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Abstract 
 

Background: Multiple studies show an association between inflammatory markers and major 

depressive disorder (MDD). People with chronic low-grade inflammation may be at an 

increased risk of MDD, often in the form of sickness behaviors. We hypothesized that 

inflammation is predictive of the severity and the course of a subset of MDD symptoms, 

especially symptoms that overlap with sickness behavior, such as anhedonia, anorexia, low 

concentration, low energy, loss of libido, psychomotor slowness, irritability, and malaise.  

Methods: We tested the association between basal and lipopolysaccharide (LPS)-induced 

inflammatory markers with individual MDD symptoms (measured using the Inventory of 

Depressive Symptomatology Self-Report) over a period of up to 9 years using multivariate-

adjusted mixed models in 1147 to 2872 Netherlands Study of Depression and Anxiety (NESDA) 

participants. 

Results: At baseline, participants were on average 42.2 years old, 66.5% were women, and 

53.9% had a current mood or anxiety disorder. We found that basal and LPS-stimulated 

inflammatory markers were more strongly associated with sickness behavior symptoms at up 

to 9-year follow up compared to non-sickness behavior symptoms of depression. However, 

we also found significant associations with some symptoms that are not typical of sickness 

behavior (e.g., sympathetic arousal among others).  

Conclusions: Inflammation was not related to depression as a unified syndrome but rather to 

the presence and the course of specific MDD symptoms, of which the majority were related 

to sickness behavior. Anti-inflammatory strategies should be tested in the subgroup of MDD 

patients who report depressive symptoms related to sickness behavior.  
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5.1 Introduction 
 

Inflammatory markers and depression have an intricate and complex relationship [1, 2]. 

Evidence from meta-analyzes suggests that depressed subjects have higher circulating 

concentrations of acute-phase proteins and pro-inflammatory cytokines compared to healthy 

subjects [3-8]. During an inflammatory response, the innate and adaptive immune systems 

are activated. Pro-inflammatory cytokines are produced by macrophages, monocytes, and 

other cells that stimulate the liver to produce acute-phase proteins. Chronically increased 

levels of peripheral blood interleukin (IL-6), tumor necrosis factor-alpha (TNF-α), and C-

reactive protein (CRP), all of which indicate low-grade inflammation, are often associated with 

depression [1]. Other studies, however, have not found significant associations [7, 8].  

Another approach to assess inflammation is to stimulating the immune cells and study the 

clinically important immune disturbances [9, 10]. After ex vivo induction of lipopolysaccharide 

(LPS: the cell membrane of Gram-negative bacteria that strongly induces immunological 

responses) in whole blood samples, a wide array of pro-inflammatory cytokines are released, 

which can be measured in the supernatant [9, 10]. Fewer studies exist on LPS-induced 

inflammation’s putative importance for depression [11-13]. Previous studies have found an 

association between LPS-stimulated inflammatory markers and depression. Sum scores of the 

Beck’s depression inventory (BDI) were associated with higher levels of inflammatory markers 

interleukin-1beta (IL-1β), tumor necrosis factor-alpha (TNF-α), and interleukin-8 (IL-8), after 

LPS induction in whole blood. Additionally, depressed men had higher monocyte 

chemoattractant protein-1 (MCP-1) levels, and depressed women had higher IL-1α levels [11, 

12]. In a previous cross-sectional analysis of the NESDA cohort, higher levels of LPS-induced 

inflammatory markers were found among patients with a remitted or current depression 

compared to healthy controls [13]. LPS-induced inflammatory markers were especially 

elevated among MDD patients with the DSM-5 anxious distress specifier [14]. Results 

remained statistically significant for LPS induced but not for basal levels of inflammatory 

markers, after adjusting for lifestyle and somatic health-related covariates ([13].  

Researchers have speculated on the existence of crosstalk between several inflammatory 

pathways and neurocircuits that may lead to sickness behavior [1, 15, 16]. Sickness behavior 

as a syndrome is still rather ill-defined and has varied across time, disciplines, and studies but 
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is generally regarded as an organized group of reward oriented behavioral and motivational 

changes that accompany inflammation and infections [1, 15, 17, 18]. Researchers have 

theorized that sickness behavior holds some evolutionary advantages and has protective 

mechanisms for the individual (e.g., recovery), because it preserves energy resources needed 

for healing infection or other diseases and may help prevent the transmission of its potential 

infectious agent [1, 18]. The causal chain may involve somatic triggers inducing an 

inflammatory response followed by sickness behavior. Sickness behavior in turn overlaps with 

and induces depression, with additional positive feedback loops between (neuro) 

inflammation and (neuro) degenerative processes [1, 16, 18]. Sickness behavior symptoms 

show a considerable overlap with depressive symptoms like anhedonia, anorexia, low 

concentration, low energy, low libido, psychomotor slowness, irritability; and researchers 

have hypothesized that depression is a maladaptive or exacerbated form of sickness behavior 

in some patients with chronic low-grade inflammation [15-20]. Besides their reward-

sensitivity related symptoms, recent studies suggest that also trauma- and anxiety-related 

symptoms are related to inflammatory markers, resulting in a mix of overlapping symptoms 

of mood, anxiety, and post-traumatic stress disorder [13, 21-23]. A causal pathway in which 

inflammation causes symptoms of anxiety is less established as studies show that 

inflammatory levels increase when study participants became anxious [24, 25], and a large 

longitudinal study found that anxiety predicted inflammation in the future but not vice versa 

[26]. 

Inflammatory markers and depression have been linked, but effect sizes were generally small 

[27] with limited clinical relevance for the individual patient (1). Because depression is a 

heterogeneous disorder with large between-person variation [28] and symptomatology [29, 

30], low-grade inflammation may only be strongly linked to a subset of depressive symptoms 

[31, 32]. Thus, inflammation may be involved in the pathogenesis of a subset of MDD patients. 

Identifying associations between pro-inflammatory markers and specific depressive 

symptoms could advance personalized medicine [27]. Nevertheless, few clinical studies have 

analyzed whether inflammatory markers are associated with specific MDD symptoms [27, 31, 

33, 34].  

Inflammation has been repeatedly linked to sickness-behavior symptoms such as certain 

sleeping problems, low energy, changes in appetite, low mood, and cognitive symptoms [27, 
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31, 33, 34]. Two recent cross-sectional analyzes in the current NESDA cohort found that 

inflammatory markers demonstrated the strongest associations with sleep and energy level, 

appetite/weight, and aches and pains, but associations were reduced or disappeared 

completely when adjusted for demographic-, lifestyle-, and disease-related factors such as 

BMI, activity, chronic somatic diseases and gender [31, 32]. Adjusting for certain variables is 

necessary in order to avoid confounding. However, overadjustment must also be avoided as 

variables such as activity, BMI, and somatic diseases may be part of the causal pathway 

between low-grade inflammation (which could be induced by somatic disease) on the one 

hand, and sickness behavior (which includes reduced activity and anorexia) and depression 

on the other hand [15, 17-20]. There is still no consensus in the field about how to approach 

these demographic, somatic and lifestyle variables, and studies show that taking these 

variables into account as either confounders, or as part of the causal pathway, greatly 

influences the effect size of the relation between inflammation and depression [35]. We are 

not aware of previous studies that examined the symptom-specific associations with LPS-

induced inflammatory agents. Moreover, examining individual symptoms longitudinally is 

important as inflammation may be related differently to depression symptoms longitudinally 

