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Abstract: The responses of inflammatory cytokines and brain-derived neurotrophic factor (BDNF)
to a high-intensity interval training (HIIT) session were compared between 7 postmenopausal (57+2
y) and 8 premenopausal females (44+3 y) during the luteal phase of their menstrual cycle, when
estrogen and progesterone are highest, and. HIIT consisted of 10 x 1 min running intervals (90%
maximum heart rate) separated by 1 min recovery intervals. Blood samples were collected at
baseline (fasted), pre-exercise (postprandial), and 0, 30 and 90 min post-HIIT and analyzed for
interleukin (IL-6) and 10 (IL-10), tumour necrosis factor-alpha (TNF-a) and BDNF. IL-6 significantly
increased from pre-exercise to 0 min post-HIIT in postmenopausal (+40%, p=0.01) but 30 min post-
HIIT in premenopausal females (+60%, p=0.02). IL-6 remained elevated at 90 min post-HIIT in
premenopausal (+104%, p=0.05) and to a higher degree in postmenopausal (+385%, p<0.001). IL-10
showed no response. TNF-at increased from pre- to 0 min post-HIIT (+10%, p=0.05), then decreased
to below pre-exercise at 30 min (-10%, p=0.02) and 90 min (-5%, p=0.04) in both groups. BDNF
increased immediate post-HIIT in premenopausal (+60%, p<0.001) but not postmenopausal females.
The differences in IL-6 and BDNF response to HIIT between pre and postmenopausal females
provide evidence of the role of female reproductive hormones in the regulation of these exercise-
induced responses.

Keywords: Menopause; high-intensity interval training exercise; interleukin 6; interleukin 10;
tumour necrosis factor-alpha; brain-derived neurotrophic factor

1. Introduction

Menopause is a pivotal time in female physiology characterized by the cessation of the menstrual
cycle and the concomitant reductions in the female hormone concentrations [1]. One of the multiple
physiological changes that females experience following menopause is the increase in circulating
inflammatory cytokines, which have been typically attributed to the decrease in estrogen (estradiol
in its most form in humans) concentrations [2]. Indeed, estrogen deficiency has been associated with
increased expression and secretion of pro-inflammatory cytokines such as interleukins 1-beta (IL-13)
and tumour necrosis factor-alpha (TNF-a), as well as interleukin 6 (IL-6), which is considered both
pro- and anti-inflammatory [3], suggesting an interaction between estrogen and these cytokines [4].
This is concerning as chronic inflammation, commonly shown by elevated resting concentrations of
pro-inflammatory cytokines has been associated with hypertension, atherosclerosis, ischemic stroke,
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and heart disease [5-7]. In contrast, chronic exercise is associated with overall anti-inflammatory
effects, which can mitigate chronic inflammatory conditions [8], which has been attributed to the
transient spikes in cytokine concentrations following acute exercise bouts [9,10]. Specifically, acute
exercise triggers changes in the circulating concentrations of IL-6, IL-13 and TNF-a, and anti-
inflammatory cytokines such as interleukin 10 (IL-10), all of which typically peak immediately after
exercise and return to baseline within 5 to 24 hours [11,12]. However, the extent and duration of these
exercise-induced changes depend on various factors such as the exercise intensity, duration, and
frequency [11,13], as well as on the individual’s training status [14], biological sex [15,16] and age
[17,18]. Thus, it is also possible that the reductions in estrogen concentrations postmenopause, which
has been previously shown to be associated with an increase in pro-inflammatory cytokines [3], could
alter the magnitude and timing of these exercise-induced factors. However, studies in
postmenopausal females examining the acute responses of these cytokines to exercise are lacking.

