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A B S T R A C T

Increased inflammation and associated metabolic disturbances have been shown to affect neurotransmitters and 
brain circuits, contributing to an immunometabolic phenotype of anhedonic depression. To extend our previous 
findings on relationships between plasma lipids and antidepressant response to anti-cytokine therapy, we 
explored in secondary analyses whether lipid-related biomarkers similarly predicted change in anhedonia or 
functional connectivity (FC) in dopamine-rich corticostriatal reward circuitry in medically-stable, depressed 
patients with a range of inflammation levels (indexed by plasma C-reactive protein [CRP]) who were adminis
tered inflammation-targeted therapies. Relationships were examined between baseline lipids (plasma choles
terols, triglycerides and non-esterified fatty acids) and reduction of anhedonia symptoms in Study 1 (n = 60) 
after three infusions of infliximab or placebo and change in resting-state FC in Study 2 (n = 31) after acute, 
within-subject challenge with levodopa (L-DOPA) and placebo. A treatment by inflammation interaction 
revealed lower anhedonia after infliximab versus placebo (F[1,49] = 5.5, p < 0.05) in patients with, but not 
without, CRP>3 mg/L (n = 27). A composite score of lipid-related biomarkers (with increasing values reflecting 
higher concentrations) also precited anhedonia response (post-treatment minus baseline) to infliximab (r =
− 0.46, p < 0.05) but not placebo (r = 0.14, p = 0.56). Lipid scores similarly predicted CRP-related increases in 
reward circuit FC after L-DOPA (r = 0.53, p < 0.01) but not placebo (r = 0.20, p = 0.34). Responses to infliximab 
and L-DOPA were strongest in patients with versus without clinically elevated CRP (>3 mg/L) and/or cholesterol 
(>150 mg/dL)(p < 0.05). Results highlight a role for dyslipidemia in immunometabolic depression, biomarkers 
of which, together with CRP, have potential to classify patients indicated for therapies that block inflammation or 
its effects on neurotransmitters like dopamine.

1. Introduction

Inflammation and its effects on the brain are thought to contribute to 
major depressive disorder (MDD) and particularly symptoms of anhe
donia in the ~30–50 % of patients with higher levels of peripheral in
flammatory cytokines and acute phase reactants like C-reactive protein 
(CRP) [1–3]. While adiposity and associated metabolic disturbances are 
known drivers of systemic inflammation [4], inflammatory cytokines 
also promote disease processes such as dyslipidemia and insulin 

resistance [5,6]. Recent evidence suggests these bidirectional relation
ships between inflammation and metabolic disturbances may jointly 
contribute to the brain and behavioral pathophysiology that defines a 
subgroup of patients with an immunometabolic phenotype of depression 
[7,8]. As both increased inflammation and metabolic disturbances have 
been associated with reduced responsiveness to conventional antide
pressant therapies [9–12], better understanding the role of immune and 
metabolic interactions in depression may open new avenues for thera
peutic strategies that can be targeted to patients with this 
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immunometabolic phenotype [13,14].
In terms of potential mechanisms, robust clinical and laboratory 

animal evidence has established that administration of inflammatory 
stimuli impacts dopamine release and the neural activation of reward- 
relevant basal ganglia and prefrontal regions, and induces motiva
tional deficits and anhedonia, a core and disabling symptom of 
depression [15,16]. Our recent data also contributes to a growing 
literature showing relationships between endogenous elevations in 
circulating inflammatory markers in patients with MDD and other psy
chiatric disorders and alterations in brain structure and function [17], 
including in key striatal and prefrontal regions involved in reward 
processing and effortful behavior [18–23]. For example, we showed that 
plasma concentrations of CRP (as well as inflammatory cytokines and 
their soluble receptors) in medically-stable MDD patients negatively 
corelated with functional connectivity (FC) in dopamine-rich cortico
striatal reward circuitry using resting-state functional magnetic reso
nance imaging (fMRI) [20]. Lower FC in a ventral striatum (VS) to 
ventromedial prefrontal cortex (vmPFC) reward circuit was in turn 
associated with higher symptoms of anhedonia, as assessed by a subscale 
of the Inventory of Depressive Symptomatology-Self Report (IDS-SR). 
These relationships between CRP, reward circuit FC and anhedonia 
persisted in both data-driven whole-brain and targeted seed-to-region of 
interest (ROI) analyses [20,22]. Similarly, metabolic challenges 
including high fat meals and lipid solutions also affected dopamine 
release and neural activity in reward-relevant brain regions [24–26], 
and evidence of dyslipidemia associated with low cortical and subcor
tical cerebral blood flow and FC in patients with depression [27,28].

Regarding therapeutic strategies, we and others have studied 
depressed patients with a range of CRP concentrations and variable 
evidence of metabolic disturbance to determine whether those with 
higher inflammatory or metabolic biomarkers exhibit preferential brain 
or behavioral responses to anti-cytokine or dopaminergic therapies 
[29–33]. For example, inhibition of tumor necrosis factor (TNF) 
signaling with infliximab reduced overall depressive symptom severity 
versus placebo in treatment resistant depressed (TRD) patients with 
higher levels of baseline plasma CRP and other inflammatory markers, 
with maximum effect at CRP >5 mg/L [29]. Consistent with more recent 
reports of greater efficacy for reduced anhedonia than overall depres
sion severity after ani-cytokine therapy in depressed patients [30,32], 
the symptom most improved by infliximab in TRD patients with high 
CRP was related to anhedonia, item #7 (work and activities) on the 
Hamilton Depression Rating Scale (HAM-D) [29]. Analysis of gene 
expression signatures in infliximab-responders showed that baseline 
transcripts predictive of a subsequent antidepressant response to 
infliximab were not only related to inflammation and TNF-signaling, but 
also to cholesterol and glucose metabolism [34]. These findings were 
validated by assessment of circulating biomarkers whereby plasma 
lipids (cholesterols, triglycerides, and non-esterified fatty acids 
[NEFA]), and to some extent measures of glucose metabolism, predicted 
the antidepressant response to infliximab [33]. Interestingly, plasma 
lipids were lower after infliximab versus placebo in TRD patients with 
higher CRP, and infliximab modified expression of metabolic-related 
gene transcripts in responders [33,34]. These data suggest that dysre
gulation of cholesterol metabolism and high plasma lipids are predictive 
of and possibly involved in the antidepressant response to infliximab in 
TRD patients with increased inflammation.