[36-40]. A recent longitudinal study for example found that inflammation was especially 

related to atypical symptoms [40]. Moreover, one meta-analysis demonstrated that increased 

inflammation can be associated with the development of late-life and the persistence of 

depression [39]. The present study extends on the current literature as we examined 

associations between basal levels and LPS-induced inflammatory markers and individual MDD 

symptoms in a large cohort over the course of 9 years. We hypothesized that persistent low-

grade inflammation will show the strongest associations with symptoms characteristic of 

sickness behavior.  
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5.2 Methods and Materials 
55..22..11  SSttuuddyy  ssaammppllee  aanndd  pprroocceedduurreess  

We evaluated baseline and follow-up data from 2872 out of 2981 participants from the NESDA 

cohort. NESDA investigated the course and consequences of depressive and anxiety 

disorders. NESDA included patients and healthy controls from a diverse array of (health-care) 

settings and applied a limited number of exclusion criteria, namely not being fluent in Dutch 

and the presence of other clinically overt psychiatric disorders (e.g. addiction, psychotic, 

bipolar). With this method, NESDA aimed for a cohort that is representative for diverse 

populations of healthy controls and patients with depression and anxiety [41]. The first 

measurement wave (baseline) ran from 2004 to September 2007; the sixth wave at the 9-year 

follow up finished in October 2016. All procedures involving human subjects/patients were 

approved by Ethical Review Board of the VU University Medical Centre and subsequently by 

local review boards of each participating center. Written informed consent was obtained from 

all participants. Where verbal consent was obtained this must be followed by a statement 

such as: Verbal consent was witnessed and formally recorded. More detailed design and 

sampling procedures are published elsewhere [41].Basal serum levels of inflammatory 

markers were collected from 2867 participants. For logistical reasons, LPS induction in blood 

was only assessed during the last year of baseline sample collection. Consequently, data of 

LPS-stimulated inflammatory markers were available from 1229 out of 2867 participants. Of 

all the demographics and clinical characteristics mentioned in Table 1, this sub-selection did 

not differ from participants with missing data (p > 0.05), with the exception of age because 

the LPS subgroup was on average 1 year older. About 40% of the sample had a chronic somatic 

disease. A wide variety of diseases were assessed through a self-report questionnaire, asking 

for the presence of 20 common chronic diseases including asthma, chronic bronchitis or 

pulmonary emphysema, heart diseases or infarct, diabetes, stroke or CVA, arthritis or 

arthrosis, rheumatic complaints, tumor and/or metastasis, stomach or intestinal disorders, 

liver disease or liver cirrhosis, epilepsy, thyroid gland disease, or another chronic disease for 

which the patient receives treatment. A count was made of the number of chronic diseases 

for which a person reported receiving treatment. More details regarding this variable can be 

found elsewhere [42]. 
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5.2.2 Measures  

5.2.2.1 Demographics and clinical features 

The Composite International Diagnostic Interview (CIDI WHO, version 2.1) was used to assess 

the presence of depressive and anxiety disorders according to the DSM-IV. The CIDI is a fully 

standardized diagnostic interview with validated psychometric characteristics [41, 43].  

Demographic variables were described and included gender, age, ethnicity (yes/no regarding 

Northern European heritage), and level of education (elementary or less; general 

intermediate/secondary education; college/university). Patients also indicated whether they 

had a fever or cold in the week prior to blood draw (sickness prior to interview).  

Medication use was determined by inspecting participants’ medication containers. 

Antidepressant use included selective serotonin reuptake inhibitors (SSRIs; ATC code: 

N06AB), tricyclic antidepressants (TCAs; ATC code: N06AA), and other antidepressants (ATC 

codes: N06AF, N06AG, N06AX). The use of statins (ATC code: C10AA) and anti-inflammatory, 

anti-rheumatic, and anti-allergic medications (ATC codes: M01A, M01B, A07EB, A07EC) was 

also assessed (further referred to as anti-inflammatory medication).  

5.2.2.2 Independent variables: inflammatory markers 

Baseline inflammatory markers CRP, IL-6, and TNF-α were assessed using fasting blood plasma 

levels (see the supplementary information (SI)). Intra- and inter-assay coefficients of variation 

for CRP levels were 5% and 10%, respectively. Intra- and inter-assay coefficients of variation 

for IL-6 levels were 8% and 12%, respectively. Intra- and inter-assay coefficients of variation 

for TNF-α levels were 10% and 15%, respectively. 

Inflammation is likely to occur when multiple cytokines are elevated. We did not form specific 

hypotheses about individual inflammatory markers, so we created a basal inflammation 

index, representing the mean value of loge-transformed (due to non-normality) and 

standardized levels of CRP, IL-6, and TNF-α [13].  

5.2.2.3 Independent variables: inflammatory markers after LPS induction 

The innate immune response of 12 cytokines was assessed in ex vivo stimulated blood using 

LPS (see the SI). For all available samples, we simultaneously assessed levels of interferon-γ 

(IFN-γ), macrophage inflammatory protein-α (MIP-1α), IL-2, IL-6, IL-8, IL-10, IL-18, MCP-1, 
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macrophage inflammatory protein-α (MIP-1α), MIP-1β, matrix metallopeptidase-2 (MMP-2), 

TNF-α, and TNF-β using a multi-analytic profile (Human CytokineMAP A v.1.0; Myriad RBM, 

Austin, TX, USA). Cytokine distributions were skewed to the right and therefore loge-

transformed to normalize their distributions.  

We created an LPS-induced inflammation index composed from the mean standardized value 

of all available LPS-induced markers, further referred to as LPS-induced inflammation index. 

To avoid loss of information, we conducted an exploratory factor analysis [EFA; 44], which 

resulted into two LPS-induced inflammation indexes, further referred to as LPS-induced 

inflammation index-1 and LPS-induced inflammation index-2. Markers IFN-γ, IL-10, IL-2, IL-6, 

MMP-2, TNF-α, and TNF-β loaded on LPS-induced inflammation index-1 with factor loadings 

between 0.41 and 0.88 and a raw alpha of 0.86. IL-8, IL-18, MCP-1, MIP-1α, and MIP-1β loaded 

on LPS-induced inflammation index-2. See SI for the correlations between individual markers 

within each index (SI Figure 1) and a more detailed description of the EFA procedures. 

Subsequently, two LPS-induced inflammation indexes were calculated as the mean of loge-

transformed and standardized markers. 

