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A B S T R A C T

Background: Major depressive disorder (MDD) is associated with chronic inflammation. Exercise training can treat
depression in adults with MDD, potentially through reducing inflammatory activity. This improvement may occur
through adaptations to repeated acute inflammatory responses. Cytokine responses to acute steady-state exercise
of varying intensities were determined in women with different levels of depression.
Methods: This analysis included 19 women with MDD who each participated in four sessions consisting of 30 min
of quiet rest, light, moderate, or hard intensity exercise. Blood samples were collected pre- and within 10 min
post-session. Changes in the levels of IL-6, IL-8, IL-10, and TNF were evaluated in each session.
Results: Serum concentrations of IL-6, IL-8 and TNF were all significantly elevated following vigorous exercise
(i.e., hard) compared to the quiet rest session. No changes in cytokine levels occurred after light and moderate
exercise. Depression severity did not appear to influence the acute inflammatory response to exercise.
Limitations: The sample size was small, all female, and from a secondary data analysis, which limits the gener-
alizability of the findings.
Conclusions: Repeat, acute increases in inflammatory activity following hard exercise sessions may prompt ad-
aptations and lead to reductions in chronic inflammation over time. This dose-response study identified an ex-
ercise intensity threshold to induce acute inflammatory responses in women with MDD.
1. Introduction

Major depressive disorder (MDD) is a leading cause of disability
worldwide (World Health Organization). In the United States, MDD af-
fects approximately 8.6% of adults annually (Kessler et al., 2012).
Chronic inflammation has been implicated as a contributing factor to
MDD (Miller and Raison, 2016). For example, increased levels of in-
flammatory cytokines occur in those with MDD compared to
non-depressed populations (Young et al., 2014). Although acute
inflammation during times of sickness and injury is essential to respond
to infectious pathogens, chronic inflammation can lead to tissue damage
and other pathophysiology (Pearson et al., 2003; Pradhan et al., 2001;
Rost et al., 2001). Regular exercise training is anti-inflammatory (Fischer,
2006) and improves symptoms of depression (Schuch et al., 2016). The
mechanisms through which chronic exercise training leads to symptom
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improvements are still not clearly understood, but decreases in chronic
inflammation may mediate some of the antidepressant effects (Cotman
et al., 2007).

Although regular exercise training is anti-inflammatory (Fischer,
2006), an acute bout of exercise elevates inflammatory cytokine and
acute phase reactants during and post-exercise (Allen et al., 2015).
Interleukin 6 (IL-6) is produced by many tissues, including contracting
muscles during exercise and can downregulate the release of other cy-
tokines, such as tumor necrosis factor (TNF) (Gleeson et al., 2011). The
inflammatory response following single exercise sessions in healthy in-
dividuals varies based on exercise intensity. A recent review on cytokine
levels post-exercise in healthy adults found that more intense exercise
generally produces larger increases in cytokine levels, while lower in-
tensities result in no change or only small increases (Cerqueira et al.,
2020).
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In contrast to the extensive data for healthy individuals, there is not
systematic research on cytokine responsiveness after exercise in adults
with MDD. Hallberg et al. (2010) reported increases in cytokines
measured during and following a maximal exercise test, but did find
cytokine increases following exercise completion in 18 adults with MDD.
To our knowledge, the cytokine response to steady-state submaximal
exercise of varying intensities for adults with MDD is unknown. Simi-
larly, whether cytokine responses to exercise vary based on depression
severity has not been examined. Given that there is a larger increase in
IL-6 to mental stress in severe depression (Fagundes et al., 2013), in-
flammatory responses to the physical stress of exercise could also reflect
depression severity.

A better understanding of the acute effect of differing exercise in-
tensities can help us understand more about the inflammatory hypothesis
of depression. Although increased resting levels of cytokines can be
found in those with MDD, it is unknown if inflammatory response to
exercise is dysregulated in MDD. Moreover, adaptations to exercise may
induce a change in the regulatory set points for cytokine release (i.e.,
hormesis), contributing to the antidepressant effects of exercise. The
primary aim of this study was to examine IL-6, IL-8, IL-10 and TNF re-
sponses to acute exercise of varying intensity (light, moderate, hard/
vigorous) in women with MDD. Based on prior research in healthy con-
trols, it was hypothesized that more intense exercise would elicit larger
increases in cytokine levels. A secondary hypothesis was that depression
severity would influence the inflammatory response to exercise.

