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 Biological profiling of prospective 
antidepressant response in major depressive 
disorder: Associations with (neuro)inflammation, 
fatty acid metabolism, and amygdala-reactivity.



ABSTRACT

Background: A better understanding of factors underlying antidepressant non-
response may improve the prediction of which patients will respond to what 
treatment. Major depressive disorder (MDD) is associated with alterations in fatty 
acid metabolism, (neuro)inflammation and amygdala-reactivity. However, their 
mutual relations, and the extent to which they are associated with prospective 
antidepressant-response, remain unknown.

Purpose: To test (I) alterations in (neuro)inflammation and its associations with fatty 
acid metabolism and amygdala-reactivity in MDD-patients compared to controls, and 
(II) whether these alterations are associated with prospective paroxetine response.

Methods: We compared 70 unmedicated MDD-patients with 51 matched healthy 
controls at baseline, regarding red blood cell membrane omega-6 arachidonic 
acid (AA), inflammation [serum (high-sensitivity) C-reactive protein (CRP)], and 
in a subgroup amygdala-reactivity to emotional faces using functional magnetic 
resonance imaging (fMRI) (N = 42). Subsequently, we treated patients with 12 weeks 
paroxetine, and repeated baseline measures after 6 and 12 weeks to compare non-
responders, early-responders (response at 6 weeks), and late-responders (response 
at 12 weeks).

Results: Compared to controls, MDD-patients showed higher CRP (P = .016) and AA 
(P = .019) after adjustment for confounders at baseline. AA and CRP were mutually 
correlated (P = .043). In addition, patients showed a more negative relation between 
AA and left amygdala-reactivity (P = .014). Moreover, AA and CRP were associated 
with antidepressant-response: early responders showed lower AA (P = .018) and 
higher CRP-concentrations (P = .008) than non-responders throughout the study.

Conclusion: Higher observed CRP and AA, their mutual association, and relation with 
amygdala-reactivity, are corroborative with a role for (neuro)inflammation in MDD. 
In addition, observed associations of these factors with prospective antidepressant-
response suggest a potential role as biomarkers. Future studies in independent 
samples are needed to replicate and test the clinical applicability of these biological 
predictors for treatment response to result in a precision/personalized medicine 
approach for treatment.
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INTRODUCTION

Antidepressant-response in Major Depressive Disorder (MDD) remains variable and 
unpredictable.1,68 Understanding underlying biological mechanisms may help to identify 
biomarkers for response. Identification of pathways modulating antidepressant-response 
could both guide identification of biomarkers and thereby facilitate selecting the right 
treatment for each patient, and might also provide novel targets for add-on therapy.1,68,177

An interesting line of evidence suggests that antidepressant-response is modulated by 
(neuro)inflammatory pathways.178 MDD is characterized by low-grade inflammation, 
revealed by higher concentrations of inflammatory biomarkers such as C-reactive 
protein (CRP).151,179-181 Moreover, in MDD-patients, inflammation has been associated with 
antidepressant non-response, suggesting an interaction between inflammatory processes 
and antidepressant’s effects.182-186 However, the precise mechanisms underlying the relation 
between inflammation, MDD, and (non-response to) antidepressants remain unknown. Here, 
we aim at further unraveling these mechanisms by focusing on a theoretical framework 
in which we relate (neuro)inflammation in MDD with omega-6 polyunsaturated fatty acid 
(PUFA) arachidonic acid (AA) and amygdala-reactivity, which we will introduce below.

AA may play an important underlying role in explaining increased inflammation in MDD, 
because AA is the main precursor of pro-inflammatory eicosanoids.158 MDD has been 
associated with higher AA,187-193 which may result from dietary intake and/or altered 
endogenous metabolism.70 Of note, while AA has been suggested to directly influence 
increases in inflammatory markers (e.g. CRP) in MDD,80,193-196 we are not aware of studies 
that reported the relation between AA and CRP specifically in MDD. The closest available 
evidence observed no relation between AA and CRP in a mixed sample of depressed and 
non-depressed medicated post-myocardial infarction patients.197

Given the relation between AA and inflammation, an association between AA and non-
response could also be expected. Especially since a relation with non-response has been 
observed for (anti-inflammatory) omega-3 PUFAs (also in the present study’s sample), 
which are - at least partly - thought to antagonize omega-6 PUFA’s pro-inflammatory 
effects.1,189,198,199 However, the only two studies investigating this relation for AA could not 
corroborate an association between AA and antidepressant-response.80,81 This may be 
because - with sample-sizes of 36 and 23 MDD-patients, respectively - these two studies 
were relatively small, retrospective, cross-sectional, and did not assess diet.