5.2.2.4 Dependent variables: IDS items  

The sum score of the Inventory of Depressive Symptomatology Self-Report (IDS-SR) was used 

as the outcome measure for severity and course of depression on syndrome level, and the 

separate items were used for the symptom analyzes [45, 46]. The IDS-SR consists of 30 equally 

weighted items, rated on a 4-point Likert scale (0–3), and includes all symptoms of 

depression: melancholic, atypical, and anxious symptoms. Several additional symptoms were 

included: sympathetic arousal, pessimism, and interest in sex. We hypothesized that the 

following 16 IDS-SR items would be associated with inflammation at baseline because they 

can identify sickness-behavior symptoms [15, 17-20]: sleeping too much (Item 4), feeling 

irritable (Item 6), responsiveness of mood (Item 8), decrease in appetite (Item 11), decrease 

in weight (Item 12), concentration (Item 15), pessimism (Item 17), general interest (Item 19), 

low energy level (Item 20), capacity for pleasure (Item 21), interest in sex (Item 22), 

psychomotor retardation (Item 23), aches and pains (Item 25), sympathetic arousal (Item 26), 

constipation or diarrhea (Item 28), and leaden paralysis (Item 30).  
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55..22..33  SSttaattiissttiiccaall  aannaallyyssiiss  

We used a multivariate linear mixed model with IDS-SR item scores as outcome variables and 

inflammatory markers as the main independent variables. Because of the heterogeneity of 

our sample (healthy and depressed participants at baseline), the intercepts and slopes were 

considered as random variables, which resulted in a significantly better fit compared to a non-

random model. (For the model with the basal inflammation index, the log likelihood (LL)-ratio 

increased by 80932.5, p < 0.001; for LPS-induced inflammation index-1, LL-ratio increased by 

36887.2, p < 0.001; and for LPS-induced inflammation index-2, LL-ratio increased by 38640.1, 

p < 0.001.) Adding an interaction between time and inflammatory markers resulted a minimal 

increase of model fit. (For the model with the basal inflammation index, the LL-ratio increased 

by 12.2, p < 0.001; for LPS-induced inflammation index-1, the LL-ratio increased by 1.9, p = 

0.167; and for LPS-induced inflammation index-2, the LL-ratio increased by 12.5, p < 0.001.) 

This small effect could be attributed to regression to the mean, so we decided not to include 

the interaction terms in our final models. Doing so resulted in mixed models for each 

individual IDS item with random intercepts and slopes over time, that analyzed whether 

participants with elevated levels of inflammation were more likely to have higher symptom 

levels at baseline and during the 9-year follow-up period. Models were adjusted for certain 

baseline variables: gender, age, sickness prior to interview, and the use of anti-inflammatory 

medication. In sensitivity analyzes, we repeated the analysis for MDD patients (~30% of the 

total sample; SI table 1 and SI figure 2) and for the LPS-inflammatory composite index score 

(SI table 2 and SI figure 3). Moreover, sensitivity analyzes were executed which additionally 

adjusted for chronic somatic diseases and antidepressants (SI figure 4). Subsequently, we 

adjusted the outcomes of the inflammation indexes for multiple testing using the Benjamin–

Hochberg procedure [47]. Means of subscale scores (i.e., sickness behavior vs non-sickness 

behavior) were computed and presented in line graphs for the effects over time. In order to 

yield beta coefficients that can be compared among symptoms, all outcome and independent 

variables were standardized (i.e., z scores) with two-sided p-values. All models were run in R, 

version 3.4.3.  
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5.3 Results 
55..33..11  SSoocciiooddeemmooggrraapphhiicc  aanndd  cclliinniiccaall  cchhaarraacctteerriissttiiccss  aatt  bbaasseelliinnee  

Our study sample was 66.7% female (n = 1975), and the ages ranged from 18 to 64 years at 

baseline (mean 42.9 years, SD 13.1; see Table 1 for demographics). The sample consisted of 

35.4% one-month recency MDD patients (n = 796), 2.8% with minor depression (n = 84), 9.3% 

with dysthymia (n = 277), 43.6% with a (comorbid) anxiety disorder (n = 1299), and 46.1% 

without a mood or anxiety diagnosis at baseline (n = 1368), of whom 54.2% never had a 

psychiatric diagnosis (n = 742).  
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Table 1. Sociodemographic and clinical characteristics   

 Whole sample LPS-induced subsample 
  n = 2872 n = 1229 
Age in years (mean, SD) 41.9 (13.0) 42.8 (12.7) 
Female (%) 66.5 65.6 
North-european etnicity (%) 94.9 94.8 
BMI (mean, SD) 25.6 (5.0) 25.7 (5.0) 
smoking status (%)   
   Never smoker 28.0 29.0 
   Former smoker 33.6 34.2 
   Current smoker 38.4 36.8 
Education level (%)   
   Elementary or lower 6.49 6.4 
   Secondary education 58.2 56.7 
   College or university 35.4 36.9 
Sickness prior to interview (%) 27.9 30.1 
Chronic somatic disease, yes (%) 40.4 44.3 
Anti-inflam. med., yes (%) 4.9 3.1 
MDD, yes (%) 35.4 28.8 
Minor depression, yes (%) 2.8 2.1 
Dysthymia, yes (%) 9.3 10.4 
Anxiety disorder, yes (%) 43.6 44.4 
No Disorder (%) 46.1 46.3 
   No lifetime disorder (%) 34.1 36.3 
Total score IDS at baseline (SD) 21.184 (14.6) 20.86 (14.6) 
Antidepressants   
   TCA (%) 3.7 2.9 
   SSRI (%) 16.8 16.5 
   Other (%) 5.5 5.6 
   no AD (%) 75.5 75.9 
Inflammattory markers (mean, sd)  
TNF-α (pg/ml) 1.09 (1.41)  
IL-6 (pg/ml) 1.55 (13.5)  
CRP (mg/L) 2.82 (5.12)  
Inflammattory markers after LPS induction (mean, sd)  
IFN-ƴ (pg/ml)  12.80 (10.8) 
IL-10 (pg/ml)  300.28 (294.9) 
IL-18 (pg/ml)  262.39 (91.9) 
IL-2 (pg/ml)  10.06 (5.0) 
IL-6 (ng/ml)  27.36 (15.6) 
IL-8 (ng/ml)  12.02 (7.7) 
MCP-1 (ng/ml)  1.72 (1.1) 
MIP-1α (ng/ml)  19.38 (12.0) 
MIP-1β (ng/ml)  245.52 (123.3) 
MMP-2 (pg/ml)  72.13 (19.3) 
TNF-α (ng/ml)  3.19 (2.0) 
TNF-β (pg/ml)   324.21 (126.6) 
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Table 1. Demographic and clinical sample characteristics. BMI = body mass index. MDD = major depressive disorder. TCA = 

tricyclic antidepressants. SSRI = selective serotonin reuptake inhibitors. AD = antidepressants. Tumor necrosis factor = TNF 

(median). Interleukin = IL. C-reactive protein = CRP. Interferon-ƴ = IFN-ƴ. Higher monocyte chemoattractant protein-1 = MCP-

1. Macrophage inflammatory protein = MIP. Matrix metallopeptidase-2 = MMP-2.  
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55..33..22  BBaassaall  iinnffllaammmmaattiioonn    

We found a small but significant association between the basal inflammatory index and IDS-

scores adjusted for age, gender, and anti-inflammatory medication (β = 0.039; p < 0.001). 

Thus, participants with a higher inflammatory index tended to have a 0.039 SD higher IDS-30 

score over the course of 9 years, compared to participants with a 1 SD lower inflammatory 

index. This comes down to a absolute value of 1.12 IDS-SR sum score. 