In addition to inhibiting inflammation, this immunometabolic 
phenotype of depression may benefit from therapies that reverse the 
effects of inflammation and metabolic dysfunction on brain neuro
transmitters like dopamine [12,15]. Accordingly, we have found evi
dence of low synthesis and release of striatal dopamine in both patients 
and laboratory animals administered inflammatory cytokines [35,36], 
which was reversed by the dopamine precursor, levodopa (L-DOPA) 
[37]. We also recently studied medically stable MDD patients with a 
range of CRP concentrations to determine whether those with higher 
inflammation, presumed to have lower dopamine availably, would 

respond to acute challenge with L-DOPA by increased FC in reward 
circuitry. Indeed, L-DOPA increased FC in a VS-vmPFC reward circuit in 
patients with CRP > but not ≤2 mg/L, with the strongest effects in pa
tients with CRP >3 mg/L [38]. Relationships between FC and change in 
hedonic capacity, as determined by the Snaith-Hamilton Pleasure Scale 
(SHAPS) used as a momentary assessment, also showed a treatment by 
CRP interaction whereby higher VS-vmPFC FC after L-DOPA related to 
improvements in anhedonia [38]. The findings support the ideas that 
MDD patients with higher CRP have lower dopamine availability, and 
that FC in reward circuitry may serve as a brain biomarker for assessing 
response to novel therapies in depressed patients with increased 
inflammation. Whether the FC response to L-DOPA relates to lipid bio
markers of metabolic disturbance, or whether depressed patients with 
higher CRP and lipids have special benefit from treatments targeting 
inflammation or its effects on the brain, has not been investigated.

Herein, and consistent with prior reports [30,32], we first explored 
whether anti-cytokine therapy with infliximab reduced symptoms of 
anhedonia versus placebo, and at a lower CRP cut-point than for overall 
depression severity (>3 mg/L versus >5 mg/L), as assessed by the 
subscale from the IDS-SR in patients with TRD (n = 60; Study 1). Total, 
low and non-high-density lipoprotein (LDL, non-HDL) cholesterol, tri
glycerides, and NEFA (but not HDL cholesterol) were associated with the 
overall antidepressant response to infliximab when controlling for 
covariates [33]. Therefore, relationships between the anhedonia 
response to infliximab versus placebo and these lipids at baseline were 
examined using a composite score method that captures the contribution 
of multiple related metabolic or inflammatory markers [2,39–41]. In 
Study 2, we similarly explored whether plasma lipid scores predicted 
reward circuit FC responses to challenge with L-DOPA versus placebo 
previously shown to be modified by plasma CRP concentrations in a 
randomized, within-in subject cross-over challenge in MDD patients (n 
= 31; Study 2). Finally, how the presence or absence of clinically sig
nificant elevations in CRP and/or cholesterol related to anhedonia and 
FC responses was also examined. We hypothesized that lipid biomarkers 
would be associated with both reduced symptoms of anhedonia and 
increased reward circuit FC after infliximab and L-DOPA, respectively, 
and that patients with elevations in CRP and lipid biomarkers would 
have the strongest responses. This work contributes to our understand
ing of the pathophysiology of and biomarkers to identify patients with 
an immunometabolic phenotype of anhedonic depression that might 
benefit from appropriately targeted therapies.

2. Methods

2.1. Participants and procedures

Both studies enrolled adult (18–65 years) male and female out
patients with a primary diagnosis of MDD (or bipolar disorder current 
episode depressed) experiencing a current MD episode without psy
chosis, as determined by Structured Clinical Interview for DSM criteria 
(see Supplement). All subjects were medically stable per medical his
tory, physical exam, and laboratory testing. No patients tested for drugs 
of abuse at screening or study visits, and none took medications affecting 
the immune system. See Supplement for details.

Study 1: Sixty variably medicated participants with TRD, defined as 
non-responsive to antidepressant treatment per a score ≥2 on the Mas
sachusetts General Hospital Staging (MGH-S) method in the current 
episode, underwent blood sampling and behavioral assessments as part 
of a randomized, double-blind study of infliximab versus placebo (n =
30/group) as previously described. See Supplement and reports of in
flammatory and metabolic predictors of overall depression severity 
response to infliximab versus placebo for details [29,33,34]. Patients 
recruited to have a range of inflammation levels defined by screening 
CRP concentrations were stratified based on > versus ≤2 mg/L 
(reflecting the middle of the moderate risk category for CRP, 1–3 mg/L 
per American Heart Association [AHA] guidelines) [42] and randomized 
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to receive three infusions of infliximab (5 mg/kg) or matched placebo in 
saline at baseline, 2 weeks, and 6 weeks of a 12-week trial. Symptoms of 
anhedonia were assessed at baseline and at weekly or bi-weekly fol
low-up safety or clinical assessment visits for 12 weeks after the first 
infusion of infliximab or placebo (see Fig. 1A).