In addition, it remains unclear how markers of peripheral inflammation and AA relate to 
alterations in brain activity that have also been associated with MDD and antidepressant-
response. One particularly stable finding regarding altered brain activity in MDD is 
increased reactivity of the amygdala in response to negative facial expressions,200,201 as 
was also found in the present study’s sample.202 As part of the cortico-limbic circuit, the 
amygdala is important for emotion regulation.203 Of note, several fMRI-studies - including 
one in the present study’s sample - suggest that amygdala-reactivity could also be used to 
predict antidepressant-response.202,204-206
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Interestingly, a number of studies suggest a link of amygdala-reactivity with AA and 
inflammation, which makes it an interesting factor to include in our theoretical framework. 
For example, AA is incorporated into neuronal and glial cell membranes and thereby regulates 
several brain processes including neurotransmission, cell survival and neuroinflammation 
in e.g. the amygdala In addition, the wide variety of bioactive AA-derivatives - including 
lipoxins and endocannabinoids - have numerous neuromodulating effects.71 Moreover, 
pro-inflammatory cytokines (e.g. endotoxin induced IL-6 and TNF-α) have been found to 
enhance amygdala-reactivity to threatening stimuli in healthy participants,207,208 and a 
strong positive correlation between CRP and amygdala-reactivity was observed in breast 
cancer survivors.209 These cross-links of amygdala-reactivity with AA and inflammation 
could play a mediating role in the cascade of changes leading to MDD and response to 
antidepressants. However, thus far, no study yet addressed these relationships between 
(amygdala) brain activity, AA and CRP in MDD.

In sum, we propose a framework of mutually related alterations in AA, inflammation and 
amygdala-reactivity that may be involved in the pathophysiology of MDD and influence 
antidepressant-response. In this study, we aim at testing this framework by addressing the 
following hypotheses in initially unmedicated MDD-patients that are prospectively treated 
with the antidepressant paroxetine. Cross-sectionally, we hypothesized that: (I) unmedicated 
MDD-patients would have higher levels of AA and CRP compared to matched controls, and 
(II) AA, CRP and amygdala-reactivity would be mutually associated. Longitudinally, we 
hypothesized that: (III) higher AA and CRP would be associated with non-response to twelve 
weeks paroxetine treatment. Finally, we exploratively tested (IV) whether the association of 
AA with CRP and amygdala-reactivity differed between response-groups.

METHODS

Participants
Data collection took place within the framework of the DELPHI-study (ISRCT44111488), 
as reported previously.1,78,95 After institutional ethical committee approval and written 
informed consent, we included patients from primary and psychiatric care that fulfilled 
the following criteria: aged 18-70; current MDD episode as assessed by the Structured 
Clinical Interview for DSM-IV Disorders (SCID-I); antidepressant free (≥4 weeks) and a 17-
item Hamilton Depression Rating Scale (HDRS17)-score >18.49,210 Exclusion criteria were 
severe suicidal thoughts, pregnancy, primary anxiety/substance abuse, bipolar disorder, 
depression due to a general medical condition, systemic corticosteroid use, psychotic 
symptoms and neurological, endocrinological or other systemic disorders. We matched 
healthy controls to patients based on age (±2.5 yrs) and gender. We applied the following 
additional exclusion criteria for controls: Beck Depression Inventory score >9,211 current or 
lifetime psychiatric disorders according to the SCID-I, anamnesis of first-degree relative 
with a psychiatric disorder, use of psychotropic medication, >4 alcoholic beverages/day or 
drug use ≤1 month ago.
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Study design
In a cohort design, we measured clinical, biochemical and imaging parameters in patients 
and controls at study-entry (T0), after which we started patients on open label selective 
serotonin reuptake inhibitor (SSRI) paroxetine (20 mg/day). In addition to biweekly clinical 
visits, we measured all parameters in patients again six weeks after study-entry (T1), at which 
point we determined clinical response. We kept responders at the same dose of paroxetine. 
Within the cohort study, at T1, we randomized non-responders to either real paroxetine 
dose-escalation (10 mg capsules/day increase per 5 days, up to 50 mg/day) or placebo dose-
escalation (continued on 20 mg/day paroxetine, with placebo-capsules of ‘10’ mg/capsule to 
increase up to ‘50’ mg/day), as described previously.78,95 Because the randomized placebo-
controlled dose-escalation had no clinical effects,1,78,95,202 and no influence on biological 
parameters including those in the present analyses, nor the relationships between these 
parameters (all P’s > .05; data available upon request), we analyzed the data as a cohort. 
Twelve weeks after study-entry (T2), we measured all parameters in patients again. Controls 
did not take part in the longitudinal study.