Moreover, menopause has been found to play a role in cognitive decline along with the
progression of neurodegenerative diseases associated with low concentrations of brain-derived
neurotrophic factor (BDNF) which is a crucial molecule involved in brain plasticity and cognition
[19]. BDNF concentrations also increase post-exercise in an intensity-dependent manner [20-23] but
most of these exercise studies are in male populations. According to a systematic review in older
rodents, there are potential sex-based differences in the BDNF response to exercise, with healthy-
aged or ovariectomized females exhibiting overall greater increases and cognitive improvements
compared to healthy-aged males [24], suggesting female reproductive hormones may influence
exercise-induced changes in BDNF. On the other hand, human studies examining the relationship
between BDNF, and endogenous ovarian hormones have produced conflicting results due to large
participant heterogeneity, and a lack of cycle phase standardization across studies [25,26].
Additionally, these studies only apply to resting conditions as there are no studies in postmenopausal
females involving the response of BDNF to exercise. Since postmenopausal females have lower
resting BDNF concentrations compared with premenopausal groups [26], the lack of information on
how BDNF responds to acute exercise in these individuals is concerning. Examining the effects of
various exercise modalities on BDNF in postmenopausal females is critical for prescribing exercise
programs to manage menopause-induced chronic inflammation and cognitive decline.

The purpose of this secondary analysis was to compare the potential responses of IL-6, IL-10,
TNF-a, and BDNF to a single high-intensity interval training (HIIT) exercise trial between
postmenopausal females with low concentrations of reproductive hormones and premenopausal
females during the luteal phase of their menstrual cycle when estrogen and progesterone are highest.
Examining how exercise influences inflammatory cytokines and BDNF in postmenopausal females
compared to premenopausal counterparts could provide valuable insights into the role of hormones
in modulating exercise-induced responses and inform strategies for promoting health and wellness
in women across the lifespan.

2. Materials and Methods

2.1. Participants

This study involves a secondary analysis of blood samples collected from a study examining the
role of ovarian hormones in appetite regulation in pre versus postmenopausal females. Specifically,
samples from 8 premenopausal females (44 + 3 y, eumenorrheic, not currently taking oral
contraceptives) and 7 postmenopausal females (57 + 2 y, absence of menses for >12 months) recruited
to participate in the original study were included in the present analysis. To be included in the study,
participants were assessed as being healthy by the Get Active Questionnaire [27], were considered
recreationally active (i.e., exercising for approximately 150 min of moderate to vigorous physical
activity per week), were not taking any medications, and were free of injuries and other
contraindications to exercise.

Premenopausal participants were included if they were non-hormonal contraceptive users and
had no metabolic diseases such as diabetes. In addition, participants were excluded if they were
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pregnant, had been pregnant (for >3 months) within the past 3 years, or had plans to become pregnant
during the time of study participation. They also had to have tracked their cycle for at least two
months prior to participation. Participants were provided with a thermometer (HealthSmart®
International) and instructed to monitor body temperature orally upon awakening each day
following the onset of menstruation with a sustained increase of 0.3°C, indicative of ovulation. The
temperature was reported daily to the researcher via text/email. Participants were also provided with
ovulation kits (Easy@Home, Easy Healthcare Corporation, IL, USA), and asked to report the result
via text/email to the researchers, to confirm surges in luteinizing hormone (LH). Testing during the
luteal phase occurred 2-5 days following identification of ovulation. Post-menopausal females had
no experience with hormonal replacement therapy (including bilateral oophorectomy in which both
ovaries have been removed), had an absence of menses for >12 months, and an estradiol concentration
of less than 108 pmol/L and a progesterone concentration of less than 4 nmol/L [28,29].

The study was conducted per the Declaration of Helsinki and received ethics approval from the
Wilfrid Laurier University Research Ethics Board (REB #6900). Ethics approval for the secondary
analysis was also received from the Brock University Research Ethics Board (REB #23-260). All
participants agreed to participate in the study by signing informed consent. Experimental procedures
took place in the Energy Metabolism Research Laboratory of Wilfrid Laurier University.

