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Introduction: The effects of low energy availability (LEA) on the immune system are poorly understood. This study
examined the effects of 14 days of LEA on immune cell redox balance and inflammation at rest and in response to
acute exercise, and exercise performance in female athletes.

Methods: Twelve female endurance athletes (age: 26.8 + 3.4 yrs, maximum oxygen uptake (VOamay): 55.2 + 5.1
mL x min! x kg~!) were included in a randomized, single-blinded crossover study. They were allocated to
begin with either 14 days of optimal energy availability diet (OEA, 52 + 2 keal x kg fat free mass (FFM) ! x
day 1) or LEA diet (22 + 2 kcal x kg FFM ™! x day 1), followed by 3 days of refueling (OEA) with maintained
training volume. Peripheral blood mononuclear cells (PBMCs) were isolated, and plasma obtained at rest before
and after each dietary period. The PBMCs were used for analysis of mitochondrial respiration and HoO5 emission
and specific proteins. Exercise performance was assessed on cycle by a 20-min time trial and time to exhaustion

Immune function

at an intensity corresponding to ~110 % VOomax)-

Results: LEA was associated with a 94 % (P = 0.003) increase in PBMC NADPH oxidase 2 protein content, and a
22 % (P = 0.013) increase in systemic cortisol. LEA also caused an alteration of several inflammatory related
proteins (P < 0.05). Acute exercise augmented HpO2 emission in PBMCs (P < 0.001) following both OEA and
LEA, but to a greater extent following LEA. LEA also reduced the mobilization of white blood cells with acute
exercise. After LEA, performance was reduced in both exercise tests (P < 0.001), and the reduced time trial
performance remained after the 3 days of refueling (P < 0.001).

Conclusion: 14 days of LEA in female athletes increased cortisol levels and had a pronounced effect on the im-
mune system, including increased capacity for ROS production, altered plasma inflammatory proteome and
lowered exercise induced mobilization of leukocytes. Furthermore, LEA resulted in a sustained impairment in
exercise performance.

1. Introduction

While nutrition and exercise have been shown to individually impact
the immune system [1,2], less is known of how a combination of inad-
equate dietary intake and acute and excessive exercise affects the im-
mune system. Low energy availability (LEA) is defined as a mismatch
between dietary energy intake (EI) and exercise energy expenditure
(EEE) that leads to inadequate energy [3,4] to support bodily functions
required to maintain optimal health and performance [5]. LEA is highly
prevalent, particularly among female endurance athletes [6,7] where
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short-term LEA (<14 days) is reportedly associated with impairments in
endocrine, metabolic and muscular functions [8,9]. If sustained over
longer periods of time, LEA has been found to have potential detrimental
effects in female athletes with signs and symptoms such as functional
hypothalamic amenorrhea and impaired bone health [6,10]. However,
despite strong indications of negative effects of LEA, there are very few
well controlled studies to date on the influence of LEA on the physiology
of athletes in general and in particular on the effect of LEA on inflam-
mation and the immune system.