Next, we analyzed the associations between the basal inflammation index for each of the 30 

IDS items. Table 2 and Figure 1 present the standardized beta coefficients of the basal 

inflammation index adjusted for age, gender, sickness prior to interview, and anti-

inflammatory medication. All individual symptoms were positively related to high levels of 

basal inflammation. The beta sizes ranged from 0.005 (Item 2: Sleep during the night) to 0.085 

(Item 25: Aches and pains). The course of tertiles of mean scores of sickness behavior 

symptoms versus non-sickness behavior symptoms is presented in Figure 2. As expected, both 

sub-scores declined steeply after baseline due to regression to the mean effects of anxiety 

and MDD patients who were initially selected for the NESDA cohort. Symptoms related to 

sickness behavior more strongly associated with basal inflammatory markers than other 

symptoms, the mean scores of which remained relatively elevated during the 9 years. Beta 

coefficients were statistically significant for quality of mood (Item 10; β = 0.028, p = 0.049) 

and all other items with beta coefficients above 0.028 (see Figure 1). After adjusting for 

multiple testing for all tests summarized in Table 2, p values remained statistically significant 

for 17 items. Of the symptoms related to sickness behavior, 14 out of 16 symptoms were 

significantly associated with inflammation, compared to six out of 14 non-sickness-behavior 

symptoms. We found similar results with MDD patients only (n = 908), albeit with overall 

weaker effects due to lower variance and a smaller sample size (see SI Table 1 and SI Figure 

2). Among patients with MDD at baseline, eight out of 16 sickness-behavior-related symptoms 

were significantly associated with inflammation compared to three out of 14 non-sickness-

behavior-related symptoms.  
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Table 2A. Basal serum inflammatory markers in 
relation to IDS symptoms over the course of nine 
years 

 
Basal Serum 

inflammation index 

  CRP, TNF-α, IL-6 

Item Beta (SE) p-value 
1. Falling asleep 0.025 (0.015) 0.096 
2. Sleep during the night 0.005 (0.014) 0.723 
3. Waking up too early 0.015 (0.014) 0.270 
4. Sleeping too much 0.053 (0.014) <0.001* 
5. Feeling Sad 0.033 (0.014) 0.022* 
6. Feeling irritable 0.016 (0.014) 0.252 
7. Anxious or tense 0.018 (0.014) 0.213 
8. Response of mood 0.038 (0.013) 0.004* 
9a. Mood in time of day 0.012 (0.013) 0.361 
10. Quality of mood 0.028 (0.014) 0.049* 
11. Decreased appetite 0.039 (0.012) 0.001* 
12. Increased appetite 0.050 (0.013) <0.001* 
13. Decreased weight 0.041 (0.010) <0.001* 
14. Increased weight 0.031 (0.011) 0.006* 
15. Concentration 0.025 (0.014) 0.071 
16. View of myself 0.034 (0.014) 0.018* 
17. View of my future 0.051 (0.014) <0.001* 
18. Death or suicide 0.034 (0.014) 0.017* 
19. General interest 0.057 (0.014) <0.001* 
20. Energy level 0.076 (0.014) <0.001* 
21. Capacity for pleasure 0.057 (0.014) <0.001* 
22. Interest in sex 0.053 (0.014) <0.001* 
23. Psychomotor retardation 0.061 (0.014) <0.001* 
24. Psychomotor agitation 0.018 (0.014) 0.220 
25. Aches and pains 0.085 (0.014) <0.001* 
26. Sympathetic arousal 0.055 (0.014) <0.001* 
27. Panic/Phobic 0.016 (0.015) 0.288 
28. Constipation/diarrhea 0.041 (0.014) 0.003* 
29. Interpersonal sensitivity 0.006 (0.014) 0.683 
30. Leaden paralysis 0.072 (0.014) <0.001* 
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Table 2A. Standardized beta coefficients of the association between basal serum 

inflammatory markers and individual depressive symptoms. Linear mixed models fitted with 

repeated measures, using standardized IDS-SR item-scores as outcome variables, which were 

assessed up to six times over 9 years of follow up. Standardized beta coefficients were 

adjusted for gender, age, sickness prior to interview, and the use of anti-inflammatory 

medication.  

*P values that remained significant (< 0.05) after correcting for multiple testing using the 

Benjamin–Hochberg procedure.  
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55..33..33  LLPPSS--iinndduucceedd  iinnffllaammmmaattiioonn  

The overall LPS-induced inflammation index (β = 0.036; p = 0.014) and the LPS-induced 

inflammation index-2 (β = 0.056, p < 0.001) were significantly related to the IDS score 

averaged over 30 items, and the LPS-induced inflammation index-1 indicated a relationship 

that approached significance (β = 0.026; p = 0.072). In absolute values this would translates 

in IDS-SR sum-scores difference of 1.12, 0.82, 1.71 for each SD increase of the LPS-induced 

inflammation index, LPS-induced inflammation index-1, and LPS-induced inflammation index-

2 respectively.  

The LPS-induced inflammation index-2 more strongly related to sickness-behavior symptoms, 

compared to non-sickness-behavior symptoms, than LPS-induced inflammation index-1, the 

beta coefficients of which ranged from −0.005 (mood related to time of the day) to 0.049 

(feeling irritable) and were statistically significant for feeling irritable (Item 6; β = 0.049, p = 

0.035) and panic/phobia (Item 27; β = 0.056, p = 0.018). After adjusting for multiple testing, 

only panic/phobia remained statistically significant.  

Regarding LPS-induced inflammation index-2, beta coefficients ranged from −0.004 (waking 

up too early) to 0.105 (aches and pains). Betas were statistically significant for 13 out of 16 

sickness-behavior symptoms and for six out of 14 non-sickness-behavior symptoms, with 

significant betas for decreased weight (Item 13; β = 0.050, p = 0.002) and all other items with 

betas greater than 0.050 (see Figure 1). Sickness-behavior symptoms remained elevated over 

the 9 years (Figure 2). After adjusting for multiple testing, p values remained significant for 19 

items. 

In a sensitivity analysis, we analyzed the association of the composite LPS-induced 

inflammation index for all LPS-induced markers. Only seven out of 30 symptoms indicated 

significant associations (see SI Table 2 and SI Figure 3). However, findings were no longer 

statistically significant after we adjusted for multiple testing. The LPS-induced inflammation 

index was equally related to sickness- and non-sickness-behavior symptoms. 
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Table 2B. LPS-induced inflammatory markers in realtion to IDS symptoms over 
the course of nine years 