2. Methods

The current study is a secondary analysis using archived samples from
a larger experiment (Meyer et al., 2016). All methods were approved by
the local Institutional Review Board. Written consent was obtained from
all participants after the full protocol was explained.
2.1. Participants

Inclusion criteria for the larger study were: 1) between 20-60 years of
age, 2) female, 3) nonsmoker, 4) current diagnosis for MDD, and 5) on a
stable treatment regimen for 8 weeks prior to the first visit. Potential
participants who were unable to exercise safely, used opioid or analgesic
medications, suffered from a psychological disorder besides MDD or
generalized anxiety disorder, were pregnant, or abused alcohol or other
drugs, were ineligible. Twenty-four female participants with MDD were
recruited initially from the University of Wisconsin-Madison community
through a mass email and flyers posted on campus. Samples used in the
present analysis come from participants who had banked samples
available for all four conditions (n ¼ 19). Participants received $100 for
participation.
2.2. Procedures

Participants completed four randomly ordered experimental condi-
tions separated by at least 1 week. Exercise was performed on a cycle
ergometer (Lode Corival, Lode BV, Groningen, The Netherlands). The
Table 1
Average exercise and mood variables across each session. All values are presented as m
C reactive protein.

Quiet Rest Light

Heart rate (Beats per min) 82 � 12 111 � 18
RPE 6.1 � 0.08 10.9 � 0.04
BDI-II Score 23.9 � 8.6 21.1 � 7.4
CRP (mg/dL) 7.1 � 6.76 N/A
POMS Depression Pre Post Pre

18.4 � 11.9 12.6 � 8.5 15.4 � 18.6

2

Borg 6–20 Rating of Perceived Exertion (RPE) scale (Borg, 1998) was
used to define exercise intensity and to monitor exertion throughout each
condition. The experimental conditions consisted of 30 min of either
quiet rest (control condition), light-intensity exercise (RPE of 11),
moderate-intensity exercise (RPE of 13), or hard- (i.e., vigorous) intensity
exercise (RPE of 15). Participants were instructed to maintain pedaling
speed at 60–70 revolutions per min, with resistance adjusted by the
participant as necessary to achieve and maintain each exercise intensity.
The 30 min of exercise included a 5 min warm-up, 20 min of steady-state
exercise, and a 5 min cool down. Heart rate (HR) was measured
continuously through each condition with a Polar heart rate monitor
(Polar, Kempele, Finland), with HR and RPE recorded every 5 min.
2.3. Measures

2.3.1. Depression
To assess eligibility, on the first day of testing participants were

screened for current MDD based on the DSM-IV with the Mini Interna-
tional Neuropsychiatric Interview 6.0.0 (MINI) (Sheehan et al., 1998) by
a trained staff member, overseen by a clinical psychologist. The MINI has
been previously demonstrated to be a valid instrument for diagnosing
MDD with high sensitivity (94%) and specificity (79%) (Lecrubier et al.,
1997). Depression severity was assessed with the Beck Depression In-
ventory (BDI-II), which assesses depression symptom severity for the
preceding two weeks (Beck et al., 1996).

Current mood states were assessed before exercise and 10 min post-
exercise with the Profile of Mood States (POMS) asking participants to
rate each itemwith how they were feeling “right now.” The POMS is a 65-
item measure that assesses current mood state with individual items
being added together to calculate scores for 6 separate mood states:
tension, depression, anger, vigor, fatigue, and confusion, along with a
total score for Total Mood Disturbance (TMD). It is commonly used to
assess mood states in exercise settings (Berger and Motl, 2000).

2.3.2. Inflammatory markers
Blood was collected pre- and within 10 min post-condition into serum

separator vacutainers (Becton Dickinson, Franklin Lakes, NJ), allowed to
clot for 15 min, and spun in a refrigerated centrifuge for 10 min at 5500
RPM. Four cytokines (IL-6, IL-8, IL-10, and TNF) were assessed at all
conditions. In order to examine current resting levels of inflammation,
high-sensitivity C reactive protein (CRP) was assessed for the quiet rest
condition only. Serum was aliquoted into polyvials and stored in an ul-
tracold freezer at �-80 �C until analysis. Cytokines were quantified by
multi-cytokine array, and CRP was determined via a singleplex assay,
using an electrochemiluminescence platform and a QuickPlex SQ 120
imager for quantification of both cytokines and CRP (Meso Scale Dis-
covery, Rockville, MD). Each specimen was assayed in duplicate, with
intra-assay coefficients of variation between 1.94 and 4.38%, and values
referenced to a standard curve generated from 7 calibrators with known
concentrations. The lower limit of detection was 0.1 pg/mL, with a large
dynamic range up to 2,000 pg/mL. CRP is present in circulation at higher
concentrations, and thus, needed to be assayed separately. After diluting
sera so that CRP levels corresponded to the reference curve, values were
ean� SD POMS: Profile of Mood States; BDI-II: Beck Depression Inventory II, CRP:

Moderate Hard

126 � 20 148 � 24
13.06 � 0.04 15.04 � 0.04
23.8 � 8.9 21.3 � 10
N/A N/A

Post Pre Post Pre Post
8.7 � 6.9 17.1 � 11.9 10.0 � 8.1 13.3 � 11.1 7.5 � 8.3



Fig. 1. Mean (�SE) serum cytokine levels pre- and post-exercise for interleukin 6 (IL-6) (A), tumor necrosis factor (TNF) (B), interleukin 8 (IL-8) (C), and interleukin
10 (IL-10) (D). * denotes significantly different compared to quiet rest (p < 0.05).
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converted to mg/L units to be consistent with the clinical literature, and
calculated down to 0.1 mg/L.

2.3.3. Analyses
A natural log transformation was applied to normalize the distribu-

tion of cytokine values. Greenhouse-Geisser corrections were applied if
the data distribution violated the assumption of sphericity. Heart rate and
BDI-II at baseline were assessed with a repeated measures ANOVA to
examine differences across the four conditions. Mood responses to ex-
ercise were examined with a 2 � 4 repeated measures ANOVA with the
POMS depression subscale as the dependent variable. Inflammatory
measures across time and condition were compared with a 2 level (pre,
post) x 4 condition (quiet rest, light, moderate, hard) repeated measures
ANOVA. In addition, for each cytokine, planned pairwise comparisons
evaluated the difference from pre to post for each exercise intensity
compared to quiet rest. Only when significant changes for a cytokine
were found for a session compared to quiet rest, exploratory post hoc
Pearson’s tests were performed to determine if the increments were
associated with changes in the POMS depression score. The mean BDI-II
score for each particpant across all four sessions was used to examine the
effect of depression severity on cytokine responses. Four repeated mea-
sures ANCOVAs were performed with the addition of mean BDI-II as a
covariate for each cytokine.

3. Results

Nineteen female participants with a mean age of 39 � 14 years and
mean body mass index of 30.2 � 8 kg/m2 were included in this analysis.
Elevated inflammation was found in our sample, indicated by mean
resting levels of CRP greater than 3 mg/dL (Table 1). Repeated measures
ANOVA confirmed that mean heart rate (p < 0.001; F1.78, 32.1 ¼ 77) and
RPE (p < 0.001; F1.53, 27.41 ¼ 4522) were significantly different between
conditions (Table 1). Mean BDI-II score on the day of each of the four
3

conditions was 22.5 � 7.3 with no significant difference in BDI-II scores
across test days. POMS depression subscores were significantly different
across sessions (p ¼ 0.03; F3,54 ¼ 3.03) and changed from pre-to-post
session (p < 0.001; F3,18 ¼ 33.7). However, the ANOVA results did not
indicate a significant interaction between time and condition (p ¼ 0.90:
F3,54 ¼ 0.194).

There was a significant interaction between Time and Exercise con-
dition for IL-6 (p ¼ 0.001; F3,54 ¼ 6.38) (Fig. 1A) and TNF levels (p <

0.001; F2.04,36.7 ¼ 7.66) (Fig. 1B). Planned comparisons indicated the
increment from pre-to post-session was significantly different between
hard exercise and quiet rest for IL-6 (p ¼ 0.025; F1,18 ¼ 5.95) and TNF (p
¼ 0.021; F1,18 ¼ 6.37). While the Time by Condition interaction was not
significant for IL-8 (p > 0.05), the difference between pre- and post-
session for just hard exercise did differ significantly in a pairwise com-
parision with quiet rest (p ¼ 0.04; F1,18 ¼ 4.5) (Fig. 1C). For IL-10, there
was a significant effect of Time from pre-to-post session (p ¼ 0.002; F1,18
¼ 12.49) but it was not different across exercise intensities (p > 0.05)
(Fig. 1D). No significant associations were found for changes in depres-
sive mood and the magnitude of the cytokine responses after hard ex-
ercise for IL-6 (r ¼ -.22; p ¼ 0.36), TNF (r ¼ 0.008; p ¼ 0.97), and IL-8 (r
¼ �0.05; p ¼ 0.83) (Fig. 2). The ANCOVA models did not indicate a
significant effect of depression severity for any cytokine response (p >

0.05 for the effect of BDI-II in each model).