Measures
To correct for confounders and assess the effects of dietary fatty acids, we asked for 
demographic factors, fatty fish consumption and fish oil supplementation, as described 
previously.1 Within the patient group, we defined three clinical response groups based on 
HDRS17-scores during the 12 week treatment period: early-, late- and non-responders. Early-
responders showed ≥50% decrease on HDRS17-score at T1; late-responders showed ≥50% 
decrease on HDRS17-score at T2 and non-responders displayed <50% decrease on HDRS17-
score at T1 and T2.1 At T0, T1 and T2, we measured AA and EPA PUFA-concentrations as 
described previously;24,27,212 these are considered to reflect neuronal membrane fatty acid 
composition.25 In detail, we washed red blood cells of venous EDTA blood three times in 
isotonic saline, counted them by routine hemocytometric analysis and froze them overnight 
in a BHT (2,6-di-tert-butyl-4-methylphenol)-coated eppendorf cup. We transmethylated fifty 
microliters of the resulting hemolysate in 1 ml 3M HCl by incubating for 4 hours at 90°C 
in the presence of 10 nmol internal standard; the methyl ester of 18-methylnonadecanoic 
acid. After cooling, we extracted the aqueous layer in 2 ml hexane, and took this extract 
to dryness under nitrogen flow and resuspended it in 80 μl of hexane. We injected one 
microliter of this solution into a Hewlett Packard GC 5890 equipped with an Agilent J&W 
HP-FFAP, 25 m, 0.20 mm, 0.33 µm GC Column and detected eluting fatty acid methylesters 
by flame ionization detection. We calculated fatty acid concentrations using the known 
amount of internal standard and expressed them as pmol/106 cells for red blood cells. The 
run to run coefficient’s of variation of all the fatty acids range from 2-5% depending on the 
concentration. The detection limit is dependent on the red blood cell concentration. On the 
GC column our detection limit is 2 μmol/L. With a normal concentration of 4.5 × 109 red blood 
cells per liter that corresponds to about 0.45 pmol/106 cells. At T0, T1 and T2, we measured 
CRP-concentrations in serum, using a high sensitivity assay available and validated in the 
laboratory of our academic medical center, in accordance with good laboratory practice.151

At T0, T1, and T2, we used fMRI to measure amygdala-reactivity in response to pictures of 
negative faces in a subset of participants without standard fMRI exclusion criteria (N = 42). 
The detailed fMRI-paradigm and preprocessing steps have been described previously.202 
In brief, we used a 6-channel headcoil on a 3 Tesla MRI scanner to obtain a volumetric 
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T1-weighted coronal scan (TE/TR = 4.6/9.63 msec) and 260 T2*-weighted axial echoplanar 
imaging (EPI) images sensitive to blood oxygen level dependent (BOLD) contrast (TE/TR 
= 35/2530.4 msec). In a well-established event-related emotional faces paradigm, we 
presented four human face stimuli: angry, fearful, happy, and neutral human faces, with 
scrambled faces (with two arrows in the center of the screen) as baseline condition. Subjects 
were instructed to make gender judgments to control for attention differences.202

For all fMRI data-analyses we used SPM (Statistical Parametric Mapping; Wellcome 
Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm/), 
operated under Matlab (the Mathworks, Natick, Massachusetts, USA). We used standard 
preprocessing [including normalization to SPM/Montreal Neurological Institute (MNI) 
standard space, and smoothing (8 mm full-width half-maximum Gaussian filter)].202 Next, 
we modeled BOLD responses to affective facial expressions and baseline conditions for each 
voxel. For each subject, weighted contrasts were computed for simple main effects across 
all stimulus types combined (angry/anxious, happy, and neutral faces versus baseline = ‘all 
faces’), and within stimulus type contrasts (angry/anxious versus baseline = ‘negative faces’; 
happy versus baseline = ‘happy faces’), as described previously.202 For the current analyses 
for patients versus controls, we extracted peak voxel activities that were previously reported 
to significantly differ between patients and controls at baseline in this study:202 -16,-4,-9 and 
18,2,-9 MNI-coordinates for the left and right amygdala, respectively. For the longitudinal 
analyses in the present study, we used MNI-coordinates that were previously reported to 
be significantly associated with treatment response: -22,2,-18 (left) and 18,-2,-18 (right).202

Data cleaning 
We replaced outlier values >2.5 (for N ≤ 80) or >3 standard deviations (for N > 80) above 
or below the mean with the highest non-outlier value.213 We excluded patients with 
baseline CRP-concentrations >10 mg/L, since this may point to a clinically unnoticed but 
significant underlying comorbid inflammatory process which could distort the associations 
under investigation. We transformed CRP ordinal using quartiles, as it was not normally 
distributed. In separate sensitivity analyses we excluded CRP-values >3 mg/L (the standard 
cut-off for high inflammation178), in line with previous research.214

Statistical analyses
For our statistical analyses we used IBM SPSS Statistics version 24. We ran linear 
regression analyses that involved a continuous dependent variable in linear mixed models. 
For our repeated measure “time point” we used the repeated statement in the mixed model 
interface. We used a standard unstructured covariance structure. Because of non-normal 
distribution, for analyses on CRP we ran simple ordinal regression or in case of longitudinal 
analyses bootstrapping in mixed models with CRP as a continuous dependent variable. In 
our bootstrapping analyses we used the random statement in an intercept only model with 
20.000 bootstrap samples. For each analysis, we started with the most complex model and 
made it more parsimonious by removing non-significant parameters (or interaction-terms).