 
LPS-induced index 

inflammation factor 1 
LPS-induced index 

inflammation factor 2 

  
IL-2, IL-6, IL-10, MMP-2, 

TNF-α, TNF-β, IFN-y 
IL-8, IL-18, MCP-1, MIP-

1α, MIP-1β 

Item Beta (SE) p-
value Beta (SE) p-value 

1. Falling asleep 0.018 (0.024) 0.445 0.013 (0.024) 0.570 
2. Sleep during the night 0.032 (0.022) 0.132 0.017 (0.022) 0.429 
3. Waking up too early -0.003 (0.023) 0.879 -0.004 (0.023) 0.853 
4. Sleeping too much 0.010 (0.023) 0.653 0.008 (0.023) 0.720 
5. Feeling Sad 0.018 (0.024) 0.466 0.028 (0.024) 0.247 
6. Feeling irritable 0.049 (0.023) 0.035* 0.075 (0.023) 0.001* 
7. Anxious or tense 0.045 (0.023) 0.055 0.064 (0.023) 0.007* 
8. Response of mood 0.030 (0.021) 0.159 0.071 (0.021) 0.001* 
9a. Mood in time of day -0.005 (0.021) 0.820 0.032 (0.021) 0.132 
10. Quality of mood 0.039 (0.023) 0.093 0.071 (0.023) 0.002* 
11. Decreased appetite 0.017 (0.019) 0.359 0.071 (0.018) <0.001* 
12. Increased appetite -0.004 (0.021) 0.852 0.012 (0.021) 0.567 
13. Decreased weight 0.003 (0.016) 0.854 0.050 (0.016) 0.002* 
14. Increased weight 0.013 (0.018) 0.469 0.030 (0.018) 0.088 
15. Concentration 0.024 (0.023) 0.290 0.071 (0.023) 0.002* 
16. View of myself 0.006 (0.024) 0.799 0.080 (0.023) 0.001* 
17. View of my future 0.042 (0.024) 0.081 0.072 (0.024) 0.003* 
18. Death or suicide 0.041 (0.023) 0.082 0.040 (0.023) 0.082 
19. General interest 0.026 (0.022) 0.242 0.068 (0.022) 0.002* 
20. Energy level 0.027 (0.023) 0.233 0.085 (0.022) <0.001* 
21. Capacity for pleasure 0.014 (0.023) 0.523 0.070 (0.022) 0.002 
22. Interest in sex 0.000 (0.022) 0.987 0.040 (0.022) 0.070 
23. Psychomotor retardation 0.013 (0.023) 0.561 0.068 (0.022) 0.003* 
24. Psychomotor agitation 0.011 (0.023) 0.650 0.065 (0.023) 0.005* 
25. Aches and pains 0.045 (0.023) 0.052 0.105 (0.023) <0.001* 
26. Sympathetic arousal 0.025 (0.023) 0.260 0.073 (0.022) 0.001* 
27. Panic/Phobic 0.056 (0.024) 0.018* 0.068 (0.024) 0.004* 
28. Constipation/diarrhea 0.039 (0.022) 0.085 0.024 (0.022) 0.282 
29. Interpersonal sensitivity 0.023 (0.024) 0.332 0.061 (0.023) 0.009* 
30. Leaden paralysis 0.021 (0.024) 0.369 0.077 (0.023) 0.001* 
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Table 2B. Standardized beta coefficients of the association between LPS-induced 

inflammatory markers and individual depressive symptoms. Linear mixed models fitted with 

repeated measures, using standardized IDS-SR item-scores as outcome variables, which were 

assessed up to six times over 9 years of follow up. Standardized beta coefficients were 

adjusted for gender, age, sickness prior to interview, and the use of anti-inflammatory 

medication.  

*P values that remained significant (< 0.05) after correcting for multiple testing using the 

Benjamin–Hochberg procedure.  
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Figure 1. Associations of the basal inflammation index (n = 2872), LPS-induced inflammation 

index-1 (n = 1147), and LPS-induced inflammation index-2 (n = 1229) with individual 

depressive symptoms during 9 years. Standardized beta coefficients with error bars 

representing standard errors of the predictive values of inflammatory indexes in relation to 

individual depressive symptoms over 9 years of follow up. The red dots represent depressive 

symptoms that are assumed to be related to sickness behavior. The blue dots represent 

depressive symptoms that are not related to sickness behavior. Beta coefficients translates a 

“the amount of SD that that particular symptom is elevated averaged over nine years, for 

each increased SD of inflammatory marker”. Assessments conducted using linear mixed 

models with repeated measures, adjusting for gender, age, use of anti-inflammatory drugs, 

and sickness prior to interview. 

 

# 
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Figure 2. Tertiles of the basal inflammation index, LPS-induced inflammation index-1, and 

LPS-induced inflammation index-2 related to IDS-SR item scores of sickness-behavior 

symptoms and non-sickness-behavior symptoms over the course of 9 years. Inflammation 

indexes are divided into tertiles of equal proportions of the sample distribution (1. lowest 

inflammatory markers: 0.0 – 0.33; 2. middle: 0.33 – 0.66; 3. highest: 0.66 – 1.0). Y-axis 

represent absolute mean values of IDS-SR item-scores (0 - 3). Error bars representing standard 

errors. IDS items related to sickness behavior: sleeping too much (Item 4), feeling irritable 

(Item 6), responsiveness of mood (Item 8), decrease in appetite (Item 11), decrease in weight 

(Item 12), concentration (Item 15), pessimism (Item 17), general interest (Item 19), low 

energy level (Item 20), capacity for pleasure (Item 21), interest in sex (Item 22), psychomotor 

retardation (Item 23), aches and pains (Item 25), constipation or diarrhea (Item 28) and 

leaden paralysis (Item 30). Non-sickness behavior IDS items: falling asleep (Item 1), sleep 

during the night (Item 2), waking up too early (Item 3), feeling sad (Item 5), anxious or tense 

(Item 7), mood in time of day (Item 9a), quality of mood (Item 10), increased appetite (Item 

12), increased weight (Item 14), view of myself (Item 16), death or suicide (Item 18), 

psychomotor agitation (Item 24), sympathetic arousal (Item 26), panic/phobic (Item 27), and 

interpersonal sensitivity (Item 29).   
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5.4 Discussion 
 

We aimed to examine whether diverse inflammatory markers could predict the trajectories 

of individual symptoms of depression over the course of 9 years, specifically looking at 

symptoms indicative of sickness behavior. We found that the basal inflammation index and 

the LPS-induced inflammation index-2 predicted many depressive symptoms over the course 

of 9 years. By conducting regression analysis for each individual symptom separately, we 

demonstrated that significant associations between inflammatory markers and the course of 

a particular individual symptom was more than twice as likely to be significant when that 

symptom was related to sickness behavior compared to non-sickness-related behavior. The 

sickness-behavior theory may explain the rather weak (or sometimes conflicting) 

relationships found between low-grade inflammation and MDD [18].  

Four previous studies, three with cross-sectional [31-33] and one with a prospective design 

[34], have examined symptom-specific associations between basal serum inflammatory 

markers and depression. One study found that inflammation was specifically related to a 

change in appetite, poor sleep, and low energy [33]. Two of the cross-sectional studies were 

conducted within the current NESDA cohort and demonstrated that symptoms of sleeping 

problems, energy levels, appetite/weight changes, aches and pains and irritability were most 

likely to be positively associated with basal inflammatory markers [31, 32]. By using network 

analyzes, it was further demonstrated that the relation between basal inflammatory markers 

mostly runs through, and was affected by, lifestyle and disease-related covariates, such as 

BMI, activity level, and chronic somatic diseases [32]. Our study differed from these analyzes 

because we used index scores instead of individual inflammatory markers. Moreover, as 

recommended for future research directions [32, 48], the individual symptoms were 

measured longitudinally at six time points over the course of 9 years. We adjusted for two 

disease related variables (sickness prior to intake, and anti-inflammatory markers). Moreover, 

in a sensitivity analysis, we additionally adjusted for the count of self-report chronic somatic 

diseases and the use of antidepressants, which yielded a small attenuation of our results, but 

did not lead to different conclusions (SI figure 4). Our findings are largely consistent with 

previous findings; signs of low-grade inflammation at baseline were associated with the long-

term symptomatology of sickness behavior [18], and elevated levels of inflammation could 
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lead to sickness behavior, which may explain some of the symptoms in certain cases of MDD 

[49-51]. However, we also found significant associations with symptoms that are not typical 

of sickness behavior (e.g., anxiety and low self-esteem). It is likely that much of the 

associations we found runs through lifestyle and disease related variables, as these factors 

are thought to be part of the causal pathway [16, 32, 52]. It is hypothesized that (chronic) 

somatic factors results in higher levels of inflammatory markers, which in its turn results in 

sickness behavior (including lifestyle factors such as lower activity) which is related to, and is 

part of the depressive symptomatology [16, 32, 52]. Another line of thought is that these 

somatic and lifestyle factors act as confounding variables as they are both related to 

inflammation and depression [52]. The fact that we found the strongest association to 

symptoms that are specifically related to sickness behavior over the course of nine years, 

suggests however that the sickness behavior theory is probable [16, 53].  