4. Discussion

The main finding was that serum levels of IL-6, TNF, and IL-8
increased significantly following 30 min of steady-state hard-intensity
exercise compared to quiet rest in women with MDD. Light or moderate-
intensity exercise did not induce an increase in cytokine levels. Serum IL-
10 differed from the other 3 cytokines and did not increase, even to the
hard exercise, and when considered across all exercise conditions, tended
to be lower at the end of the session. Because chronic exercise training



Fig. 2. Associations and lines of best fit for changes in POMS score and interleukin 6 (A), tumor necrosis factor (B), and interleukin 8 (C) from pre-to-post session.
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results in a reduction in inflammatory physiology in healthy individuals
(Fischer, 2006) as well as decrease in symptoms of depression (Schuch
et al., 2016), it is important to further explore how different intensities of
acute exercise alter inflammatory responses. Increases in specific in-
flammatory proteins at submaximal, yet hard, exercise may contribute to
a shift in the regulatory set points for basal levels of cytokines over time,
similar to the way that regular exercise training can result in a lowering
of resting heart rate and blood pressure, as well as better glucoregulation.
It is also known that weight loss in obese individuals will lead to a
reduction in both CRP and IL-6 levels (Bastard et al., 2000), which would
also be likely to occur with training and regular exercise.

The anti-inflammatory effect of exercise has been studied previously
in healthy men by Starkie et al. (2003). Participants underwent three
conditions: quiet rest, exercise, and an IL-6 infusion. Tumor necrosis
factor and IL-6 were measured at baseline and after endotoxin (i.e.,
lipopolysaccharide) administration to initiate an inflammatory response
(assessed by TNF levels). When comparing the three conditions,
increased levels of IL-6 following both infusion and during exercise were
found compared to quiet rest. The TNF response to the endotoxin was
significantly decreased during both exercise and IL-6 administration
when compared to levels during quiet rest. The results indicate that the
IL-6 response to acute exercise-induced IL-6 may also serve to feedback
and lower the extent of the TNF response to exercise. This demonstrates
an anti-inflammatory effect of acute increases in IL-6 due to exercise.
However, high resting levels of IL-6 are indicative of chronic inflamma-
tion (Gabay, 2006). With regard to its role in MDD, following 12 weeks of
exercise training in 116 participants, Lavebratt et al. (2017) found a
positive association between changes in basal levels of IL-6 and changes
4

in depression symptom severity; those with the largest decreases in
resting IL-6 had the most improvement in depression symptoms. Overall,
IL-6-induced changes by exercise may be relevant in the antidepressnt
effect of exercise.

Previous research on acute exercise has generally found that increases
in TNF are induced by maximal and exhaustive exercise. For example,
TNF increased following maximal exercise in healthy men and women
(Steinberg et al., 2007), following marathon running in healthy men
(Ostrowski et al., 1998), and following incremental maximal exercise in
MDD (Hallberg et al., 2010). These increments are distinct from TNF
responses following exercise at submaximal intensities such as 30 min of
running in healthy men (75% of VO2max; Landers-Ramos et al., 2014)
and 1 h of cycling in healthy men (75% of VO2max; Ullum et al., 1994),
which found no increases. Our findings did not replicate this conclusion
in women with MDD, as we found an increase in TNF during the sub-
maximal condition of hard exercise. Because IL-6 increase during sus-
tained exercise may inhibit the release of TNF (Petersen and Pedersen,
2005; Starkie et al., 2003), it is possible that the timing of the blood
collection is critically important for observing a change in TNF levels. It is
also possible that the reciprocal relationship between IL-6 and TNF be-
comes dysregulated in individuals with MDD. The differential cytokine
responses to submaximal exercise and intense exercise of varying lengths
provides a unique opportunity for investigating these cytokine feedback
relationships in both healthy and depressed participants.

The levels of IL-8 also increased after hard exercise as compared to
quiet rest. Previous research has found increased IL-8 following maximal
exercise (Hallberg et al., 2010) and exhaustive exercise such as
marathon-running (Ostrowski et al., 2001). IL-8 can derive from different
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tissue sources than the other measured cytokines, such as the epithelial
cells of the skin, and it is a potent stimulator of neutrophil function.
Angiogenesis is also promoted by IL-8 (Li et al., 2003) and it is believed
that angiogenesis may be a contributing factor to how exercise training
can improve mental health (Deslandes et al., 2009). However, in the
context of increased IL-6 and TNF levels, the rise in IL-8, would more
likely be a component of an integrated inflammatory response to exer-
cise, albeit of a lower magnitude that would be observed following a
bacterial infection or tissue damage.