Cross-sectional models
First, we tested whether patients differed in AA and CRP from controls. In these models, 
the dependent variable was either AA or CRP and the predictor variable was group. In 
these models we used propensity scores, which limits the degrees of freedom used for 
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correction of confounding. Propensity scores are the predicted probabilities of belonging 
to the patient/control group based on confounder distributions.100 We calculated propensity 
scores using binary logistic regression with potential confounders as predictor variables. 
We added the propensity scores as covariates to the relevant regression models. We used 
two propensity scores: propensity score 1 (PS1) included all population characteristics that 
differed (at trend; P < .1) between patients and controls (i.e. ethnicity, educational level, 
occupational class and smoking behavior); propensity score 2 (PS2) additionally contained 
fatty fish consumption and fish oil supplementation. In post-hoc analyses we additionally 
tested the difference between patients and controls in EPA/AA ratio, given their proposed 
opposing effect on inflammation. Secondly, we assessed the relationship of CRP with AA 
using ordinal regression with CRP as dependent variable. Here - as in all analyses in 
which group was not our main predictor variable - we corrected for confounders that were 
associated with both the predictor and dependent variable (i.e. contraceptive use). Finally, as 
last cross-sectional models, we tested the relations of AA and CRP with amygdala-reactivity 
as dependent variable, including the interactions with group (patients versus controls) to 
test for differences in the associations between groups.

Longitudinal models
In our longitudinal models, we studied the same variables and relations, but we now tested 
whether they differed between the clinical response groups (early-, late- and non-responders) 
and whether they changed differently over time in the different response-groups, by testing 
response-group × time-point interactions. First, we ran models with AA as dependent 
variable, and tested the main effect of response-group and the response-group × time-
interaction. We corrected for confounders that differed (at trend level) between response 
groups (P < .1, i.e. alcohol use and fatty fish consumption). We ran similar models with CRP 
as dependent variable, but here we applied bootstrapping using the original continuous 
measure of CRP, because computational constraints precluded repeated measures ordinal 
regression with higher level interaction testing. Secondly, we ran (bootstrapping) models 
with CRP as dependent variable and AA as predictor variable, where we tested the response-
group × AA-interaction. Finally, we tested whether the relationships of AA (predictor 
variable) with left or right amygdala peak reactivity (dependent variable) differed between 
response-groups, by testing the AA × response-group-interactions. In post-hoc analyses, we 
performed the same analyses for EPA/AA-ratio.

Post-hoc sensitivity power analyses
We ran post-hoc sensitivity power analyses in software program G*power 3.1.9.2.215 In our 
patient-control comparisons, we could detect small to medium effect sizes for AA and CRP 
(AA: f2 > .12; CRP 1 predictor: f2 > .13; 2 predictors: f2 > .15) and upper limit of medium effect sizes 
for amygdala data (f2 > 0.39). In our response group comparisons, we could detect medium 
effect sizes for AA and CRP (AA: f2 > 0.25; CRP: 1 predictor f2 > 0.26; 2 predictors f2 > 0.32).
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Table 1. Subject characteristics

Abbreviations: BMI, body mass in-
dex; HDRS, Hamilton Depression 
Rating Scale; HPA, hypothalamic-pi-
tuitary-adrenal; MDD, major depres-
sive disorder; SE, standard error. 
a Significant values in bold. Inde-
pendent samples t-tests for con-
tinuous and χ2-tests for categorical 
variables. b Operationalized as: “low” 
(e.g. primary education), “intermedi-
ate” (e.g. middle level applied edu-
cation or higher level preparatory 
education), and “high” (e.g. higher 
level continued education or scien-
tific education). c Operationalized as: 
“low” (e.g. cleaner), “intermediate” 
(e.g. nurse), and “high” (e.g. general 
manager).

 
Characteristic Patients 

(N = 70) 
Controls 
(N = 51) 

P valuea 

Female (%) 65.7 64.7 .908 

Age (years; mean, SE) 42.5 (0.93) 42.4 (1.18) .991 

West-European ethnicity (%) 52.9 86.3 < .001 
Educational levelb (%)   < .001 
  Low 18.6 0.0  

