Cole et al., 2007; Hänsel, Hong, Cámara, & von Känel, 2010). 

Socioeconomic status (in adulthood and childhood) was selected because it is considered a 

fundamental cause of health and is a consistent predictor of health outcomes (Link & 

Phelan, 1995). Stress and chronic burden were selected as general measures that capture 

adverse experiences in several domains (S Cohen, Kamarck, & Mermelstein, 1983; Pilkonis, 

Imber, & Rubinsky, 1985). Social support was selected because it an important buffer to the 

effects of stress (Sheldon Cohen & Wills, 1985; Ozbay et al., 2007). Discrimination was 

selected because it is an understudied social factor that has been associated with altered HPA 

axis activity and levels on inflammatory proteins (Busse, Yim, Campos, & Marshburn, 2017; 

Kershaw et al., 2016). By analyzing a variety of social factors in one study while using a 

consistent methodology and study sample, we are able to assess whether different social 

factors associate with expression of the same genes.

As the field of human social genomics is relatively new, there is currently no gold standard 

statistical approach. We use a multi-faceted approach that accounts for the high-dimensional, 

correlated nature of gene expression data. We also address important limitations of previous 

human social genomics studies in regards to power and differing cell types. The concern for 

power is addressed in the present study by using a large cohort (n=1,264). We address the 

concern presented by using multiple cell types by using solely monocytes, an important cell 

of the inflammatory response. Prior work indicates that among PBMCs, the expression 

patterns in monocytes are among the most sensitive to social factor exposures making 

monocytes a prime cell type for the current analysis (Steven W Cole, Hawkley, Arevalo, & 

Cacioppo, 2011).
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Methods and Materials

Study sample

The Multi-Ethnic Study of Atherosclerosis (MESA) was designed to investigate risk factors 

for the development and progression of subclinical cardiovascular disease (Bild et al., 2002). 

The baseline cohort was recruited between 2000 and 2002. The cohort was comprised of 

6,814 adults aged 45-84 who self-identified as non-Hispanic Black, Chinese-American, non-

Hispanic White, or Hispanic and were free from clinical cardiovascular disease. Six exams 

have been completed. Each exam has consisted of a clinic visit where questionnaires on 

demographic, psychosocial, and lifestyle factors were administered, and physical 

assessments including the blood draw needed for genetic analyses were conducted. Gene 

expression was assessed solely in Exam 5 on a random sample of 1,264 individuals from 

four of the MESA study sites (i.e. Baltimore, Maryland; New York, New York; St. Paul, 

Minnesota; and Forsyth County, North Carolina) (Liu et al., 2013). These individuals make 

up the study sample for the current study.

Social Factors

Social factor data used in the current analyses were collected throughout the first five MESA 

exams (Table 1). The socioeconomic variables were dichotomized in the analyses. A 

participant was considered to have a high adult SES if he or she had achieved a college 

degree or higher and a high childhood SES if either parent had achieved a high school 

degree or higher. The psychosocial variables were assessed using measures with Likert scale 

responses. Summary scores for each factor were calculated by summing across items. Some 

items were reverse coded such that a higher value of the score indicated higher exposure for 

all social factors.

Gene expression

Gene expression was assessed from purified monocytes of 1,264 participants in MESA 

Exam 5 using the Illumina HumanHT-12 v4 Expression BeadChip. Detailed methods have 

been previously described (Liu et al., 2013). The chip has probes for 47,231 transcripts 

(~31,000 genes) across the genome. To avoid biases due to batch, chip, or position, a 

stratified random sampling technique was used. Several preprocessing and quality control 

steps were conducted for accurate quantification of the gene expression data. Local 

background was corrected for using Illumina’s proprietary software Genome Studio. The 

following preprocessing steps were conducted using Bioconductor packages in R: a bead-

type summarization was produced for each transcript using the beadarray package (Dunning, 

Smith, Ritchie, & Tavaré, 2007), negative controls on the array were used to compute the 

detection p-value, and the limma package was used for background correction, quantile 

normalization, log2 transformation, and removal of control probes (Smyth, Michaud, & 

Scott, 2005). Quality control criteria for elimination of a transcript included: ‘detected’ 

expression levels in <10% of MESA samples (detection p-value cut-off=0.01), probes that 

contain a SNP, probes with low variance across samples (<10th percentile), and probes that 

overlap with non-unique regions.
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Gene Set Generation