2.2. Familiarization

All participants completed a familiarization session during which they provided written
informed consent and became acclimated with the laboratory. Body mass and height were measured
using standard procedures (Health-o-meter Professional, Sunbeam Products Inc., Illinois, USA).
Participants then completed a graded exercise test to exhaustion on a motorized treadmill (4Front,
Woodway, WI, USA) to determine VO:max where oxygen consumption (VO2) and carbon dioxide
production (VCOz) were measured continuously with an online gas collection system (MAX-II, AEI
Technologies, PA, USA) and a silicon facemask (7400 series Vmask, Hans Rudolph Inc., KS, USA as
previously described [30]. Participants began the test with a 5-min warm-up walking at between 4.8-
8 km/h followed by fast walking or running at a self-selected pace between 6.4 and 11.2 km/h with
incremental increases in grade (2%) applied every 2 min until volitional fatigue. Heart rate (HR) was
continuously recorded using an integrated HR monitor (FT1, Polar Electro; QC, Canada). Following
completion of the test and a 5 min walking cool-down period (4.8-8 km/h), a verification phase was
completed to volitional fatigue where participants fast walked or ran to exhaustion at 105% of the
speed and grade used to confirm VO:max [30]. Following the VO:max test and verification phase, the
target intensity for the HIIT session (90% HRmax) was calculated using the ACSM running equation
[31] using the speed and grade from the VO:max test and VO: data. Participants completed two
practice 1 min intervals (treadmill speed eliciting 90% HRmax) interspersed with 1 min rest to
confirm the calculated exercise intensity was correct. Finally, at the end of the familiarization session,
participants were asked if they had any food allergies that may prevent them from consuming the
planned standardized breakfast during the HIIT session.

Premenopausal participants were provided with the ovulation kits before leaving the
familiarization and asked to report the result via text/email to the researchers to determine the
appropriate session timing. In addition, premenopausal participants were also asked to monitor and
report body temperature upon awakening as increases of ~0.3°C indicated ovulation [28]. The
premenopausal HIIT session was scheduled for ~7 d following a positive LH surge on the ovulation
strips. The menstrual phase was confirmed to be within the luteal phase through a fasted blood
sample of estradiol (E2) between 294-918 pmol/L and progesterone (Ps) concentration >16 nmol/L [28].

2.3. Experimental Session

Participants arrived at the laboratory at 0800 h after a 12-hour overnight fast (i.e., only water
after 2000 h). Moderate to vigorous activity and alcohol consumption were restricted for 24 h while
caffeine consumption was restricted for 12 h before the session. A fasted blood draw (baseline
sample) was taken at ~0815 h followed by a standardized breakfast (breakfast smoothie; 7 kcal/kg;
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56% carbohydrate, 23% fat, and 21% protein; Gruppo, ON, Canada) at 0815-0830 h. During breakfast,
participants were asked to fill out a short questionnaire about their typical sleep patterns, including
how much sleep they received the night before coming into the lab. Following breakfast, participants
were allowed 30 min for digestion and a subsequent blood sample was taken at ~0900 h (pre-HIIT
sample). From 0900-0930 h, participants performed a HIIT exercise protocol which began with a 5-
minute walking or jogging warmup at a self-selected pace between 4.8 and 8.0 km/h on the motorized
treadmill (see above). Participants then started the HIIT protocol which consisted of 10 x 60 s bouts
of running at a speed and grade that would elicit 90% of their maximum heart rate followed by 60
seconds of recovery. Heart rate was monitored throughout the session. Following the completion of
the HIIT protocol, participants completed a 5-min walking cooldown at a self-selected pace. Upon
completion of the cooldown, the first post-HIIT blood sample was taken at ~0930 h (0 min post-HIIT
sample) and subsequent post-HIIT blood sampling occurred at ~1000 h (30 min post-HIIT sample),
and 1100 h (90 min post-HIIT sample).