  Intermediate 60.0 31.4  

  High 20.0 68.6  

Occupational classc (%)   < .001 
  Unemployed 0 3.9  

  Low 60.0 19.6  

  Intermediate 22.9 47.1  

  High 14.3 23.5  

Living situation (%)   .460 

  Alone 42.9 39.2  

  Together 54.3 56.9  

Alcohol use (units/wk; mean, SE) 5.8 (1.28) 6.9 (0.97) .523 

Smoking (%)   .006 
  Never 32.9 47.1  

  In the past 17.1 31.4  

  Current 50.0 21.6  

Oral anticonception (%)   .110 

  Yes 15.9 30.0  

  No 47.8 32.0  

  NA 36.2 38.0  

Fatty fish consumption (%)   .079 

  Never 21.4 13.7  

  <1x/month 34.3 21.6  

  1x/month–1x/wk 30.0 43.1  

   >1x/wk 7.1 17.6  

Uses fatty acid supplementation (%) 4.3 9.8 .204 

BMI (kg/m2; mean, SE) 26.9 (0.69) NA  

Waist circumference (cm; mean, SE) 91.8 (1.8) NA  

HDRS17 study entry (mean, SE) 25.2 (0.52) NA  

Recurrent MDD (%) 42.9 NA  

Melancholic subtype (%) 89.2 NA  

Number of episodes (mean, SE) 3.3 (1.42) NA  

Duration of episode (%)    

  <5 months 31.4 NA  

  5 months–2 years 54.3 NA  

  >2 years 12.9 NA  
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RESULTS

Population characteristics
Seventy MDD-patients and 51 controls were included. At study-entry, valid AA-data 
were obtained for 65 patients and 47 controls; valid CRP-data for 61 patients and 
43 controls. The subgroup from which valid amygdala data was collected consisted 
of 20 patients and 22 controls. Population characteristics for patients and controls 
are shown in Table 1. Patients and controls differed on ethnicity, educational level, 
occupational class and smoking behavior (P < .05), and showed a trend of different fatty 
fish consumption (P = .079). Response groups were comparable for baseline depression 
severity, and differed trendwise on alcohol use (P = .065) and fatty fish consumption (P 
= .069) (Supplemental Table S1). Fifteen patients discontinued paroxetine in the first 
six weeks due to adverse effects. Seventeen patients had responded to paroxetine 
treatment at T1 (early-responders), another eighteen patients showed clinical response 
at T2 (late-responders), twenty patients showed no clinical response (non-responders). 

AA
Patients showed a significantly higher AA-concentration than healthy controls (P = .002; 
Figure 1A). This relation remained comparable after correction for demographic factors 
(basic adjustment; PS1) and additional adjustment for fish (oil) intake (full adjustment; PS2). 
Post-hoc analysis showed that the EPA/AA-ratio was significantly lower in the MDD-patients 
compared to controls (P = .018), but this disappeared after correction for confounders (P = .79).

Figure 1. Overview of cross-sectional differences between depressed patients and controls in arachidonic 
acid and C-reactive protein. A. Concentrations of arachidonic acid (AA) in major depressive disorder (MDD) 
patients versus controls. Unadjusted values for patients, mean±SE: 80.03±1.23, and controls: 73.87±1.45, P = 
.002; after basic adjustment for confounders, patients: 80.80±1.41, and controls: 72.96±1.73, P = .002; and af-
ter full adjustment, patients: 80.04±1.50, and controls: 73.68±1.79, P = .019, as indicated by a *. B. C-reactive 
protein (CRP) concentrations in MDD patients, median±interquartile range (IQR): 1.9±1.3 versus controls 
1.1±1.3, ordinal regression P = .073 without correction and P = .016 after full correction for confounders. 
Nonparametric summary statistics were used due to CRP’s non-normal distribution.
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CRP
Patients had higher CRP than controls, reflected by a significantly higher odds of patients 
having a high CRP-concentration after full adjustment for confounders (P = .016; Table 
2 upper panel; Figure 1B). This result was only significant after full adjustment (both 
demographic factors and fish (oil) intake). In the sensitivity analyses including only 
CRP-concentrations ≤3 mg/L results remained comparable (Table 2, lower parts of upper 
and lower panel).

Table 2. Odds ratio of belonging to a higher CRP-tile, effect of patients versus controls (upper panel) and of 
higher arachidonic acid in the combined full study group (lower panel)

a Degrees of freedom = 1. b adjusted for oral contraceptive use

 
Analysis Included data Adjustment Odds ratio Wald statistica P value 95% CI 
Patients vs. controls Whole set None 1.935 3.215 .073 0.940–3.981 

  Basic PS1 2.473 3.412 .065 0.946–6.465 

  Full PS2 3.691 5.767 .016 1.271–10.72 

 ≤3 mg/L None 2.289 3.572 .059 0.970–5.401 

  Basic PS1 1.772 0.923 .337 0.552–5.693 

  Full PS2 2.973 2.857 .091 0.840–10.52 

Association of CRP with AA Whole set None 1.032 3.053 .081 0.996–1.069 

  Adjustedb 1.028 2.212 .137 0.991–1.066 

 ≤3 mg/L None 1.048 4.227 .040 1.002–1.095 
  Adjustedb 1.050 4.105 .043 1.002–1.101 

 

	
AA in relation to CRP
Higher AA was not significantly associated with CRP in the analyses including the entire 
range of CRP-values (Table 2). In the sensitivity analyses including only CRP-concentrations 
≤3 mg/L, higher AA was significantly associated with a higher odds of having a high CRP-
concentration in the full study group (patients plus controls). The relationship of CRP with 
AA did not differ between patients and controls, which remained in the sensitivity analyses 
(P’s > .05).