To our knowledge, this is the first study that examined LPS-induced inflammatory markers in 

relation to the course of individual depressive symptoms. These markers reflect the cytokine 

production capacity when triggered by endogenous or exogenous triggers [9, 54], and are 

thought to be less affected by health and lifestyle factors such as BMI and chronic somatic 

diseases [13]. We found strong associations between LPS induced inflammation index-2 

markers and depressive symptoms. However, LPS induced inflammation index-1 did not 

demonstrate such results. When looking at individual symptoms, LPS-induced, but not basal 

levels seem to be more specifically associated to symptoms of anxiety. Although this was not 

the focus of the current study, these findings are in line with the idea that anxiety-related 

symptoms may induce an inflammatory response [13, 14, 21]. Future research may focus on 

the potential role of LPS-induced markers in relation to the longitudinal course of anxiety 

related symptoms.  

Cytokines contribute to many aspects of human biology and have evolved to enable the 

sensing and interpretation of environmental cues relevant to maintaining a healthy 

physiology [55]. Although these secretory (glycol)proteins are best known for their role as 

custodians of immune homeostasis and the inflammatory response to infection, trauma, or 

injury, this study confirms their additional effects on mood and behavior [56]. Cytokines often 

display heterogenetic, pleiotropic, and overlapping functional properties [57]. Although 

cytokines are considered to be a “family,” this is a functional (rather than structural) concept. 
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A common factor of the markers clustered in the LPS-induced inflammation index-2 is the link 

with T lymphocyte cells (T cells) and natural killer cells (NK cells). MCP-1, MIP-1α, and MIP-1β 

have a signaling function for monocytes and regulate T-cell activity. MIP-1β has an additional 

specificity for NK cells. IL-8 and IL-18 induce certain T-cell and NK-cell functions such as 

chemotaxis [58, 59] and locomotion [60, 61]. There are indications that some MDD patients 

have impaired neuroprotective and anti-inflammatory T-cell responses [1]. Also, researchers 

have found a reduced number of circulating NK cells for MDD patients compared to healthy 

controls [1, 62].  

Depression is a heterogeneous syndrome with a substantial variety of symptoms among 

patients with symptom-specific risk factors [63]. Not all patients exhibit symptoms related to 

sickness behavior, and only one third of MDD patients exhibit elevated inflammatory markers 

[64]. Our findings could have implications for anti-inflammatory treatment [6, 65] and 

preventative care [66-69] in a subgroup of depressed patients with sickness-behavior-related 

symptoms [70]. Research is underway to investigate the effects of anti-TNF-alpha biologic 

infliximab on measures of anhedonia, motivational behavior and glutamatergic changes in the 

basal ganglia [71] and to investigate the effects of simvastatin for treatment-resistant MDD 

[72] and patients with comorbid obesity and MMD [73]. We recommend that future studies 

approach depression as a group of separate symptoms rather than as a unified construct. The 

construct of sickness behavior could be particularly promising in this regard. 

Our study features several strengths, namely the substantial sample size and the 9-year 

follow-up period wherein we analyzed individual symptoms of depression. Multiple reviews 

have published about the sickness behavior theory and how this could relate to symptoms of 

depression. However not many papers exist that tested how this theory translates to data of 

self-report symptoms of depression (1-5). This study is novel in the sense that we explicitly 

categorized symptoms into sickness behavior symptoms and non-sickness behavior 

symptoms and found a convincing stronger association with the first. Moreover, a wide array 

of inflammatory markers were assessed at baseline, including LPS-induced markers. We did 

not have preliminary hypotheses regarding which markers would indicate certain depressive 

symptoms, so we constructed three inflammatory indexes based on inflammatory markers to 

enhance the interpretability of our results. We demonstrated the utility of these index scores 

for research purposes and it’s potential for clinical practice. By averaging multiple markers 
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the effect of individual measurement errors is reduced which is an important methodological 

advantage [74]. Some limitations must also be discussed. First, some of the component 

markers of the index scores were only weakly intercorrelated. Moreover, we composed two 

indexes based on data driven methods (Factor analysis [44]), more research is needed 

regarding grouping of individual markers based on underlying properties. Second, we 

repeatedly use the ill-defined term “sickness behavior”; different fields of medicine should 

solidify the definition so as to develop this construct in more depth [17, 18]. Third, due to 

logistical reasons, LPS-stimulated markers were only assessed in a consecutive subsample of 

1229 participants. Fourth, previous studies found that antidepressants might have anti-

inflammatory effects. Rats treated with fluoxetine demonstrated lower IL-1β in plasma and 

brain after 90 and 120-day treatment [75]. Furthermore, two meta-analyzes demonstrated 

that among MDD patients antidepressant treatment decreases TNF-α, IL-4, IL-6, IL-10 and IL-

1ß [76, 77]. In the present study, the use of antidepressants was not adjusted for in our first 

models, as their use may indicate more severe depressive symptoms (confounding-by-

indication) and therefore may lead to overadjustment. However, sensitivity analyzes 

demonstrate adding this variable as a confounder had only a limited effect on our outcomes 

and conclusions (SI figure 4) . Finally, beta coefficients were statistically significant but still of 

small effect sizes, with questionable clinical relevance. However, self-reported IDS items were 

scored on crude four-point scales, potentially contributing to measurement error and 

reduced statistical power. Moreover, the NESDA cohort only used a single measurement of 

inflammatory markers; trajectory analyzes with sequential day-to-day measures of 

inflammatory markers would have increased the precision of the independent variable.  

In conclusion, we found that basal levels of inflammation and LPS-induced inflammatory 

markers predicted the course of individual depressive symptoms, especially those related to 

the construct of sickness behavior. This association persisted over the course of 9 years. Our 

findings suggest that inflammation might not relate to depression as one unified syndrome 

but rather to the presence and course of a subset of symptoms. Future studies should develop 

inflammation-targeted treatment strategies for individuals with symptom profiles associated 

with low-grade inflammation. 
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Supplementary material 
BBaassaall  iinnffllaammmmaattiioonn  ddaattaa  ccoolllleeccttiioonn  pprroocceedduurree  

Baseline inflammatory markers CRP, IL-6, and TNF-α were determined from fasting blood 

plasma. After an overnight fast, 50 ml of blood was drawn, immediately transferred to a local 

laboratory, and kept frozen at −80°C. High sensitivity plasma levels of CRP were measured in 

duplicate by an in-house, high sensitivity enzyme-linked immunosorbent assay (ELISA), which 

is based on a purified protein and polyclonal anti-CRP antibodies (Dako, Glostrup, Denmark). 