2.4. Blood Collection and Analysis

Approximately 3 mL of whole blood was collected into pre-chilled Vacutainer SST tubes (gold
top) from each participant’s median cubital vein in the antecubital fossa while participants were lying
in a supine position using a standard venipuncture technique during each session at each time point
(baseline, pre-exercise, and 0 min, 30 min, and 90 min post-HIIT). Blood samples were inverted 8-10
times before sitting for 30 min at room temperature. The samples were then centrifuged at 3000g for
10 min at 4° before the serum was aliquoted into microcentrifuge tubes and stored at -80°C until
analysis. In the present study, serum was used to measure circulating concentrations of IL-6, IL-10,
TNF-a and BDNEF.

Although this was a secondary analysis of samples from another study, the cytokines reported
herein were analyzed for the first time for the present study using new commercially available
immunoassay assay kits. Specifically, IL-6, IL-10 and TNF-a were measured with ELLA single assay
kits (cat. # SPCKBPS-003028, ST01B-PS-000276 and ST01B-PS-002803, respectively; ProteinSimple,
San Jose, CA). The inter-assay coefficients of variation were 9.9% for IL-6, 6.6% for IL-10 and 8.7% for
TNF-a. The intra-assay coefficients of variation for IL-6, IL-10 and TNF-a were 4.6%, 6.69% and
2.54%, respectively. BDNF was analyzed using an ELISA kit (cat. #CYT306; EMD Millipore) with an
inter-assay coefficient of variation of + 8.5 %, and an intra-assay coefficient of variation of + 3.7%.

2.5. Statistical Analysis

The data were assessed for normality using the Shapiro-Wilk test, and z-scores for skewness
and kurtosis. There were a few missing values for each analyte due to low serum availability or non-
detectable values, so the number of participants is different for each marker. A series of two-way
repeated measures analysis of variance (RM-ANOVA) was used to examine the main effects of group
(premenopausal versus postmenopausal) and time (5 points), as well as the time-by-trial interactions,
for IL-6, IL-10, TNF-a, and BDNF. Statistical significance was set at p<0.05. Effect sizes, including
partial eta squared (n?) for ANOVA and Cohen’s d for post hoc comparisons, were calculated and
interpreted using the Cohen criteria: 0.01 = small, 0.06 = moderate, 0.14 = large effect for partial n?,
and 0.2 = small, 0.5 = medium, 0.8 = large effect for Cohen’s d [32,33]. The statistical analysis was
performed using IBM SPSS Statistics 28 (SPSS Inc., Chicago, IL, USA).

3. Results

Participants in the premenopausal (44 + 3 y) and postmenopausal (57 + 2 y) groups had similar
BMI (28 + 5 kg/m? and 28 + 2 kg/m?, respectively), VO:max (29.2 = 7.4 mL/kg/min and 30.2 + 6.5
mL/kg/min, respectively), and reported similar hours of sleep both habitually (6.1 £ 0.6 h and 6.1 +
1.5 h, respectively) and before the sessions (5.0 + 2.0 h and 5.4 + 2.4 h, respectively). As expected, the
premenopausal females had significantly higher concentrations than the postmenopausal females of
both estradiol (E2=137.3 +31.9 SD vs. 56.7 pmol/L, respectively; p <0.001) and progesterone (Ps+=19.7
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+ 4.8 vs. 0.60 £ 0.27 nmol/L). During HIIT, there were no significant differences between the
premenopausal and postmenopausal females in either the average speeds (7.6 + 1.6 km/h and 6.9 +
0.5 km/h, respectively). Blood lactate concentrations were also not different (p > 0.05) between groups
(Table 1). However, there was a time-by-group interaction (F=7.51, p =0.059, n?=0.16) as the increase
of blood lactate from pre-exercise to 0 min post-HIIT was of a greater magnitude in postmenopausal
compared to premenopausal females (+51% vs. +185%, respectively). Additionally, although in the
premenopausal group, lactate concentrations returned to pre-exercise levels by 30 min post-HIIT and
to the fasted levels by 90 min following HIIT, in the postmenopausal group, lactate concentrations
remained higher than pre-exercise at 30 min (+46%) returning to pre-exercise 90 min later (Table 1).