AA and CRP in relation to amygdala-reactivity
The interaction effect of AA and group on amygdala-reactivity was significant for the left 
amygdala, with patients displaying a negative relation versus a positive relation in controls 
(β = 0.209; P = .014; Figure 2). There was no interaction effect of group with right amygdala-
reactivity (β = 0.100; P = .196). Neither CRP nor its interaction with group was associated 
with amygdala-reactivity in response to negative faces (P’s > .05).

Longitudinal analyses
AA
Response-groups differed significantly in AA-concentration throughout the study (response-
group main effect, P = .018), with higher AA-concentrations in non-responders (Figure 
3). This effect remained comparable after correction for factors that differed between 
response-groups (alcohol use and fatty fish consumption) (P = .051). The response-group × 
time interaction was not significant (P = .215, adjusted P = .118), indicating that there was no 
significant difference in change in AA over time between the response groups.
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Figure 2. Difference between depressed pa-
tients and controls in the relationship be-
tween arachidonic acid and left amygdala 
reactivity. The interaction effect of patient/
control status and arachidonic acid con-
centration on left amygdala reactivity was 
significant (β = 0.209; P = .014). Stratified for 
group, in patients left amygdala activation 
was negatively associated with AA-concen-
tration (β = -0.102; P = .123), while for con-
trols left amygdala activation was positively 
associated with AA-concentration (β = 0.073; 
P = .182).

Figure 3. Arachidonic acid (AA) concentra-
tions in depressed patients that were ear-
ly-, late- and non- responders to paroxetine 
treatment. Unadjusted AA means±SE for 
early, late and non-responders: 76.61±1.93; 
78.58±1.88; 84.08±1.82; P = .018, as indi-
cated by an *. Adjusted AA means±SE for 
early, late and non-responders: 74.97±2.29; 
79.28±2.00; 82.84±2.10; P = .051. Mean 
concentrations are shown. For illustra-
tive reasons graphs show pooled data for 
the three time points combined since 
interactions with time were not signifi-
cant; statistical analyses were performed 
with time modeled as repeated measure.

Figure 4. The relation between eicosapentae-
noic acid/arachidonic acid (EPA/AA)-ratio 
and left amygdala-reactivity in early-, late- 
and non-responders to paroxetine treatment. 
The interaction effect of response-group × ei-
cosapentaenoic acid (EPA)/arachidonic acid 
(AA)-ratio on left amygdala reactivity was 
significant (F = 5.424; P = .029). EPA/AA-ratio 
interaction effect estimate for early respon-
ders versus late and non-responders (β = 
131.8±44.7; P = .013), corrected for observed 
confounders recurrent depression and age.
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CRP
Early-responders exhibited significantly higher CRP-levels than non-responders throughout 
the study (unadjusted: β±SE = 1.94±0.50, 95%CI = 0.90-2.86, P = .008; adjusted: β±SE = 
1.53±0.55, 95%CI = 0.41-2.55, P = .014). Late-responders also displayed intermediately higher 
CRP-levels, although not significantly (P = .054), but this effect disappeared after correction 
for fatty fish consumption (P = .511). There was no response-group × time-interaction (P > 
.05). In the sensitivity analyses in the CRP ≤3 subset, there was no relation between CRP and 
clinical response (bootstrapped mixed model fixed effects estimates for early-responders: P 
= .243; late-responders: P = .353, compared to non-responders).

Differences between response-groups in the relation of AA with CRP and amygdala activity 
The explorative analyses showed no significant differences between response groups in the 
relationships of AA with CRP or amygdala-reactivity (P’s > .577 for all AA × response-group-
interaction-terms). Post-hoc analysis tested differences between response groups in the 
association between EPA/AA-ratio and amygdala-reactivity, and observed a significantly 
more positive association between EPA/AA-ratio and left amygdala activity in early 
responders during the entire study (F = 5.424; P = .029; Figure 4).

DISCUSSION

The present study tested differences between MDD-patients and controls in red blood 
cell omega-6 PUFA AA, CRP as a measure of inflammation, amygdala-reactivity, and 
their mutual associations. In addition, longitudinal associations between these biological 
parameters and paroxetine response were assessed. We showed that compared to 
controls, patients exhibited higher AA- and CRP-concentrations, that were also related 
to each other. Furthermore, we observed a more negative relationship in patients versus 
controls between AA and amygdala-reactivity. Regarding prospective associations with 
treatment response, non-responders to paroxetine treatment exhibited higher AA- and 
lower CRP-concentrations, without significant differences in changes over time between 
response groups.