The lower detection limit of CRP is 0.1 mg/l, and the sensitivity is 0.05 mg/l. Intra- and inter-

assay coefficients of variation were 5% and 10%, respectively. Plasma IL-6 levels were 

measured in duplicate by a high sensitivity ELISA (PeliKine Compact™ ELISA, Sanquin, 

Amsterdam, the Netherlands). The lower detection limit of IL-6 is 0.35 pg/ml, and the 

sensitivity is 0.10 pg/ml. Intra- and inter-assay coefficients of variation were 8% and 12%, 

respectively. Plasma TNF-α levels were assayed in duplicate using a high sensitivity solid phase 

ELISA (Quantikine HS Human TNF-α Immunoassay, R&D systems, Minneapolis, MN, USA). The 

lower detection limit of TNF-α is 0.10 pg/ml, and the sensitivity is 0.11 pg/ml. Intra- and inter-

assay coefficients of variation were 10% and 15%, respectively. 

IInnffllaammmmaattoorryy  mmaarrkkeerrss  aafftteerr  tthhee  LLPPSS--iinndduuccttiioonn  ddaattaa--ccoolllleeccttiioonn  pprroocceedduurree  

The innate immune response of 12 cytokines was assessed in blood that was ex vivo 

stimulated with LPS. Venous whole blood samples were obtained at baseline in single 7-ml 

heparin-coated tubes (Greiner Bio-One, Monroe, NC, USA). Between 10 and 60 min after 

blood draw, 2.5 ml of blood was transferred into a PAXgene tube (Qiagen, Valencia, CA, USA). 

Remaining blood (4.5 ml) was stimulated by addition of LPS (10 ng/ml − 1 blood; Escherichia 

coli, Sigma, St. Louis, MO, USA). LPS-stimulated samples were laid flat and incubated at a slow 

rotation for 5–6 hr at 37°C. A 2.5 ml sample of this LPS-stimulated blood was transferred into 

a PAXgene tube. This LPS procedure was carried out at four laboratories (Amsterdam, Leiden, 

Groningen, and Heerenveen, The Netherlands).  

Levels of interferon-γ (IFN-γ), macrophage inflammatory protein-α (MIP-1α), IL-2, IL-6, IL-8, 

IL-10, IL-18, MCP-1, macrophage inflammatory protein-α (MIP-1α), MIP-1β, matrix 

metallopeptidase-2 (MMP-2), TNF-α, and TNF-β were assessed simultaneously for all 

available samples, using a multi-analytic profile (Human CytokineMAP A v.1.0; Myriad RBM, 
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Austin, TX, USA). This commercial platform adheres to stringent guidelines of quality control 

and has Clinical Laboratory Improvement Amendments (CLIA) approval. Cytokine 

distributions were skewed to the right and therefore loge-transformed to normalize their 

distributions.  

We created an LPS-induced inflammation index from the mean standardized value of all 

available LPS-induced markers, further referred to as the LPS-induced inflammation index. To 

avoid loss of information, we conducted an exploratory factor analysis (EFA) with promax 

rotation on all LPS-induced inflammatory markers in order to reduce these into additional 

data-driven index scores. This resulted into two LPS-induced inflammation indexes with an 

eigenvalue of 0.55, further referred to as LPS-induced inflammation index-1 and LPS-induced 

inflammation index-2. Markers IFN-γ, IL-10, IL-2, IL-6, MMP-2, TNF-α, and TNF-β loaded on 

LPS-induced inflammation index-1 with factor loadings between 0.41 and 0.88 and a raw 

alpha of 0.86. IL-8, IL-18, MCP-1, MIP-1α, and MIP-1β loaded on LPS-induced inflammation 

index-2 with loadings between 0.34 and 0.94 and a raw alpha of 0.89. This two-factor solution 

fitted the data better but still poorly—Comparative Fit Index (CFI) = 0.867, Tucker-Lewis index 

(TLI) = 0.796, Root Mean Square Error of Approximation (RMSEA) = 0.187—compared to a 

one-factor solution: CFI = 0.794, TLI = 0.748, and RMSEA = 0.208. See SI Figure 1 for the 

correlations between individual markers within each index. Subsequently, two LPS-induced 

inflammation indexes were calculated as the mean of loge-transformed and standardized 

markers. 
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SI Table 1. IDS symptoms over the course of nine years in relation to inflammatory markers for MDD patients 
only 

 
Basal Serum inflammation 

index 
LPS-induced index 

inflammation factor 1 
LPS-induced index 

inflammation factor 2 

  
CRP, TNF-α, IL-6 IL-2, IL-6, IL-10, MMP-2,  TNF-α, 

TNF-β, IFN-y 
IL-8, IL-18,                 MCP-1, MIP-

1α, MIP-1β 

Item Beta (SE) p-value Beta (SE) p-value Beta (SE) p-
value 

1. Falling asleep -0.001 (0.026) 0.955 -0.055 (0.046) 0.229 -0.026 (0.049) 0.598 
2. Sleep during the night 0.023 (0.022) 0.286 -0.013 (0.037) 0.723 0.015 (0.041) 0.709 
3. Waking up too early 0.043 (0.025) 0.087 -0.054 (0.045) 0.231 -0.026 (0.048) 0.584 
4. Sleeping too much 0.016 (0.026) 0.544 -0.022 (0.044) 0.623 0.003 (0.048) 0.946 
5. Feeling Sad 0.045 (0.021) 0.034* 0.002 (0.038) 0.951 0.067 (0.041) 0.104 
6. Feeling irritable 0.008 (0.021) 0.712 0.021 (0.038) 0.572 0.101 (0.040) 0.013* 
7. Anxious or tense 0.004 (0.022) 0.843 0.002 (0.038) 0.965 0.086 (0.041) 0.040 
8. Response of mood 0.027 (0.025) 0.273 -0.027 (0.043) 0.532 0.017 (0.045) 0.703 
9a. Mood in time of day -0.036 (0.025) 0.153 0.020 (0.044) 0.649 0.029 (0.048) 0.536 
10. Quality of mood 0.047 (0.023) 0.038 0.008 (0.040) 0.840 0.081 (0.043) 0.059 
11. Decreased appetite 0.035 (0.023) 0.140 0.008 (0.040) 0.844 0.091 (0.042) 0.029* 
12. Increased appetite 0.077 (0.026) 0.003* -0.022 (0.046) 0.641 -0.024 (0.050) 0.633 
13. Decreased weight 0.018 (0.019) 0.492 -0.028 (0.033) 0.409 0.051 (0.035) 0.139 
14. Increased weight 0.031 (0.020) 0.120 0.011 (0.035) 0.752 0.039 (0.038) 0.298 
15. Concentration 0.018 (0.021) 0.378 0.030 (0.036) 0.409 0.092 (0.039) 0.019* 
16. View of myself 0.043 (0.024) 0.078 0.023 (0.043) 0.585 0.114 (0.046) 0.014* 
17. View of my future 0.045 (0.020) 0.024* 0.041 (0.034) 0.228 0.093 (0.037) 0.014* 
18. Death or suicide 0.041 (0.027) 0.130 0.007 (0.047) 0.890 0.032 (0.050) 0.532 
19. General interest 0.055 (0.024) 0.020* -0.032 (0.042) 0.453 0.051 (0.045) 0.255 
20. Energy level 0.059 (0.021) 0.004* -0.030 (0.036) 0.410 0.015 (0.039) 0.699 
21. Capacity for pleasure 0.056 (0.024) 0.020* -0.030 (0.043) 0.474 0.042 (0.046) 0.357 
22. Interest in sex 0.037 (0.023) 0.112 -0.003 (0.043) 0.948 -0.008 (0.046) 0.860 
23. Psychomotor retardation 0.067 (0.027) 0.013* -0.042 (0.048) 0.380 0.058 (0.051) 0.258 
24. Psychomotor agitation 0.016 (0.025) 0.518 0.020 (0.044) 0.651 0.070 (0.047) 0.136 
25. Aches and pains 0.096 (0.021) <0.001* 0.014 (0.038) 0.703 0.122 (0.041) 0.003* 
26. Sympathetic arousal 0.048 (0.022) 0.030* 0.001 (0.040) 0.973 0.095 (0.043) 0.029* 
27. Panic/Phobic -0.008 (0.025) 0.758 -0.002 (0.045) 0.969 0.017 (0.048) 0.721 
28. Constipation/diarrhea 0.031 (0.024) 0.201 -0.009 (0.043) 0.832 0.007 (0.046) 0.879 
29. Interpersonal sensitivity -0.022 (0.022) 0.325 0.003 (0.038) 0.940 0.106 (0.042) 0.011* 
30. Leaden paralysis 0.043 (0.020) 0.028* -0.006 (0.034) 0.861 0.015 (0.037) 0.687 
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SI Table 1. Standardized beta coefficients of the association between inflammatory markers 