Study 2: Thirty-one participants with available and analyzable 
resting-state fMRI scans both before and after acute challenge with L- 
DOPA and placebo administered on separate study visits were included 
to examine FC in VS-vmPFC reward circuitry as previously described 
[38]. Patients were recruited to have a range of inflammation levels 
from low to high as distributed across mean plasma CRP concentrations 

of 0–1, >1–2, >2–3, and >3 mg/L (~25 %/group). All subjects were free 
of psychotropic medications. No participants were removed from anti
depressants for the purposes of this study. Patients underwent fMRI 
before and after acute challenge with L-DOPA (250 mg with 25–50 mg 
carbidopa; see Supplement for details) and identically encapsulated 
placebo administered on separate visits spaced ~1-week apart using a 
double-blind, randomized, cross-over design [38].

The studies were registered with ClinicalTrials.gov (Study 1: 
NCT00463580; Study 2: NCT02513485) and shared as NIMH Data 
Archive #2540 (Study 2). All procedures were approved a priori by the 
Institutional Review Board of Emory University. All participants 

Fig. 1. The anhedonia response to infliximab versus placebo and role of baseline plasma CRP levels in TRD patients (Study 1). Anhedonia scores across time 
as a function of treatment and baseline plasma CRP level (>3 versus ≤3 mg/L, n = 60; A) revealed early symptom reduction followed by attenuation of anhedonia 
response ~2–4 weeks after each infusion (baseline, week 2 and week 6, black arrows). This pattern was most prominent in patients with CRP >3 mg/L receiving 
infliximab, and this group showed the highest anhedonia response rate (≥50 % reduction in symptoms at any time during the study from baseline) (p < 0.01; B). A 
treatment by inflammation interaction also revealed lower anhedonia scores (maximal response at any time during the study) after infliximab versus placebo only in 
patients with >3 mg/L CRP (p < 0.05; C, lower panel), with no difference in anhedonia scores at baseline (upper panel). *p < 0.05, Bonferroni correction controlling 
for covariates.
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provided written informed consent.

2.2. Blood collection

Whole blood was collected into EDTA-containing vacutainer tubes 
through indwelling catheters after participants had at least 30 min of 
rest. Plasma was obtained by centrifugation at 1000×g for 10 min at 
4 ◦C, aliquoted into siliconized polypropylene tubes, and stored at 
− 80 ◦C until assay. Blood for lipid biomarkers was collected ~3 h from 
the patient’s last food intake (~3pm ± 1 h) during an inpatient baseline 
study visit for Study 1, and after an overnight fast (~10am ± 2 h) during 
a baseline visit ~1 week prior to the first study visit for Study 2.

2.3. Measurement of CRP and lipid biomarkers

High sensitivity (hs)-CRP was measured by immunoturbidimetric 
methods as described [29,38]. Lipid-related biomarkers (total, LDL, and 
non-HDL cholesterols, triglycerides, and NEFA) were measured in the 
Biomarker Core Lab of the Atlanta Research and Education Foundation 
using enzymatic methods reagents from Sekisui Diagnostics (Exton, PA) 
implemented on the AU480 chemistry analyzer (Beckman Coulter) as 
described [33,43]. Mean inter- and intra-assay coefficients of variation 
were reliably <10 %. Non-normal markers were natural log transformed 
(non-HDL, triglycerides and NEFA for Study 1; triglycerides for Study 2). 
To examine the shared contribution of all lipid-related metabolic 
markers to relationships with anhedonia and FC responses, a lipid 
composite score was created for each study as the sum of Z-scores of all 
markers, a common method for examining the contribution of multiple 
related metabolic or inflammatory markers [2,39–41]. Because Z scores 
center the mean of each marker at 0 ± 1 (mean, SD), thus classifying 
each participant as having “higher” (above 0) or “lower” (below 0) 
levels of each marker, when combined into a composite score (as the 
sum of Z scores for each marker) it can be used as a continuous variable 
for comparison with other variables [2](see Fig. S1 for the contribution 
of each individual marker to composite scores above or below the me
dian). The lipid composite scores for both studies were normally 
distributed and passed tests of normality.

2.4. Anhedonia

For Study 1, symptoms of anhedonia were assessed using a 3-item 
Anhedonia Subscale from the IDS-SR [44] previously shown to be 
associated with inflammation and its effects on corticostriatal reward 
circuitry [2,20,22]. This subscale included items 8 response of mood to 
good or desired events, 19 general interest in people and activities, and 21 
capacity for pleasure each scored on a scale of 0–3. As with our prior work 
assessing the effects of infliximab versus placebo on depression severity, 
including the original trial results [29], response (post-treatment minus 
baseline) was defined as the maximum reduction in anhedonia symptom 
severity at any timepoint during the study versus baseline [29,33,34]. 
Anhedonia response was used either as a continuous variable (see Sta
tistical analyses) or to calculate rate of response as defined by ≥ 50 % 
reduction in anhedonia scores versus baseline [29,33,34]. Comple
mentary results for the last anhedonia assessment were also reported.