A recent review examined cytokine changes following acute exercise
in healthy men and women (Cerqueira et al., 2020). In general, larger
increases were observed for higher intensity and longer duration exer-
cise. The most consistent results were found for IL-6, where majority of
the studies reported increases following moderate- and
vigorous-intensity exercise. For TNF, increases were found only for ex-
ercise of more than 1 h. For IL-10, increases were found only following
exercise of vigorous intensity. The conclusions about hard exercise and
IL-6 are similar to our results in women with MDD. However, we did not
observe an increase in IL-6 after moderate exercise, and we found an
increase in TNF, even with only 30-min of more strenuous exercise. This
evidence suggests possible differences in the cytokine response to exer-
cise in women with MDD as compared to healthy population.

A secondary finding of the present study was that there wasn’t a
differential effect of depression severity on the cytokine response to ex-
ercise. This result appears to differ from research showing that the in-
flammatory responses to cognitive demands are may be influenced by the
severity of depression. For example, Fagundes et al. (2013) reported
larger IL-6 responses for adults with more symptoms of depression
compared to those with fewer symptoms during and following mental
arithmetic and public speaking tasks. In addition, Lavebratt et al. (2017)
found that participants with the most severe depressive symptoms at
baseline had the largest decreases in IL-6 following 12 weeks of exercise
training. Future research will have to determine if the more sustained
changes over time are directly related to the acute increments that occur
to single bouts of exercise when they are repeated during training.

Although significant changes in cytokines were not found following
moderate- and light-intensity exercise, there were similar improvements
in mood states following all conditions in this study. The improvements
in depressive symptoms for this subsample of 19 participants was com-
parable to the results from the full sample (n ¼ 24) (Meyer et al., 2016).
This conclusion is in agreement with previous research on individuals
with MDD (Bartholomew et al., 2005). However, the mood improvement
was not directly associated with the extent of the cytokine responses,
even after the hard exercise condition. It suggests that changes in in-
flammatory physiology are not the direct mediator of exercise-induced
improvement in mood in the same manner as has been described for
endogenous opiate hormones. It is more likely that a combination of
factors, including psychological processes, such as perceived control and
distraction (Simons et al., 1985; Daley, 2002), and increases in neuro-
transmitters (e.g., serotonin and dopamine) (Stahl, 2000) and endo-
cannabinoids (Meyer et al., 2019) play a more important role.

Notwithstanding the important finding that more intense exercise can
increase circulating levels of cytokines, several limitations should be
acknowledged. The number of participants was small, which may have
limited our ability to discern a significant association with the severity of
depressive symptoms. In addition, the magnitude of the cytokine in-
crements was relatively modest, but that may reflect the electro-
chemiluminescence assay platform used to quantify the cytokines,
because it typically yields lower values than other assay systems. Here, it
was also important that the experimental design was carefully controlled
to always include a baseline level during the pre-condition on every ex-
ercise test day, and that all results were compared to a control condition
of quiet rest. It should also be acknowledged that the effects were
examined only in women. However, this decision was based on the more
limited amount of research on inflammatory responses to exercise in
women, which is particularly relevant to MDD, given the gender
5

differences in the prevalence of depression (Kessler, 2003).

5. Conclusion

In conclusion, 30 min of hard exercise resulted in increases in serum
IL-6, TNF, and IL-8 levels in women with MDD, while light and moderate
exercise conditions did not. When considered in the context of other
known changes in physiology during sustained exercise training, the
acute increases in inflammatory activity may serve to prompt counter-
regulatory adaptations over time that may lead to decreases in resting
inflammatory activity. That interpretation would be in keeping with the
extensive research on how improvements in cardiovascular function and
glucoregulation occur over the course of regulatory training. However,
we were not able to demonstrate that the changes in cytokine levels were
directly related to depressive symptoms, either with respect to severity
across individuals or with respect to the improvement in mood from pre-
to-post session. Future research on exercise interventions in depressed
individuals may be able to interrogate this question more specifically by
taking advantage of the finding that the cytokine response to hard-
intensity exercise differed from the response to light and moderate
exercise.
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