Patients versus controls
MDD-patients showed higher AA-concentrations than controls, also after correction for fish 
(oil) intake. This is in line with earlier literature,71,194,216-218 although some conflicting findings 
exist which resulted in a non-significant overall effect in a meta-analysis that included studies 
up to 2009.25 Given AA’s pro-inflammatory characteristics, higher AA-concentrations fit with 
hypothesized low-grade inflammation as a pathophysiological pathway in MDD. Of note, 
the present study’s MDD sample showed no overall lower omega-3 PUFA-concentrations 
compared to controls.1 While post-hoc analysis showed a lower EPA/AA-ratio in the MDD-
patients compared to controls, significance disappeared after correction for confounders. 
Altogether, this suggests that in the present study’s sample of unmedicated MDD-patients, 
PUFA-abnormalities primarily consist of higher pro-inflammatory AA-concentrations.

Interestingly, patients additionally showed higher CRP, consistent with two recent meta-
analyses.151,181 Moreover, as hypothesized, CRP was also positively correlated with AA. This 
correlation was present to the same extent in both patients and controls, although only after 
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excluding the subjects with CRP-concentrations >3 mg/L, in line with previous research.214 
CRP-concentrations >3 mg/L are above the standard cut-off indicating high inflammation, 
and thereby may reflect other processes, e.g. viral infections, that might have distorted 
the association between AA and CRP. The observed relation between CRP and AA in the 
CRP-range below this cut-off may imply that AA and its oxidation products indeed have an 
influence on systemic inflammation in MDD, particularly in the low-grade range.

Moreover, results show that the relation between AA and left amygdala-reactivity was more 
negative in patients. This is an interesting finding as both AA and amygdala-reactivity are 
generally found to be increased in MDD.71,200,201,203 Given that this is the first study to test 
this association, further reports on the relation between AA and brain activity are needed to 
draw firm conclusions. Nevertheless, differences in this association between patients and 
controls - independent from confounders - may suggest an altered regulation of amygdala 
activity in the presence of high AA in MDD-patients. Because AA - by itself and through the 
plethora of bioactive molecules in which it can be converted - has manifold effects in the 
brain, it remains to be determined what precise pathways are responsible for this finding. 
It may be hypothesized that under the influence of oxidative stress, AA is metabolized 
into other derivatives (like prostaglandins, lipoxins, and/or endocannabinoids) in MDD 
compared to controls, which consequently activate different (pro-inflammatory) signaling 
pathways e.g. in the amygdala.70,71 It would be interesting to follow-up on this finding in 
more detail, e.g. using lipidomics.

Association with treatment response
In line with our expectations, clinical response to paroxetine treatment was lower in patients 
with high AA. Given the pro-inflammatory characteristics of AA’s metabolites, this fits with 
the association between inflammation and lower treatment response described earlier. The 
only two earlier studies investigating the relationship between AA and treatment response 
in MDD did not result in conclusive evidence, which may be because they were cross-
sectional, retrospective, and in relatively small samples (patient N ≤ 36).80,81 If confirmed in 
an independent sample, this association between AA and response may have interesting 
therapeutic consequences. First, AA could potentially be used in a biomarker panel to predict 
paroxetine response. Second, we recently summarized evidence that omega-3 PUFA-
supplementation can be effective in MDD, especially in patients using antidepressants.219 
This effect of omega-3 PUFA supplementation may partly be due to the antagonistic effects 
of omega-3 PUFAs on AA. Moreover, if it is shown that lowering AA (e.g. by omega-3 PUFA-
supplementation) would increase treatment response, it may be worthwhile to study the 
effect of specific dietary interventions in MDD-patients using antidepressants.

Non-responders also displayed lower CRP-levels than early- and late-responders. 
This finding was surprising, as inflammation has previously been associated with 
antidepressant non-response,184,185 and given the pro-inflammatory characteristics of AA’s 
metabolites. Moreover, the absence of a significant response-group × time-interaction 
showed that clinical response was not associated with differential normalization of CRP 
between response groups.
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Interestingly, the association between low CRP and non-response was determined by 
CRP-concentrations above 3, since the CRP-non-response relation was lost after including 
only the CRP ≤3 subset (P’s ≥ .243). The association of CRP with clinical response thus 
depends on the CRP-values that are above the 90% cut-off value for healthy individuals.220 
We can think of two contrasting explanations for this unexpected finding. First, HDRS-
scores in responders associated with these high CRP-values might partially depend on 
inflammatory processes unrelated to MDD, e.g. viral infection, that in some cases may 
ameliorate/resolve on a shorter time-scale. Second, these high CRP values may have 
identified a sub-selection of patients in our study that represented a more inflammatory 
characterized MDD-subtype. Patients with this subtype may respond better to paroxetine, 
given its proposed anti-inflammatory actions.183,221,222 A similar effect was seen in the 
depression infliximab trial.223 Future studies testing these effects while better controlling 
for e.g. viral infection, would be interesting to explain this contradictory finding from our 
study versus earlier findings in the literature.