2.5. Reward circuit FC

Imaging data were acquired at Emory’s Center for Systems Imaging 
on a Siemens Prisma 3T scanner and 64-channel head coil as previously 
described [38]. Briefly, a T1-weighted, magnetization prepared rapid 
gradient echo (MPRAGE) sequence was obtained at 1 mm3 resolution. 
Wakeful resting-state fMRI images were acquired by 2D gradient-echo 
EPI BOLD (see Supplement) both before and after L-DOPA or placebo 
administration using phase-encoding directions of opposite polarity 
(anterior-posterior) for distortion correction over ~10 min [45]. Data 
were analyzed with standard preprocessing protocols in AFNI (http:// 

afni.nimh.nih.gov/; see Supplement). Resting BOLD time series were 
additionally processed to minimize artifacts from head motion, respi
ration, cardiac pulsation, and hardware using ANATICOR method [46] 
via motion/outlier censoring (aka scrubbing), nuisance regression, and 
band pass filtering (0.009Hz < f < 0.08Hz; see Supplement for signal 
censoring). Individuals’ 4D fMRI data were spatially normalized into 
standard Montreal Neurological Institute (MNI) space. Left-VS (see 
Supplement for justification) to vmPFC FC was assessed using a tar
geted, a priori seed-to-ROI approach. Subject-level Fisher’s normalized 
Z-scores were extracted for FC between a 3 mm3 radius spherical seed 
centered on left-VS (including nucleus accumbens) [47] and vmPFC ROI 
previously associated with neural activation to receipt of reward in 
neuroimaging meta-analysis [48] and used in our previous work [20,22,
38,40,41]. This unbiased, targeted approach was chosen to increase 
rigor, reproducibility, and potential application of results to future trials 
(see Supplement) [38].

2.6. Statistics

Patient characteristics were summarized using mean and standard 
deviation (SD) for continuous and percent for categorical variables. 
Analyses were conducted with and without clinical and demographic 
covariates that may influence relationships between inflammatory or 
metabolic markers and brain and behavioral responses (age, sex, race, 
and body mass index [BMI]). To establish relationships between CRP or 
lipid biomarkers and change in anhedonia symptoms that were inde
pendent of depression severity, baseline Hamilton Depression Rating 
Scale (HAM-D) scores were controlled in Study 1, as well as use of 
psychotropic (n = 37) and cholesterol (n = 10) medications (which were 
absent in Study 2). Study 2 also controlled for study-specific variables (e. 
g., treatment order, carbidopa dose; see Supplement for details).

Analyses for Study 1 first examined the effects of infliximab and 
placebo (treatment) on symptoms of anhedonia over time using a gen
eral linear model (GLM) with repeated measures on time (baseline and 
all post-treatment assessments). Data were summarized as mean ( ±
SEM) as a function of treatment and baseline CRP > versus ≤3 mg/L to 
visualize the pattern of anhedonia response by inflammation level. 
Based on the revealed response pattern and prior analyses of the primary 
study outcomes [29,33,34], response at any time during the study was 
calculated using an intent-to-treat approach [29], and examined first in 
relation to response rate (≥50 % reduction in symptom severity from 
baseline) as a function of treatment and CRP level by logistic regression 
with likelihood ratio tests. Between-subject effects of treatment and 
inflammation (CRP level) on anhedonia symptoms (maximal response at 
any time as a continuous variable) was also examined using a general 
linear model (GLM) with repeated measures on time (baseline and 
post-treatment).

To determine whether baseline lipid biomarkers predicted the 
change in anhedonia scores, the anhedonia response (maximal response 
as anytime during the study minus baseline) was calculated. Relation
ship of this anhedonia response was first examined in relation to treat
ment and CRP level with GLM. Post-hoc comparisons with Bonferroni 
correction were used to interpret GLM results. Linear regression models 
were used to examine relationships between baseline lipid biomarkers 
(lipid composite scores) and anhedonia responses to infliximab or pla
cebo (Study 1) and reward circuit FC response to L-DOPA and placebo 
(Study 2). To determine whether relationships between the lipid bio
markers and anhedonia and FC responses differed for infliximab or L- 
DOPA versus placebo, interaction terms (lipid composite score X treat
ment) were examined in multivariate models including the composite 
scores and treatment, in addition to comparison of slopes (beta co
efficients) for each independent treatment [49] to examine moderation. 
See Supplement for details. Individual lipid markers were explored in 
linear models containing covariates to determine whether common 
markers predicted both anhedonia and FC responses. Participants were 
then grouped based on presence or absence of CRP >3 mg/L and/or total 
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cholesterol >150 mg/dL (reflecting higher than optimal cholesterol 
levels according to AHA guidelines) [50] and their anhedonia and FC 
responses to infliximab or L-DOPA were compared by GLM. 
Between-subjects contrasts were also used to compare responses of pa
tients with elevations of one or both biomarkers to responses of patients 
without either CRP >3 mg/L or cholesterol >150 mg/dL. All tests of 
significance were two-tailed with α < 0.05, conducted in IBM SPSS 
Statistics 29.

3. Results

Baseline sociodemographic, clinical, and biomarker data for 60 pa
tients randomly assigned to infliximab or placebo (n = 30 per group) in 
Study 1 as described [29] are shown in Table 1. There were no signifi
cant differences between groups for demographic or clinical variables, 
including baseline anhedonia scores. Biomarkers of cholesterol meta
bolism were available from 52 subjects (n = 26 per group). Because 
baseline cholesterols and triglycerides were higher in patients assigned 
to placebo, Z-scores for each lipid biomarker were calculated separately 
for each group. This standardized each marker to 0 ± 1 (mean, SD) for 
both the infliximab and placebo-treated groups prior to creating the 
lipid composite score. Similar results obtained from Z-scores created 
from the entire group are reported in the Supplemental Results. All 
analyses also controlled for demographic and clinical covariates that, 
even if not significantly different, may contribute to or confound re
lationships between biomarkers and behavior. Biomarkers of cholesterol 
metabolism were available from all 31 patients with rsFC available both 
before and after placebo and L-DOPA administered ~1 week apart in 
randomized order as described [38] for Study 2 and per Table 2.