Gene sets were developed based on four inflammation related biological processes derived 

from the Gene Ontology database: chronic inflammatory response (GO:0002544), 

inflammatory response (GO:0006964), regulation of inflammatory response (GO:0050727), 

and the immune response (GO:0006955). The lists of genes included in each investigated 

biological process are given in Supplementary Table 1. Selected gene sets only included 

genes that were represented on the Illumina HumanHT-12 v4 Expression BeadChip used in 

the MESA study. For cases where a gene matched to more than one transcript, we included 

all transcripts in the analyses. The final gene sets consisted of 20 gene transcripts for chronic 

inflammation, 438 for the inflammatory response, 1251 for the immune response, and 192 

for regulation of the inflammatory response. There were some overlapping gene transcripts 

among the four categories (Supplementary Table 2).

Statistical Analyses:

To statistically test the association between the social factors and gene expression, we 

employed three complementary methodological approaches. Previous human genomics 

studies suggest that replicating individual genes may be difficult, and it may be more 

successful to evaluate the social sensitivity of a set of genes related to a biological process 

(Steve W. Cole, 2010b; Fredrickson et al., 2013). Biologically, gene expression is highly 

correlated and acting in concert, so a multivariate joint model is an appropriate 

characterization of pathway effects. First, we assessed the association between each of the 

seven social factors individually with each of the four gene sets using a global analysis 

(Global ANCOVA) for a total of 28 independent tests. The Global ANCOVA is a self-

contained gene set enrichment analysis that has the null hypothesis that no gene in a set of 

genes is associated with a given exposure. This method is described in detail in Hummel 

2008 (Hummel, Meister, & Mansmann, 2008). Starting with the Global ANCOVA test 

reduces the total number of tests needed and lessens the concern for multiple testing. 

Further, by using the permutation based approximation of the F distribution in the Global 

ANCOVA test, we accounted for the gene expressions being neither independent nor 

homoscedastic (Hummel et al., 2008).

For associations significant in Global ANCOVA analyses, two methods (i.e. linear regression 

and elastic net) were used to identify individual genes associated with the social factor. 

Using an ordinary least squares (OLS) approach, linear regression analyses provide an 

estimate (beta) of the expected change in gene expression by each increased unit of the 

social factor. Linear regression was used as it is a familiar, easy to interpret test and is 

similar to analytic approaches used in previous studies. However, despite being common 

practice, OLS estimates can have inflated variance and become unstable with a large number 

of correlated predictors. Single site analysis, such as this linear regression approach, has low 

power to identify the key gene transcripts after adjustment for multiple testing even when 

false discovery rate correction for correlated data is used. Elastic net, a multivariate 

penalized regression technique, introduces bias but reduces variance to have better 

prediction and mean squared error properties (Zou & Hastie, 2005). It is used to regularize 

the estimation by incorporating selection and shrinkage and handle correlated predictors by 

minimizing the residual sum of squares subject to a bound on the L1 and L2 penalties of the 
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coefficients. The L1 penalty lends it the properties of LASSO using variable selection and 

the L2 penalty handles the correlation across predictors akin to ridge regression. In the 

present analyses, the L1 and L2 penalties were equally weighted and the tuning parameter 

was optimally chosen using cross validation. These analyses were conducted using the 

‘glmnet’ package in R. Detailed methods of the elastic net are given in Zou and Hastie 2005 

(Zou & Hastie, 2005).

Results

In the sample of 1,264 MESA participants with available gene expression data, the mean age 

was 69.6 years and 51% of the sample was female (Table 2). Three racial/ethnic groups were 

represented (Hispanic, non-Hispanic Black, and non-Hispanic White). For the 

socioeconomic variables, 33% of the total sample had finished a level of schooling equal to a 

college degree or higher, and slightly over half of the sample (56%) had either a mother or 

father achieve at least a high school degree. There were not significant racial/ethnic 

differences in the psychosocial factors except for major or lifetime discrimination (p<0.001). 

Tukey’s honest significance test indicated that non-Hispanic Black participants reported 

experiencing a higher level of discrimination than non-Hispanic Whites (p<0.001) or 

Hispanics (p<0.001) (Tukey, 1949). There was not a significant difference between non-

Hispanic Whites and Hispanics (p=0.16).

Gene set enrichment analyses

For each of the seven social factors, we first conducted Global ANCOVA tests for each gene 

set (i.e. chronic inflammation, inflammatory response, immune response, and regulation of 

inflammatory response). Three social factors (loneliness, discrimination, chronic burden) 

were significantly associated with the chronic inflammation gene set at p<0.05 and an 

additional two factors (perceived stress and social support) were marginally significant at 

p<0.10 (Table 3). Major or lifetime discrimination was also significantly associated with the 

other three gene sets (i.e. inflammatory response, immune response, regulation of 

inflammatory response) at p<0.05.