Table 1. Blood lactate concentrations (mean + SD) across time during the high-intensity interval

training (HIIT) session in premenopausal (n = 8) and postmenopausal (n =7) females.

Baseline pre-exercise 0 min 30 min 30 min
(fasted) (postprandial) post-HIIT | post-HIIT | Post-HIIT
Blood Lactate
(mmol/L)
Premenopausal 0.72 +0.52" 1.19£0.70* 1.80 + 1.14 + 0.77 +
1.02# 0.60* 0.36"
Postmenopausal 0.50+0.18" 0.80 +0.29¢ 228+ 1.17 = 0.86 =
0.94* 0.35* 0.17¢

Significant differences are denoted as #p<0.05 from baseline and *p<0.05 from pre-exercise.

IL-6 showed a significant group-by-time interaction (F = 10.9; p = 0.003; 2 = 0.52). Compared to
pre-exercise, the IL-6 increase at 0 min post-HIIT was not significant (+18%, p = 0.189, d = 0.62) but it
was significant at 30 min (+60%, p = 0.02, d =1.02) and 90 min (+104%, p = 0.05, d =2.19) post-HIIT in
the premenopausal group. In contrast, IL-6 increased significantly from pre-exercise to 0 min post-
HIIT (+40%, p = 0.01, d = 0.55) in the postmenopausal group and its increase from pre-exercise to 30
min (+80%, p < 0.001, d = 0.48) and 90 min post-HIIT (+385%, p < 0.001, d = 3.18) was of greater
magnitude (2 to 3-fold) than in the premenopausal group (Figure 1).
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Figure 1. Serum concentrations (mean * SD) of interleukin 6 (IL-6) before and after high-intensity
interval training exercise in premenopausal (n=8) and postmenopausal (n=7) females. Significant
differences are denoted as *p<0.05 from pre-exercise to post-HIIT for the premenopausal group;
*p<0.05 and **p<0.001 from pre-exercise to post-HIIT for the postmenopausal group in the post hoc

pairwise comparisons.
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For IL-10 (Figure 2), there was no group-by-time interaction (F = 0.81; p = 0.49; 2= 0.0.8) and no
main effect for time (F =2.02; p=0.11; n2 = 0.18) or group (F = 1.65; p =0.23; 2= 0.15).
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Figure 2. Serum concentrations (mean + SD) of interleukin 10 (IL-10) before and after high-intensity
interval training exercise in premenopausal (n=8) and postmenopausal (n=7) females.

There was no group-by-time interaction for TNF-a (F =0.37; p=0.73; 12=0.39). There was a main
effect for time (F = 4.51; p = 0.018; n? = 0.33), reflecting a 10% (p = 0.05, d = 0.38) increase in TNF-a
from pre-exercise to 0 min post-exercise, which was followed by a decrease at 30 min (10%, p = 0.02,
d =0.26) and 90 min (5%, p =0.04, d = 0.14) post-exercise to concentrations below pre-exercise, in both

groups (Figure 3).
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Figure 3. Serum concentrations (mean * SD) of tumor necrosis factor alpha (TNF-a) before and after
high-intensity interval exercise in premenopausal (n=8) and postmenopausal (n=7) females.
Significant differences from pre-exercise to post-HIIT are denoted as *p<0.05 for both groups
combined in the post hoc pairwise comparisons.