3.1. Anhedonia response to infliximab in study 1: role of higher CRP

Of the 60 patients randomly assigned to infliximab or placebo, 27 
(45 %) had baseline CRP concentrations >3 mg/L (see Table S1 for 
participant data by CRP level). All 60 patients received at least one 
infusion followed by at least one follow-up visit, and 27 in the infliximab 
group and 28 in the placebo group completed all 3 infusions. Five par
ticipants in the infliximab group dropped out prior to the end of the 
study (due to scheduling conflicts or were lost to follow-up), three of 

which received only one infusion. Two participants in the placebo group 
received only 2 infusions (both due to medical or psychiatric compli
cations), and 1 of these participants dropped out at that time. Thus, 90 % 
of patients completed all 12 weeks of the trial (29 in the placebo group 
and 25 in the infliximab group) [29], and 6 of these study completers 
were missing anhedonia data from at least one timepoint during the 
study.

When considering the effect of treatment (infliximab or placebo) on 
anhedonia scores over time in 48 patients (26 placebo, 22 infliximab) 
with data available at all timepoints, there was a main effect of time (F 
[8,46] = 6.42, p < 0.001) but no main effect of treatment or a time-by- 
treatment interaction (both p > 0.35) in models with or without cova
riates. Interestingly, plotting anhedonia scores available across time 
from all 60 participants as a function of treatment and baseline plasma 
CRP level (>3 versus ≤3 mg/L; Fig. 1A) revealed early symptom 
reduction followed by attenuation of anhedonia response ~2–4 weeks 
after each infusion (baseline, week 2 and week 6, black arrows). This 
pattern was most prominent in patients with CRP >3 mg/L receiving 
infliximab, but also seen in patients with CRP ≤3 mg/L receiving pla
cebo (the preferred treatments for patients in either CRP group, 
respectively). Based on this pattern of symptom reduction with respect 
to timing of infusions, and consistent with prior analysis of response 
rates for the primary study outcome of depression symptom severity [29,
33,34], the rate of anhedonia response at any time during the study 
(≥50 % reduction in symptoms severity from baseline) was calculated 
and revealed a treatment by CRP interaction when considering either 
CRP level (χ2 = 9.72, p < 0.01) (Fig. 1B) or CRP as a continuous variable 
(χ2 = 8.38, p < 0.01) in models including covariates. A similar trend was 
observed for rate of response at the final assessment (see Fig. S2). Of the 
infliximab responders with CRP >3 mg/L, >80 % had an initial response 
(≥50 % reduction in symptoms severity) in the early phase of the study 
(between weeks 1 and 3) when participants received two infusions 
spaced by 2 weeks. Of the early responders, >70 % maintained this 
response at later phases of the study (weeks 6–12). Of patients with CRP 
≤3 mg/L that responded to placebo (the preferred treatment in the 
lower inflammation patients), >70 % similarly responded early in the 
study (between weeks 1 and 3) and >65 % of early responders main
tained their response later in the study (weeks 6–12).

A higher response rate to infliximab versus placebo in patients wit h 
CRP >3 mg/L was further supported by a between-subject CRP level by 
treatment interaction for anhedonia scores (maximal response at any 
time during the study as a continuous variable; F[1,56] = 6.11, p =

Table 1 
Demographic, clinical, and baseline biomarker characteristics of TRD patients 
receiving infliximab or placebo infusions.

Study 1 Infliximab Placebo P-value

(n = 30) (n = 30)

Sex, female 20 [66.7 %] 20 [66.7 %] 1.00
Race ​ ​ ​

Caucasian 23 [76.7 %] 23 [76.7 %] 0.81
African American 6 [20.0 %] 5 [16.7 %] ​
Other 1 [3.3 %] 2 [6.7 %] ​

Age 42.5 [8.2] 44.3 [9.4] 0.42
BMI 31.2 [6.9] 32.7 [8.0] 0.44
BL CRP (mg/L) 6.3 [8.9] 5.4 [8.2] 0.69
BL HAM-D-17 24.1 [4.0] 23.6 [3.8] 0.60
BL Anhedonia 5.6 [1.8] 5.2 [1.9] 0.49
Bipolar Disorder 3 [10.0 %] 6 [20.0 %] 0.17
Psychotropic medication 16 [53.3 %] 21 [70.0 %] 0.18
Cholesterol medication 4 [13.3 %] 6 [20.0 %] 0.49
BL Total Cholesterol (mg/dL)+ 146.3 [31.6] 169.5 [36.4] 0.02
BL LDL (mg/dL)+ 95.6 [28.0] 104.6 [28.6] 0.26
BL non-HDL (mg/dL)+ 109.1 [30.7] 128.2 [35.9] 0.05
BL Triglycerides (mg/dL)+ 79.6 [40.0] 121.3 [67.6] 0.01
BL NEFA (mg/dL)+ 0.3 [0.1] 0.4 [0.3] 0.04

Results expressed as n [percent] or mean [SD]. BL: baseline; BMI: body mass 
index; CRP: C-reactive protein; HAM-D-17: 17-item Hamilton Depression Rating 
Scale; LDL: low-density lipoprotein cholesterol; non-HDL: non-high-density li
poprotein cholesterol; NEFA: non-esterified fatty acids; TRD: treatment-resistant 
depression. +n = 26/group.

Table 2 
Demographic, clinical, and biomarker characteristics of MDD patients 
receiving acute L-DOPA and placebo ~1 week apart in randomized order as a 
pharmacological fMRI challenge.