Multivariable linear regression

Multivariable linear regression analyses were conducted assessing the associations between 

the three social factors significant in Global ANCOVA analyses (i.e. loneliness, major or 

lifetime discrimination, and chronic burden) with each of the 20 individual transcripts of the 

chronic inflammation gene set (3×20=60 tests). Although none of the linear regression 

associations persisted after FDR multiple testing adjustment, at p<0.05 we found significant 

associations between loneliness with 5 gene transcripts and major or lifetime discrimination 

with 4 gene transcripts (Table 4, Supplementary Table 3). Three of these transcripts 

(corresponding to two unique genes: CX3CR1 and VNN1) overlapped between the two 

social factors. Despite significant Global ANCOVA results for chronic burden with the 

chronic inflammation gene set, linear regression analyses of individual genes did not 

identify significant associations with any of the 20 transcripts in the gene set at p<0.05.
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Since there were significant findings for major or lifetime discrimination and each of the 

other three gene sets in Global ANCOVA analyses, we also examined the regression 

relationships between major or lifetime discrimination and each of the 438 gene transcripts 

of the inflammatory response, 1251 gene transcripts of the immune response, and 192 gene 

transcripts of the regulation of the inflammatory response. For the inflammatory response, 

immune response, and regulation of the inflammatory response, we found 12%, 11%, and 

13.5% of investigated transcripts to be significant at p<0.05 respectively (Supplementary 

Table 3). None of the associations were significant after multiple testing adjustment.

Elastic Net

Elastic net regression was also used to identify the gene transcripts associated with the social 

factors significant in Global ANCOVA analyses (i.e. loneliness, major or lifetime 

discrimination, and chronic burden). The number of transcripts selected via elastic net 

ranged from 3-42 depending upon the social factor and gene set (Table 4). The greatest 

number of transcripts was selected for discrimination with the immune response gene set, 

the gene set with the largest number of transcripts (1251). The greatest proportion of 

transcripts was selected for loneliness with the chronic inflammation gene set (12/20=0.60). 

The number of transcripts selected for each social factor and gene set pair is presented in 

Table 4, and the list of transcripts with corresponding gene names is available in 

Supplementary Table 4.

Overlap between linear regression and elastic net penalized regression findings

We used two complementary methods (i.e. multivariable linear regression and elastic net 

penalized regression) to identify the transcripts driving the significant association from the 

global analyses and assessed the overlap between these findings. The results indicate that 

transcripts that were selected via elastic net analyses were also likely to be significant at 

p<0.05 in linear regression analyses. In total, of the 53 unique gene transcripts that were 

selected in elastic net, 43 (81%) were also found to be significant in linear regression 

analyses at p<0.05 (Table 4).

Discussion

In this study, we take a multi-faceted statistical approach to investigate the association 

between a range of social factors with expression of immune system genes, with a particular 

focus on genes involved in the inflammatory response. By examining multiple social factors 

in one study, we were able to investigate whether different social factors associate with 

expression of the same genes. Interestingly, we found that some social factors (i.e. 

loneliness, chronic burden, discrimination) but not others (i.e. perceived stress, social 

support, adult and childhood SES) were associated with candidate gene sets in global 

analyses. Further, for social factors that were significant in global analyses, individual gene 

analyses indicate that there was substantial overlap in the implicated genes.

The finding that loneliness was significantly associated with chronic inflammation in global 

analysis is consistent with the literature. Loneliness is a psychosocial stressor characterized 

by a subjective stressful feeling due to unmet needs of social connection (Alspach, 2013). It 
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has been found to associate with several chronic diseases (e.g. coronary heart disease, 

stroke) for which chronic inflammation is a known risk factor (Hawkley & Cacioppo, 2010; 

Valtorta, Kanaan, Gilbody, Ronzi, & Hanratty, n.d.). While there have been several studies 

investigating the relationship between loneliness and inflammation at a protein level 

(Hackett, Hamer, Endrighi, Brydon, & Steptoe, 2012; Jaremka et al., 2013; Mezuk et al., 

2016), studies on loneliness and gene expression have been limited. The small, extant 

literature suggests that loneliness does associate with biological functioning at the gene 

level, and the patterns may be altered by behavioral treatments (Steve W. Cole, 2008; Steve 

W Cole et al., 2007; Steven W. Cole et al., 2015; Steven W Cole et al., 2015; Creswell et al., 

2012).