For BDNF, there was a significant group-by-time interaction (F = 7.998; p < 0.001; n2 = 0.25),
reflecting an increase in BDNF at 0 min following HIIT in the premenopausal group (+69%, p < 0.001,
d=1.56) but not in the postmenopausal group (-56%, p > 0.99, d=1.2 Figure 4). This was followed by
+38% at 30 min (p = 0.94; d = 1.0) and -17% at 90 min (p > 0.99; d = 0.23) compared to pre-exercise in

the premenopausal group and -31% at 30 min (p > 0.99; d = 0.52) and -3% 90 min (p > 0.99; d = 0.05)
in postmenopausal group.
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Figure 4. Serum concentrations (mean + SD) of brain-derived neurotrophic factor (BDNF) before and
after high-intensity interval exercise in premenopausal (n=8) and postmenopausal (n=7) females.
Significant differences are denoted as **p<0.001 from pre-exercise to post-HIIT for the premenopausal
group in the post hoc pairwise comparisons.

4. Discussion

This study provides valuable insights into the distinct acute response of exercise-induced factors
following a single bout of HIIT in postmenopausal compared to premenopausal females. Specifically,
postmenopausal participants exhibited an immediate increase in IL-6 concentrations following HIIT,
whereas premenopausal females experienced a delayed spike in IL-6 30 min following HIIT. These
effects were of large effect size and suggest that the time course of the increase in IL-6 following HIIT
was different between groups. In contrast, no significant exercise-induced changes were observed in
the IL-10 in either group while TNF-a concentrations slightly increased immediately after HIIT and
then decreased to below pre-exercise concentrations 90 min post-HIIT in both groups. This suggests
that the exercise-induced IL-10 and TNF-a response in females may be less influenced by ovarian
hormonal status compared to IL-6. Moreover, BDNF concentrations increased after HIIT only in the
premenopausal group, with no apparent response observed in the postmenopausal group. This
difference in the BDNF response to HIIT, which was of large effect size, further underscores the
potential influence of female reproductive hormones on BDNF regulation in response to exercise.

Greater concentrations of circulating inflammatory cytokines, leading to a higher risk of
metabolic syndrome, are often seen in postmenopausal women due to the increase in visceral fat [34].
Considering the pre and postmenopausal females in this study had similar BM]I, the similarity in their
fasted and pre-exercise concentrations of circulating IL-6, IL-10 and TNFa was not surprising.
However, the time course of the IL-6 response to HIIT was different between groups with
concentrations being elevated immediately post-HIIT in the postmenopausal group the elevation was
at 30 min post-HIIT in the premenopausal group. IL-6 remained elevated up to 90 min following HIIT
in both groups, but this increase was of almost 3-fold greater magnitude in the postmenopausal
group. We previously found IL-6 to be elevated compared to its pre-exercise concentrations 1 h after
high-intensity running and cycling (39%, p<0.05) in young adult females [35], which supports the
current finding of the IL-6 elevation 30 and 90 min following HIIT in both groups. However, we
cannot explain mechanistically why the postmenopausal group had an earlier significant increase in
IL-6 (i.e., immediately) following the HIIT protocol, or why 90 min later they had a much larger IL-6
increase compared to their premenopausal counterparts. The main suggestion is that the difference
in the timing and magnitude of the IL-6 response is related to the low concentrations of female
reproductive hormones, especially estrogen deficiency which has been previously associated with
elevated concentrations of circulating inflammatory cytokines [2,36]. This speculation is based on the
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fact that the immediate exercise-induced response seen in postmenopausal females aligns with
previous research in young adult males who also demonstrate exercise-induced increases in the
circulating IL-6 immediately following different modes of a single bout of high-intensity interval
exercise, although, in those studies, IL-6 returned to pre-exercise levels after 60 minutes [37,38]. In
another study, however, both IL-6 and TNF-«a increased immediately following an acute bout of high-
intensity intermittent walking or continuous moderate-intensity walking in young adult males and
remained elevated until at least 4 h post-exercise [39]. Thus, the different time course and magnitude
of the IL-6 response to the current running protocol between pre and postmenopausal women
suggests a direct relationship between IL-6 and female reproductive hormones.