Study 2 MDD Patients (n = 31)

Sex, Female 21 (67.7 %)
Race 

Caucasian 
African American 
Other

20 [64.5 %] 
9 [29.0 %] 
2 [6.5 %]

Age 37.0 [11.4]
BMI 28.4 [5.9]
BL CRP 2.7 [3.3]
BL HAMD-17 21.8 [3.8]
BL Anhedonia 4.3 [1.9]
BL Total Cholesterol (mg/dL) 163.2 [26.0]
BL LDL (mg/dL) 106.2 [17.9]
BL non-HDL (mg/dL) 113.8 [19.9]
BL Triglycerides (mg/dL) 38.1 [17.6]
BL NEFA (mg/dL) 0.5 [0.2]

Results expressed as n [percent] or mean [SD]. BL: baseline; BMI: body mass 
index; CRP: C-reactive protein; HAM-D-17: 17-item Hamilton Depression 
Rating Scale; LDL: low-density lipoprotein cholesterol; L-DOPA: levodopa; 
non-HDL: non-high-density lipoprotein cholesterol; MDD: major depressive 
disorder; NEFA: non-esterified fatty acids.
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0.017, Fig. 1C, lower panel). This interaction remained significant when 
controlling for age, sex, race, BMI, baseline HAM-D scores, and use of 
cholesterol or psychiatric medications (F[1,49] = 5.46, p = 0.024), and 
a similar trend was observed when considering anhedonia scores at the 
final assessment (F[1,49] = 2.98, p = 0.091). Post-hoc testing revealed 
significantly lower anhedonia scores after infliximab versus placebo (p 
< 0.05) in patients with >3 mg/L CRP (Fig. 1C, lower panel), with no 
significant treatment difference in patients with ≤3 mg/L CRP (p =
0.136). Baseline anhedonia did not differ as a function of treatment 
group or CRP level (all p > 0.236; Fig. 1C, top panel). Of note, a CRP 
level by treatment interaction was also observed for post-treatment 
anhedonia scores when controlling for baseline anhedonia (F[1,48] =
4.85, p < 0.05), and was similar when using CRP as a continuous vari
able with a CRP by treatment interaction term (F[1,48] = 3.38, p =
0.072).

3.2. Relationship between lipid-related biomarkers and anhedonia 
response to infliximab in study 1

To determine whether baseline lipid biomarkers predicted the 
change in anhedonia scores, the anhedonia response (maximal response 
as anytime during the study minus baseline) was calculated and first 
examined in relation to CRP level. A trend for treatment by CRP inter
action effects on the change in anhedonia scores (response at any time 
minus baseline, p = 0.090 when controlling for covariates) was 
observed, which was significant when removing one patient assigned to 
infliximab who did not report any anhedonia symptoms at baseline or 
during the study (F[1,48] = 4.09, p < 0.05; Fig. 2A). Post-hoc testing 
revealed a statistical trend for a greater response to infliximab versus 
placebo in patients with CRP >3 mg/L (p = 0.052). The lipid composite 
score at baseline did not significantly correlate with the anhedonia 
response (change in anhedonia scores: post-treatment minus baseline) in 
all patients (r = − 0.23, df = 50, p = 0.098). A statistically significant 
interaction between treatment and the lipid composite score was not 
observed in the whole group (r = − 0.20, df = 41, p = 0.202), but this 
was significant when removing the 10 patients that were taking 
cholesterol medications (r = − 0.35, df = 33, p < 0.05), in models 
controlling for covariates (Table S2). Interestingly, lipid biomarkers 
were negatively associated with the anhedonia response (with higher 

baseline lipids predicting a greater reduction in anhedonia symptoms) 
only in patients treated with infliximab (r = − 0.44, df = 24, p < 0.05), 
with no significant relationship observed after placebo (r = − 0.04, df =
24, p = 0.836) in the group as whole. The relationship between baseline 
lipid biomarkers and the anhedonia response in patients treated with 
infliximab persisted when controlling for age, sex, race, BMI, baseline 
HAM-D scores, and use of cholesterol or psychiatric medications (r =
− 0.46, df = 17, p < 0.05; Fig. 2B). A significant difference between beta 
coefficients (± standard error) (see Table S2) was observed for re
lationships between lipid biomarkers and the anhedonia response in 
patients treated with infliximab versus placebo when controlling for 
covariates (− 0.28 ± 0.13 versus 0.15 ± 0.26, t = − 2.1, df = 50, p <
0.05).

3.3. Relationship between lipid-related biomarkers and reward circuit FC 
response to acute L-DOPA challenge in study 2

The reward circuit response to L-DOPA and placebo was calculated 
as change in resting-state VS-vmPFC FC using a seed to ROI targeted FC 
approach (see Fig. 3A and section 2.5). The lipid composite score at 
baseline significantly correlated with the FC response (post-treatment 
minus baseline) irrespective of treatment (r = 0.28, df = 60, p = 0.027). 
This relationship was improved when controlling for treatment as well 
as study-related and demographic variables (r = 0.37, df = 53, p =
0.006), and there was no treatment by lipid score interaction (r = 0.06, 
df = 52, p = 0.686). Similar to the relationship between lipid scores and 
the anhedonia response to infliximab, baseline lipid biomarkers signif
icantly predicted the FC response only to L-DOPA (r = 0.53, df = 23, p =
0.007 controlling for covariates; Fig. 3B) but not placebo (r = 0.20, df =
23, p = 0.341). A significant difference was also observed for the beta 
coefficients (see Table S3) for relationships between the lipid composite 
score and response to L-DOPA versus response to placebo (0.04 ± 0.01 
versus 0.01 ± 0.01, t = 2.3, df = 30, p < 0.05).