To identify which individual gene transcripts in the chronic inflammatory gene set were 

significantly associated with loneliness, we followed up the global test with linear regression 

and elastic net penalized regression analyses. In linear regression analyses, we found 5 of the 

20 transcripts to be significantly associated with loneliness at p<0.05. However, none were 

statistically significant after false discovery rate multiple testing correction. Four of these 5 

transcripts were among the 12 transcripts selected in elastic net, suggesting that a 

relationship may exist between loneliness and expression of these transcripts which the 

linear regression approach may have been ill powered to adequately detect. The 12 

transcripts selected via elastic net correspond to 12 unique genes (IDO1, VNN1, THBS1, 
CAMP, IL1RN, CEBPB, ADORA2B, UNC13D, IL1B, LTA, CX3CR1, CCL5). These genes 

have a range of functions in the chronic inflammatory biological process. For example, 

CX3CR1 plays a role in leukocyte adhesion and migration, IL1B produces a protein product 

that is involved in cell proliferation, differentiation, and apoptosis, and THBS1 is a 

glycoprotein mediator of cell-to-cell and cell-to-matrix interactions (“GeneCards - Human 

Genes | Gene Database | Gene Search,” n.d.). The present study builds upon the existing 

literature by providing evidence of associations between loneliness and gene expression in 

chronic inflammatory response genes while addressing some of the important limitations of 

previous work (e.g. small sample size, differing cell types).

Chronic burden has also previously been associated with altered immune functioning 

including inflammation (Sheldon Cohen et al., 2012; Ranjit et al., 2007). This relationship is 

hypothesized to act directly through the hypothalamic-pituitary-adrenal axis (HPA) and 

sympathetic-adrenal-medullary (SAM) system or indirectly through risk behaviors (Sheldon 

Cohen, Janicki-Deverts, & Miller, 2007; Ranjit et al., 2007; Tian, Hou, Li, & Yuan, 2014). In 

the MESA cohort, chronic burden has been found to significantly associate with the 

inflammatory proteins IL-6 and CRP (Ranjit et al., 2007). In the present study, we followed 

up the global analyses with linear regression and elastic net to identify which genes 

specifically were associated with chronic burden. Although no gene transcripts were 

significant in linear regression analyses at p<0.05, 8 transcripts were selected in elastic net 

corresponding to 8 unique genes (VNN1, THBS1, IL1RN, ADORA2B, LTA, CX3CR1, 
CCL5, IDO1). All 8 of these genes were also selected in the elastic net analyses assessing 

the association between loneliness and chronic inflammatory genes.

In global analyses, major or lifetime discrimination was the only measure that yielded 

significant findings across all four biological processes investigated (i.e. chronic 
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inflammation, inflammatory response, immune response, and regulation of inflammatory 

processes). Discrimination, characterized by differential treatment of certain groups, has 

been associated with increased risk of morbidity and mortality (David R Williams & 

Mohammed, 2009). In the MESA cohort, there has been mixed findings on the relationship 

between discrimination and inflammation at the protein level. A study by Kershaw (2016) 

found discrimination to be significantly associated with the inflammatory biomarker IL-6, 

but interestingly no significant association was detected for CRP (Kershaw et al., 2016). 

These findings were influenced by sex and body mass index. Although the genes encoding 

CRP and IL-6 were not part of the chronic inflammatory gene set, we were able to provide 

evidence that discrimination is associated with chronic inflammatory processes at a gene 

level in global analyses. In linear regression analyses, four transcripts were significant at 

p<0.05, but like the relationships for loneliness and chronic burden, there were no significant 

associations after multiple testing adjustment. Three transcripts were selected via elastic net 

(CX3CR1, VNN1, CHAMP1) all of which were significant at p<0.05 in linear regression 

analyses. Two of these three genes (i.e. CX3CR1, VNN1) were also selected in elastic net 

analyses for both loneliness and chronic burden.

It is notable that there was substantial overlap in the elastic net findings for the three social 

factors that were significant in Global ANCOVA analyses (i.e. loneliness, chronic burden, 

discrimination). All 8 genes that were selected for chronic burden in the chronic 

inflammatory gene set in elastic net analyses were also selected in the loneliness analyses. 