Furthermore, the exercise-induced increase in IL-6 is typically directly related to exercise
intensity, duration, muscle mass recruited, and muscle glycogen used [40]. While there were no
differences between the pre and postmenopausal females in the HIIT speeds, the exercise-induced
relative increase in blood lactate concentration at 0 min post-HIIT was of a greater magnitude in the
postmenopausal females compared to the premenopausal females, and remained higher than pre-
exercise until 30 min post-HIIT and higher than fasted levels 90 min following HIIT. These data
suggest a higher lactate production and slower lactate clearance in the postmenopausal group. This
is consistent with the aging-related decrease in oxidative muscle fibres, and increased dependency
on carbohydrate energy production, which alters lactate production and kinetics during exercise and
subsequently IL-6 secretion from muscle [40]. This lactate effect on the IL-6 release from skeletal
muscle was shown in young adult males during high-intensity interval cycling and was confirmed
using electrically stimulated muscle cell cultures [41]. Thus, further research is required to
understand why the IL-6 increase in the postmenopausal group may appear immediately post-
exercise (similar as in men) and continue to increase for 90 min post-exercise at a higher magnitude
than what was observed in the premenopausal group.

The increase in TNF-a immediately following the HIIT session is in line with our previous work
where TNF-a increased immediately following a high-intensity interval running session (10%, p <
0.05) in young adult females and males, but in that case, its concentrations at 1 h and 24 h post-
exercise were no different than at pre-exercise, [35]. The present study also provides a novel finding
that after this initial exercise-induced increase, TNF-a was significantly decreased at 30 and 90 min
post-HIIT to concentrations slightly below pre-exercise. According to previous studies, exercise-
induced increases in TNF-a may take as long as 24 to 48 h to return to pre-exercise levels following
intense resistance training [42] and after a marathon race [43] in adult males 18-55 y. Other studies
examining the response of TNF-a following exercise have also observed no change, which has been
attributed to the suppression of TNF-a by the muscle-derived, anti-inflammatory IL-6 [44], which is
consistent with the elevated IL-6 for up to 90 min after our HIIT protocol. Thus, the later decrease in
TNF-a found herein is important as it could indicate a healthy balance of pro- versus anti-
inflammatory status post-exercise. Indeed, post-exercise inflammation is a natural response of the
immune system to tissue damage caused by physical exertion, but excess or prolonged inflammation
can be harmful and slow down the recovery process. Therefore, it is important to balance the increase
of pro-inflammatory cytokines with an increase in anti-inflammatory cytokines. IL-10 is such
cytokine that plays a critical role in the anti-inflammatory properties, is mediated by IL-6, and is
produced during exercise [45]. Indeed, in our previous study [35], IL-10 was elevated 5 min after
running (20%, p < 0.05) and 1 h after both running and cycling (41% and 64%, respectively, p < 0.05)
in both young adult females and males. In the present study, IL-10 did not change in response to
HIIT, which somewhat contradicts the suggestion that IL-6 mediates the IL-10 response [45] since IL-
6 did increase in both our groups. Because the previous study was performed on younger participants
(18-25 y) it is possible that in the present study, the IL-10 response happened after the 90-min study
period since IL-6 continued to increase further at 30 and 90 min following HIIT. Later blood draws,
at 120- or 150-min post-exercise could potentially show whether IL-10 would increase in response to
the substantial increase in IL-6 and would also help us understand the kinetics of the IL-6 response,
i.e,, how much longer it would take to return to baseline. In any case, corroborating with previous
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studies [35,42,45-47], both inflammatory cytokines (IL-6 and TNF-«) acutely increased following
HIIT in our pre and postmenopausal females.