3.4. Individual lipid-related biomarkers and response to infliximab and L- 
DOPA: role of higher CRP

As individual lipid-related biomarkers could not be included 
together in multiple linear regression models due to variance inflation 

Fig. 2. Plasma lipid biomarkers at baseline predicted the anhedonia response to infliximab but not placebo in TRD patients (Study 1). A treatment by CRP 
interaction effect on the change in anhedonia scores (response at any time minus baseline) was observed when removing one patient assigned to infliximab that did 
not report any anhedonia symptoms (n = 59, p < 0.05; A), with a trend for greater response to infliximab versus placebo in patients with CRP >3 mg/L (p = 0.052). A 
composite score for lipid-related biomarkers was created as the sum of Z-scores for baseline concentrations of total, LDL and non-HDL cholesterol, triglycerides, and 
NEFA with increasing values reflecting greater concentrations of these markers (see Fig. S1). This lipid composite score negatively associated with the change in 
anhedonia scores (response at any time minus BL) to infliximab (r = − 0.46, p < 0.05 controlling for covariates; C) but not placebo (r = 0.14, p = 0.56), n = 26/group. 
Data are presented as estimated marginal means (± standard error) controlling for covariates. *p < 0.05. BL: baseline; CRP: C-reactive protein; non-HDL: non-high- 
density lipoprotein; LDL: low-density lipoprotein; NEFA: non-esterified fatty acids; TRD: treatment-resistant depression.
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(factors >10), relationships between individual markers and study 
outcomes were explored in models containing covariates to see whether 
common markers predicted both anhedonia and FC responses. For Study 
1, while all markers exhibited negative relationships with the anhedonia 
response to infliximab (r values ranging from − 0.30 to − 0.48; higher 
lipid markers predicting greater symptom reduction), only total 
cholesterol was statistically significant (p < 0.05; Table S4). For Study 2, 
all markers except NEFA showed statistically significant positive corre
lations with the reward circuit FC response to L-DOPA (r = 0.42–0.47, 
all p < 0.05; Table S4).

As both anhedonia and FC responses were predicted by total 
cholesterol at baseline, the combined effect of biomarkers of lipid 
metabolism and inflammation was further explored by assigning pa
tients to one of three categories based on the presence or absence of 
clinically-relevant elevations in cholesterol (>150 mg/dL) [50] and/or 
CRP (>3 mg/L) [42] as: 1) lower levels of both markers, 2) higher levels 
of at least one marker, and 3) higher levels of both markers. For Study 1, 
there was a main effect of group assignment on the anhedonia response 
to infliximab (F[2,23] = 3.86, p < 0.05). Consistent with post-hoc tests 
with Bonferroni correction, contrasts showed significantly greater re
ductions in anhedonia symptoms in patients with one or two versus no 
elevated biomarkers (p < 0.05, asterisks in Fig. 4A). While the main 
effect remained significant when controlling for all covariates except for 
age and BMI, contrasts were significant for patients with higher levels of 
one biomarker when controlling for age and BMI (p < 0.05, cross in 
Fig. 4A), and for patients with higher levels of both markers when 
controlling for age but not BMI. For study 2, the main effect of group 
assignment on the FC response to L-DOPA was only significant when 
controlling for covariates (F[2,22] = 3.5, p < 0.05). While post-hoc tests 
with Bonferroni comparison showed only a statistical trend for those 
with two compared to no elevated biomarkers (p = 0.05), contrasts 
reveled higher FC responses in patients with one or two versus no bio
markers elevated when controlling for covariates (p < 0.05, crosses in 
Fig. 4B).

4. Discussion

Herein, we found that inflammation-related anhedonia and reward 
circuit FC responses to anti-inflammatory or neurotransmitter targeted 

therapies, infliximab and L-DOPA respectively, in patients with 
depression were similarly predicted by baseline concentrations of lipid- 
related biomarkers. Indeed, a composite score of the same lipids (cho
lesterols, triglycerides and NEFA) that predicted the antidepressant 
response to infliximab in our prior work [33] were related to change in 
anhedonia symptoms after infliximab. Anhedonia was only significantly 
reduced compared to placebo in patients with CRP > versus ≤3 mg/L, 
consistent with improved SHAPS scores after infliximab in bipolar 
depressed patients with evidence of high inflammation and/or meta
bolic disturbance [30] or anti-IL-6 with sirukamab in depressed patients 
with CRP >3 mg/L [32]. We similarly found that plasma lipid scores 
predicted reward circuit FC responses to challenge with L-DOPA versus 
placebo previously shown to depend on concentrations of plasma CRP in 
MDD patients [38]. Finally, potential joint contributions of inflamma
tion and metabolic processes were supported by evidence that patients 
with both ele vated CRP and higher levels of cholesterol were most 
responsive to treatments that inhibit inflammation or dopaminergic 
therapies like L-DOPA.