Similarly, out of the 3 transcripts selected for discrimination in the chronic inflammatory 

gene set, 2 were selected in the chronic burden and loneliness analyses. All in all, there were 

differences in which social factors were significantly associated with gene expression in 

global analyses, but when selected, the social factors tended to be associated with the same 

genes.

This study has notable strengths that contribute to the human social genomics literature and 

provide a basis for future research. One strength of the current study is the sample size of 

1,264 participants. Similar studies have been limited by very small sample sizes (Antoni et 

al., 2012; Steve W Cole et al., 2007; Steven W Cole et al., 2012; Fredrickson et al., 2013; 

Kiecolt-Glaser et al., 2005; Miller et al., 2008; O’Connor et al., 2014; Powell et al., 2013; 

Vedhara et al., 2015). The use of the MESA cohort makes the present study one of the 

largest human social genomics studies. A larger sample size enhances the power to detect 

significant associations. Secondly, gene expression was measured in monocytes in MESA. 

Since gene expression is cell type specific, it is important to have it measured in a cell type 

that is known to play a role in inflammation. Monocytes are phagocytic leukocytes of the 

innate immune response, and evidence suggests that even among the various types of white 

blood cells that are part of the inflammatory response, monocytes, along with dendritic cells, 

are most susceptible to changes in gene expression with exposure to an adverse social 

environment (Steven W Cole et al., 2011). Third, this study examined associations between 

multiple social factors and gene expression on the same study sample whereas most previous 

studies have investigated associations between one social factor with gene expression 

patterning at a time. Examining multiple social factors simultaneously helps to provide 

insight as to which factors associate with gene expression patterning and whether such 

associations affect the same genes. This provides great opportunity for future research as we 
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seek to better categorize how the social environment affects gene expression. Fourth, this 

study also helps to move the field of human social genomics forward by the employment of 

three complementary methodological approaches. The methods were selected to minimize 

the total number of tests and account for the correlated nature of gene expression data. 

Employing these multiple approaches using the MESA data has helped to provide important 

insight into understanding the associations between social factors and inflammatory gene 

expression and can be used as a basis for future research.

Like all studies, we acknowledge that there are some limitations to this study. Most notably, 

we did not have a replication sample to verify the associations between the implicated social 

factors and gene expression. Replication reduces the concern for Type 1 error. Prior work 

suggests that replication studies are needed to identify significant, consistent associations 

between social factors and gene expression patterning (Brown et al., 2019). Secondly, given 

that the Global ANCOVA test is designed to assess whether any gene transcript is associated 

with the exposure, the finding that loneliness and chronic burden were associated with the 

chronic inflammation gene set but not the other gene sets was unexpected since there was 

substantial overlap of gene transcripts between gene sets. It is likely that this is in part due to 

the common signal-to-noise ratio issue inherent to microarray studies (Subramanian et al., 

2005). With only 20 transcripts and a more focused biological process with stronger cross-

correlation, we would expect the chronic inflammatory gene set to be less susceptible to this 

issue compared to the other three investigated biological processes. More sensitive gene 

expression technologies (e.g. RNA-seq) may be useful in overcoming this limitation in 

future studies (Zhao, Fung-Leung, Bittner, Ngo, & Liu, 2014). Thirdly, the social factors, 

gene expression, and covariates were collected at different time points throughout the MESA 

exams. Because gene expression values can be transient across time, the expression 

measures in Exam 5 may be different from the prior exams when most of the social factors 

were measured. Also, the time invariance of social factors as well as the lags with which 

social factors may affect gene expression may vary depending on the social factor in 

question. Thus, future work should incorporate longitudinal time varying measures of both 

social factors and gene expression. Fourthly, we did not specifically investigate potential 

mediators (e.g. body mass index, smoking, current disease states). Future studies could 

consider exploring the potential mediating pathways through which social factors associate 

with gene expression. Lastly, it is possible that a low level of exposure to the investigated 

social factors and a small amount of variation in social factor scores in the MESA study 

sample may have inhibited the ability to detect some associations. However, even with small 

variation in the scores of the social factors, some significant associations were detected. 

Future research using samples with a greater range of social factor responses could be useful 

in detecting more subtle associations.

Overall, this study provides evidence that expression of inflammation-related genes may be 

influenced by social factors. To identify the most salient social factors, future research 

should replicate these tests in diverse study samples and assess how the characteristics of 

social factors (e.g. chronicity, perceived impact) affect association with differential gene 

expression patterns. Subsequent studies should also identify the downstream biological 

effects of gene expression differences including its association with proteomic and 

metabolomic profiles and overall disease risk. Better understanding of the mechanisms 
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through which social factors act biologically will enable the development of more precise 

prevention and treatment approaches.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1.