Our exploratory analyses suggested that there were no significant differences between 
response-groups in the relation of AA with CRP or amygdala activity. Nevertheless, in post-
hoc analyses we observed a significantly more positive association between EPA/AA-ratio 
and left amygdala activity in early responders. This suggests that our study had enough 
power to detect differences between response groups in the association between PUFAs 
and amygdala-reactivity. In addition, in contrast to the lack of differences between patients 
and controls in EPA/AA-ratio after correction for confounding, this finding may suggest that 
the balance between omega-3 PUFAs and omega-6 PUFAs can be important in regulating 
amygdala activation to negative stimuli in the context of treatment response. Nevertheless, 
given the post-hoc nature of these findings and the relatively small fMRI subset sample 
size, these effects should be interpreted cautiously and warrant replication.

Clinical & research implications
Our findings suggest a role for AA and CRP as biomarkers for the effectiveness of paroxetine 
treatment. However, as variance in these parameters is high, we will probably need a pattern 
biomarker in which different parameters can be combined, e.g. oxidation products and/or 
oxidative stress parameters. It would be interesting to test such a pattern in an even broader 
panel of biomarkers using machine learning.224 Thereby, differences in patterns of multivariate 
relations between parameters could also be included. Unfortunately, to our knowledge, no 
other independent study-samples are available yet in which all these factors are studied 
simultaneously and/or longitudinally, which would be needed for any cross-validation.

Furthermore, although our findings preclude causal conclusions given that our study did 
not involve PUFA-supplementation, they may suggest that lowering AA could improve 
antidepressant-response. Next to supplementation of omega-3 PUFAs to antagonize AA’s 
effects, dietary interventions aimed at reducing omega-6 intake should be further studied. 
Studies in MDD investigating multiple factors (biological parameters and prospective 
antidepressant-response) in relation to each other, might provide a better understanding 
of the complex neurobiology underlying MDD and could lead to better personalization of 
treatment indications - for which distinction of patterns of biomarkers and the facilitation 
of their interpretation are required.
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Limitations and strengths
One of the major limitations in our study was the limited sample size (N = 42) of our fMRI-
data. Our post-hoc sensitivity power analyses showed that with our sample size, we were only 
able to detect large effect sizes regarding amygdala-reactivity in the longitudinal analyses. 
In addition, by specifically including antidepressant-free MDD-patients, it appeared to be 
hard to create a larger sample size. Although the total sample size was considerably larger 
(N = 121) than the fMRI-subset, small effects may therefore still have remained undetected. 
Hence, we potentially must consider false negatives. Nevertheless, this is the largest study 
combining these parameters in antidepressant-free MDD-patients thus far, and might be 
seen as a promising first study.

A second limitation was that while we did assess fatty fish intake and fish oil supplementation, 
a range of other dietary sources may influence PUFA-concentrations. It would have been 
interesting to test the influence of dietary patterns using extensive dietary questionnaires/
assessments on the observed PUFA-differences, to guide future intervention studies. 
Unfortunately, these data were unavailable.

Thirdly, we had no placebo-control group for the first six weeks of paroxetine treatment, given 
the aim of the original study and because we considered it unethical to withhold current-
episode MDD-patients from (effective doses of) antidepressant treatment. Nevertheless, the 
present design sufficed to test our hypotheses; only effects of dose-escalation in the lower 
(ineffective) dose range could not be tested.

Fourth, it remains uncertain how peripheral PUFA-concentrations are precisely related 
to brain PUFA-metabolism and activation. In the introduction, we proposed several 
mechanisms that could explain the observed associations with amygdala reactivity. It 
would be interesting to further study these underlying mechanisms, e.g. using Magnetic 
Resonance Spectroscopy to assess in vivo neurometabolism.

Finally, AA and CRP are common inflammatory reactants observed in various diseases. 
This makes them less specific for MDD. However, the associations with antidepressant 
response observed in the present study could still make them suitable and clinically useful 
biomarkers for treatment response in MDD-patients.

The major strengths of our study were (I) our unique study-design: longitudinal repeated 
measures of three biological parameters that were not studied in combination before, (II) 
linking these measures to predict a clinically relevant outcome: prospective antidepressant-
response, and (III) including specifically patients that were antidepressant-free at baseline.

Conclusion
We observed that relative to healthy controls, MDD patients exhibited higher levels of 
omega-6 fatty acid AA and inflammation marker CRP, which were related to each other. 
Moreover, AA was inversely associated with amygdala-reactivity. In addition, high AA was 
associated with non-response to SSRI paroxetine treatment. This suggests these factors 
may form (I) interesting targets for add-on treatment, and (II) potential biomarker candidates 
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to predict treatment response. Future studies in independent samples should continue to 
test the clinical applicability of these biological predictors, e.g. as part of a machine learning 
biomarker panel in a precision/personalized medicine approach.