Notably, our results indicate future use of combined CRP and lipid 
biomarkers to identify depressed patients that may benefit from thera
pies targeting inflammation or its effects on the brain. Findings that both 
markers similarly predicted anhedonia responses to infliximab in TRD 
and reward circuit FC responses to L-DOPA in MDD indicate a shared 
pathophysiology of immune and metabolic alterations in these patients. 
These results also suggest common mechanisms of action of anti- 
cytokine and dopaminergic therapies on reward pathways in patients 
with immunometabolic depression. Inflammatory cytokines and asso
ciated oxidative stress signals are thought to affect the availability and 
release of striatal dopamine, in part through limiting its synthetic pre
cursors like L-DOPA [15]. While metabolic changes including higher 
circulating lipids may have direct effects on the brain [27,28], metabolic 
disturbances including aspects of dyslipidemia are known activators of 
peripheral immunes cells that drive systemic inflammation [4]. There
fore, reduced peripheral inflammation by anti-cytokine therapies like 
infliximab in patients with both higher CRP and high lipids may reverse 
the impact of metabolism-induced cytokine release on the brain to 
subsequently improve dopamine and reward circuit function as a 
mechanism of reduced symptoms of anhedonia. In our recent studies 
enrolling depressed patients with higher CRP to receive sub-chronic 

Fig. 3. Baseline plasma lipid biomarkers predicted inflammation-associated changes in FC in reward circuitry after acute challenge with levodopa but not 
placebo in MDD (Study 2). Resting-state FC between a seed in left VS (green) and ROI in vmPFC (yellow), shown overlayed on a vmPFC cluster identified to have 
reduced FC with left VS in association with higher CRP in MDD in our prior voxel-wise analyses (blue-cyan) [20](A), was increased by L-DOPA versus placebo in 
patients with higher CRP [38]. A composite score for lipid-related biomarkers (sum of Z-scores for total, LDL and non-HDL cholesterol, triglycerides, and NEFA) 
positively associated with the VS-vmPFC FC response to L-DOPA (post-treatment minus baseline; n = 31; r = 0.53, p < 0.01 controlling for covariates; B) but not 
placebo (r = 0.20, p = 0.34). BL: baseline; FC: functional connectivity; non-HDL: non-high-density lipoprotein; LDL: low-density lipoprotein; L-DOPA: levodopa; 
MDD: major depressive disorder; NEFA: non-esterified fatty acids; vmPFC: ventromedial prefrontal cortex; VS: ventral striatum.
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(1–2 weeks) of anti-cytokine or dopaminergic therapies (NCT04723147; 
NCT03004443), secondary analyses will further establish whether lipid 
signatures were enriched in these patients and/or associated with the 
responsiveness of common outcomes related to motivation and FC in 
reward circuitry.

This study provided evidence of common inflammatory and meta
bolic contributions to an immunometabolic phenotype of depression 
and identified potential clinical markers, CRP and cholesterol, that may 
be used to identify patients for targeted therapies. While interesting 
relationships between CRP and anhedonia response to infliximab were 
uncovered, more specific laboratory assessments of inflammation, 
particularly related to TNF signaling, may have greater predictive val
idity [30]. As with our prior work on infliximab responses based on 
depression severity [29,33,34], future studies will explore relationships 
between anhedonia response, cytokines and their soluble receptors, and 
immunometabolic peripheral blood gene expression signatures. 
Furthermore, small samples sizes for interactions in these studies, 
especially for the combined effects of CRP and cholesterol (Fig. 4), will 
require future validation in larger studies and should be interpreted with 
caution.

Several additional limitations should be noted. First, Study 1 was a 
small pilot trial to collect preliminary information on the antidepressant 

effects of infliximab in TRD patients and did not collect neuroimaging 
data. As anhedonia was not a planned outcome, the study also did not 
use a full scale to probe hedonic capacity such as SHAPS. The subscale of 
the IDS-SR (which probes interest in people and activities in addition to 
pleasure) has been previously associated with higher inflammation and 
lower VS-vmPFC FC in MDD patients in our prior work [2,20,22] and 
was used as an exploratory measure of anhedonia. Additionally, Study 2 
was designed as an acute fMRI challenge study to determine whether 
L-DOPA could impact reward circuit FC in MDD patients with high CRP 
and thus change in anhedonia symptoms over time with the IDS-SR 
subscale was not possible. However, combined data from the two 
studies allowed us to assess whether lipid biomarkers were associated 
with both brain and behavioral responses to therapies intended to 
reverse the effects of inflammation on dopamine-modulated reward 
circuits and relevant behaviors. As discussed above, similar findings 
across studies further support both shared pathophysiology involving 
metabolic and inflammatory processes and common mechanisms of the 
anhedonia or FCresponses. Another potential issue is the small sample 
sizes of both studies. However, it should be noted that these were 
carefully selected, medically stable populations that, despite being less 
generalizable to all depressed samples, allowed controlled experimental 
environments for testing mechanism. Despite the double-blind ran
domized design, baseline cholesterols and triglycerides were higher in 
patients assigned to placebo. These differences should not impact results 
as all analysis focused on relationships between the lipid-related bio
markers and change in anhedonia scores within and across treatment 
groups rather than between group comparisons, and all analyses 
controlled for demographic and clinical covariates. It should be noted 
that BMI was included as covariate to examine the contribution of un
measured confounders that exert potential influence on the brain and 
behavioral outcomes independent of the metabolic and inflammatory 
variables of interest. While elevations in CRP and lipids may be driven in 
part by adiposity, BMI was not a significant predictor of the anhedonia 
response to infliximab or the FC response to L-DOPA (p > 0.99 and >
0.57, respectively, controlling for other covariates). Nevertheless, BMI is 
an excellent means to enrich for patients with evidence of immune and 
metabolic disturbance and can be used as a proxy when biomarkers are 
not available.

Taken together, findings showed that both peripheral inflammatory 
and lipid-related biomarkers are predictive of response to therapies that 
inhibit inflammation or reverse its effects on neurotransmitters like 
dopamine in patients with depression. This exploratory work highlights 
a potential role for dyslipidemia in the pathophysiology immunometa
bolic depression and contributes to our knowledge of biomarkers that 
may be used to identify patients that might benefit from appropriately 
targeted therapies.
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