Social factors assessed in the present study

Social factor Measurement in the MESA study (# items, if applicable) Exam Collected

Adult Socioeconomic Status Highest level of education 1

Childhood Socioeconomic Status Highest level of education for either parent 2

Loneliness Scale adapted from the UCLA Loneliness Scale, 3 items (Russell, Peplau, & 
Cutrona, 1980)

4

Perceived Stress Perceived Stress Scale, 4 items (S Cohen et al., 1983; Sheldon Cohen & Williamson, 
1988)

5

Chronic Burden Chronic Burden Scale, 5 items (Pilkonis et al., 1985) 3

Major or Lifetime Discrimination Scale adapted from the Detroit Area Study, 6 items (D. R. Williams, Yan Yu, 
Jackson, & Anderson, 1997)

1

Social Support Scale adapted from the MIDUS study, 4 items (Yang, Schorpp, & Harris, 2014) 4

Covariates (age, sex, and race/
ethnicity)

Self-reported 1
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Table 2.

Characteristics of the MESA Study Sample with Gene Expression Data

Total sample (n=1264) Non-Hispanic Black 
(n=272)

Hispanics (n=402) Non-Hispanic White 
(n=590)

Demographics

Age mean (SD) 69.6 (9.4) 69.6 (9.0) 68.4 (9.3) 70.2 (9.5)

Sex (% female) 51% 60% 50% 48%

Study Site
(n,%)

Forsythe County, North Carolina 49 (4%) 1 (0.3%) 0 48 (40%)

New York, New York 424 (34%) 131 (48%) 209 (52%) 84 (14%)

Baltimore, Maryland 317 (25%) 140 (51%) 0 177 (30%)

Rochester, Minnesota 474 (38%) 0 193 (48%) 281 (48%)

Total 1264 (100%) 272 (100%) 402 (100%) 590 (100%)

Socioeconomic Status

High education- participant
a 33% 27% 13% 49%

High education- either parent
b 56% 55% 31% 71%

Psychosocial factors
Median, (Interquartile Range)

Loneliness 3 (3-5) 3 (3-4) 4 (3-5) 3 (3-5)

Major or Lifetime Discrimination 0 (0-1) 1 (0-2) 0 (0-1) 0 (0-1)

Chronic Burden 1 (0-2) 1 (0-2) 0 (0-2) 1 (0-2)

Perceived Stress 8 (5-10) 8 (5-10) 8 (5-10) 7 (6-10)

Social Support 9 (8-10) 9 (8-10) 9 (8-10) 9 (8-10)

a
High education for participant indicates an educational level of college or greater

b
High parental education indicates an educational level of high school or greater

Psychoneuroendocrinology. Author manuscript; available in PMC 2021 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Brown et al. Page 17

Table 3.

Global ANCOVA p-values for the Association between Social Environmental Factors and the Four Gene 

Ontology Biological Processes

Chronic Inflammation 

(k=20)
a

Inflammatory Response 

(k=438)
a

Immune Response 

(k=1251)
a

Regulation of Inflammatory 

Response (k=192)
a

Loneliness 0.003 0.229 0.227 0.173

Discrimination 0.045 0.029 0.041 0.025

Perceived Stress 0.092 0.123 0.179 0.181

Chronic Burden 0.002 0.188 0.135 0.312

Social Support 0.053 0.571 0.599 0.344

Adult SES 0.110 0.300 0.179 0.076

Childhood SES 0.403 0.548 0.506 0.467

a
k indicates the number of transcripts in the gene set
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Table 4.

Results from Linear Regression and Elastic Net Analyses

Exposure Gene Set # of transcripts 
significant at p<0.05 
in linear regression 
analyses

# transcripts 
selected via elastic 
net

Overlap between 
linear regression 
and elastic net 
findings

Loneliness
Chronic Inflammation (k=20)

a 5 12 4

Chronic Burden
Chronic Inflammation (k=20)

a 0 8 0

Discrimination
Chronic Inflammation (k=20)

a 4 3 3

Discrimination Inflammatory Response(k=438)a 53 17 17

Discrimination
Immune Response (k=1251)

a 136 42 36

Discrimination Regulation of the Inflammatory 

Response (k=192)
a

26 15 15

Overlap of total unique 
transcripts

Total: 1407 153 53 43

a
k indicates the number of transcripts in the gene set
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