and individual depressive symptoms in a sample of MDD patients only. Standardized beta 

coefficients of linear mixed models with basal inflammation index and LPS-induced 

inflammation index-1 and -2 assessed with repeated measures, used to predict standardized 

IDS-SR item-scores measured over 9 years of follow up. Assessed at up to six time-points, 

adjusted for baseline variables of gender, age, sickness prior to interview, and the use of anti-

inflammatory medication in a sample of MDD patients only.  

*P values that remained significant (< 0.05) after correcting for multiple testing using the 

Benjamin–Hochberg procedure.  
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SI Table 2. IDS symptoms over the course of nine years 
in relation to LPS-induced inflammatory markers 

 
LPS-induced 

Inflammationindex 

  

IL-2, IL-6, IL-10, MMP-2,    TNF-α, 
TNF-β, IFN-y, IL-8, IL-18,   MCP-1, 

MIP-1α,   MIP-1β 

Item Beta (SE) p-value 
1. Falling asleep 0.014 (0.024) 0.552 
2. Sleep during the night 0.029 (0.022) 0.186 
3. Waking up too early 0.000 (0.023) 0.989 
4. Sleeping too much 0.013 (0.023) 0.569 
5. Feeling Sad 0.025 (0.024)  0.315 
6. Feeling irritable 0.060 (0.024) 0.011* 
7. Anxious or tense 0.051 (0.024) 0.033* 
8. Response of mood 0.041 (0.021) 0.058 
9a. Mood in time of day 0.003 (0.022) 0.894 
10. Quality of mood 0.047 (0.023) 0.045 
11. Decreased appetite 0.035 (0.019) 0.064 
12. Increased appetite 0.000 (0.021) 0.993 
13. Decreased weight 0.021 (0.017) 0.198 
14. Increased weight 0.017 (0.018) 0.342 
15. Concentration 0.041 (0.023) 0.082 
16. View of myself 0.030 (0.024) 0.208 
17. View of my future 0.055 (0.024) 0.023* 
18. Death or suicide 0.039 (0.024) 0.098 
19. General interest 0.037 (0.022) 0.094 
20. Energy level 0.044 (0.023) 0.052 
21. Capacity for pleasure 0.030 (0.023) 0.195 
22. Interest in sex 0.012 (0.023) 0.586 
23. Psychomotor retardation 0.032 (0.023) 0.163 
24. Psychomotor agitation 0.021 (0.024) 0.381 
25. Aches and pains 0.066 (0.023) 0.005* 
26. Sympathetic arousal 0.051 (0.023) 0.026* 
27. Panic/Phobic 0.062 (0.024) 0.010* 
28. Constipation/diarrhea 0.040 (0.023) 0.080 
29. Interpersonal sensitivity 0.035 (0.024) 0.141 
30. Leaden paralysis 0.045 (0.024) 0.064 
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SI Table 2: Standardized beta coefficients of the association between LPS-induced 

inflammatory markers and individual depressive symptoms. Standardized beta coefficients 

of the LPS-induced inflammation index, assessed using a mixed model with repeated 

measures with standardized IDS-SR item score as the outcome variable. Assessed at six time 

points over the 9 years of follow up and adjusted for baseline variables of gender, age, 

sickness prior to interview, and the use of anti-inflammatory medication. 

*P values that remained significant (< 0.05) after correcting for multiple testing using the 

Benjamin–Hochberg procedure. 
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SI Figure 1. Correlations between inflammatory markers. The black lines demonstrate the 

three indexes (from left to right): LPS-induced inflammation index-1(composed of IL-10, IFN-

γ, IL-2, IL-6, MMP-2, TNF-α, and TNF-β), LPS-induced inflammation index-2 (composed of IL-

8, IL-18, MCP-1, MIP-1α, and MIP-1β), and basal inflammation index (composed of basal levels 

of CRP, IL-6, and TNF-α). Because LPS-induced markers were available for a subset of n = 1229 

out of n = 2904 participants, the basal inflammation index was incomplete in the present 

figure. 
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SI Figure 2. Associations of the basal inflammation index (n = 908), LPS-induced 

inflammation index-1 (n = 338), and LPS-induced inflammation index-2 (n = 364) with 

individual depressive symptoms during 9 years within a subsample of MDD patients. 

Standardized beta coefficients with error bars representing standard errors of the predictive 

values of inflammatory indexes in relation to individual depressive symptoms during 9 years 

of follow up. Assessed using linear mixed models with repeated measures, adjusted for 

gender, age, use of anti-inflammatory drugs, and sickness prior to interview. 
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SI Figure 3. Associations of the LPS-induced inflammation index with individual depressive 

symptoms during 9 years for the whole sample (n = 1147). Standardized beta coefficients 

with error bars representing standard errors of the predictive values of inflammatory indexes 

in relation to individual depressive symptoms during 9 years follow-up. Assessed using linear 

mixed models with repeated measures adjusted for gender, age, use of anti-inflammatory 

drugs, and sickness prior to interview. 
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SI Figure 4. Associations of the basal inflammation index (n = 2872), LPS-induced 
inflammation index-1 (n = 1147), and LPS-induced inflammation index-2 (n = 1229) with 
individual depressive symptoms during 9 years. Standardized beta coefficients with error 
bars representing standard errors of the predictive values of inflammatory indexes in relation 
to individual depressive symptoms during 9 years of follow up. Assessed using linear mixed 
models with repeated measures, adjusted for chronic somatic diseases, antidepressants, 
gender, age, use of anti-inflammatory drugs, and sickness prior to interview. 
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