BDNF was originally characterized for its role in the brain for enhancing neuronal plasticity
which is essential for learning and memory [19,48]. Additionally, BDNF is thought to play a role in
central and peripheral molecular processes of energy metabolism and homeostasis [49]. Engaging in
physical exercise has consistently demonstrated an elevation in the expression of BDNF in brain
regions such as the hypothalamus, striatum, and various cortical areas [20,50,51]. In this study, we
found BDNF to increase by 69% from pre-exercise to 0 min post-HIIT, and, although non-
significantly, to remain 38% higher than pre-exercise at 30 min post-HIIT in premenopausal females
but not in the premenopausal group. An increase in BDNF has also been reported after high-intensity
exercise in groups of females and males aged 20-50 y [20-23,51,52]. However, exercise studies in
postmenopausal females are lacking. Only one previous study examined the BDNF response to a
single bout of 30-min aerobic exercise on the treadmill between pre and postmenopausal women and
found that exercise did not lead to a significant change in BDNF at 0 and 30 h post-exercise in either
group [53]. In their study, there was a large difference in average ages between the premenopausal
(~28 y) and postmenopausal (~57 y) participants, making it difficult to conclude whether the
difference in the BDNF response to HIIT was due to female reproductive hormones. On the other
hand, resting BDNF concentrations have been reported to be lower in postmenopausal females
compared to eumenorrheic premenopausal females and this difference has been attributed to their
lower estradiol and progesterone as it was restored by a 6-month hormonal replacement treatment
[54]. Herein we found no differences in resting BDNF concentrations probably because the age of our
groups was not as far apart as in the study by Begliuomini et al. (2007)[26] as their premenopausal
participants were in their early 20s. Indeed, in their study, BDNF was positively correlated with
estradiol and progesterone and negatively correlated with menopausal age. Our study strengthens
this claim on the role of female reproductive hormones on the BDNF regulation postmenopause by
closing the age gap between the premenopausal and postmenopausal groups (44 + 3 vs. 57 + 2 y,
respectively). However, other factors related to aging and neurodegenerative processes may still
contribute to the observed differences. For example, in our previous study of young adult males (23.1
+ 3.0 y), who have very low estrogen and progesterone, we also found an acute exercise-induced
increase following bouts of moderate and vigorous intensity, and high-intensity interval training [23].
Thus, further research is needed to elucidate the mechanisms underlying the differential BDNF
response to exercise in postmenopausal females and better understand the role of reproductive
hormones. Understanding these mechanisms could have implications for developing targeted
interventions to promote brain health and cognitive function across the lifespan.

Acknowledging limitations is crucial for interpreting the findings of any study. Since this was a
secondary analysis of available samples from another study, the minimum sample size of 12
participants (6 per group) was calculated to detect differences in appetite hormones using G*Power-
2 with a large effect size of 0.467 [55-57]. We were still able to reach significance in IL-6, TNFa and
BDNF with this sample which was comparable to that of a previous study examining post-exercise
changes in BDNF [23]. However, we did have fewer participants than our previous study detecting
changes in IL-10 [35]. Not accounting for changes in plasma volume during the exercise period is
another potential limitation, as it could influence the observed changes in circulating markers.
However, the plasma volume changes we have previously measured immediately after high-
intensity interval exercise in females ranged between -3.82% (in running) to -6.68% (in cycling)
(Kouvelioti et al. 2019). The substantial differences in the percent changes of IL-6 (ranging from 40%
to 385%) and BDNF (60%) observed following HIIT indicate responses beyond the known effects of
exercise-induced hemoconcentration, as evidenced by the modest changes in plasma volume
previously reported (-3.82% % to -6.68%) post-HIIT [35]. Therefore, the study provides valuable
insights despite these limitations.

In conclusion, the comparison of pre and postmenopausal females’ responses to a session of
high-intensity interval exercise provides evidence of potential differences in inflammatory and
neurotrophic responses based on hormonal status, emphasizing the importance of considering
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hormonal status in future exercise investigations and its impact on health outcomes in women across
different stages of life. Moving forward, future studies with larger sample sizes and more
comprehensive methods for measuring changes in plasma volume could further elucidate the
observed differences and contribute to a better understanding of the relationship between age,
hormonal status, exercise, and circulating markers related to inflammation and brain health.
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