Peripheral blood mononuclear cells (PBMC), which encompass
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lymphocytes and monocytes, play a vital role in the immune system.
PBMC:s offer valuable insights into immune function and have served as
surrogate tissue for monitoring nutritional and metabolic responses
[11-13]. As such, PBMCs are highly dynamic cells which can alter their
bioenergetics and redox state in response to various conditions,
including acute and exercise training [14-16] and nutrition [17,18].
Impaired mitochondrial respiratory capacity and excessive production
of reactive oxygen species (ROS) in PBMCs are directly linked to im-
mune function [19,20], making them excellent markers of immediate
immune status. Immune cell ROS has pleiotropic actions; on one hand
ROS are necessary for immune function, contributing to oxidative
pathogen killing, inflammation, signal transduction, differentiation, and
proliferation [21]. On the other hand, excessive ROS can lead to
hyperactivation of inflammatory responses, resulting in tissue damage
and pathology [21-24]. It is currently unclear how LEA impacts the
immune system by disrupting PBMC bioenergetics and redox homeo-
stasis and thereby also potentially increasing susceptibility to e.g. in-
fections. Although valuable information on the immune system can be
obtained at rest, assessments in response to acute exercise can provide
additional valuable insights into how energy availability influences the
response of the immune system to acute stress and furthermore, whether
such changes are affected by LEA. Acute exercise provokes the release of
a cascade of cytokines [25,26] — in particular interleukin-6, which is a
pleiotropic cytokine with important actions to regulate energy status
and inflammation [27-29]. Further, exercise provokes mobilization of
leukocytes (including alterations in the distribution of specific immune
cell types) [30-32]. Importantly, an immunosuppressive effect of
strenuous endurance exercise [33,34] during LEA could heighten the
risk of infection/illness and injuries, which might explain the high
prevalence observed among elite athletes [35-39]. Furthermore, given
the sensitivity of the immune system to changes in nutritional statuses,
the potential energetic stress caused by short-term LEA exposure may be
transient and reversed by restoring energetic conditions within days.
The present study assessed the impact of 14 days of LEA on PBMC
bioenergetics, redox state, systemic inflammation, stress markers, and
the plasma inflammatory proteome. Measurements were made both at
rest and following acute exercise as exercise is known to induce a
transient inflammatory response [25]. We hypothesized that LEA would
affect PBMC bioenergetic and ROS formation and further, cause an in-
crease in systemic stress. We furthermore, hypothesized that LEA would
acutely impair short-intense and endurance exercise performance; and
to assess whether these immunological and performance-related effects
were sustained, we included a subsequent three-day refueling period.

2. Methods
2.1. Participants

The experimental trials were conducted from January 2022 to
January 2023. In total, 12 endurance trained eumenorrheic females
were recruited. Inclusion criteria were females aged 18-40 years, body
mass index 18-23 kg x m™2, regular normal menstrual cycle or hor-
monal contraceptive users, maintained body mass (+3 kg) and >6 h of
endurance exercise every week for the past six months. Exclusion
criteria included a ratio between measured and predicted resting
metabolic rate of <0.90 [40] (Cunningham equation [41]), smoking,
chronic use of prescription medication, chronic illness or history of
eating disorders. Participants were fully informed of experimental pro-
cedures and written consent was obtained prior to participation. The
study was approved by the Health Research Ethics Committee of the
Capital Region of Denmark (H-21032399) and was performed in
accordance with the Declaration of Helsinki.

2.2. Assessment of eligibility criteria

Prior to inclusion, eligibility criteria were assessed during a
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screening where participants reported to the lab following 12 h of
fasting. Following 10-min of supine rest, participants underwent a dual-
energy X-ray absorptiometry (Lunar iDXA, GE Healthcare) scan to assess
body composition. Next, an anamnesis regarding history of participants
health, diseases, menstrual cycle, and training was performed. Partici-
pants answered the Low Energy in Females Questionnaire (LEAF-Q,
cutoff: >8 indicative of risk of LEA [42]), and the Eating Disorder Ex-
amination Questionnaire (EDE-Q, cutoff: global score <2.3 indicative of
disordered eating behavior) [43] followed by a 25-min measurement of
resting metabolic rate by indirect calorimetry (Vyntus™ CPX, Vyarire
Medical INC.). Next, participants completed a ramp test on an elec-
tronically braked cycle ergometer (Excalibur Sport, Lode B.V., Gronin-
gen, The Netherlands) for determination of maximal oxygen
consumption (VO2max) by indirect calorimetry. The exercise protocol
was initiated by warm-up stages of 4 min at 100 W, 125 W, and 150 W,
respectively followed by an incremental graded test with increments of
25 W x min~! until voluntary exhaustion. Following exhaustion, par-
ticipants rested for 2 min, then performed 1 min at 100 W before
completing a constant power output test at 110 % of the incremental
exercise performance in the ramp test to exhaustion as a verification of
VOomax achieved during the ramp test. After 15 min of rest, participants
were familiarized to the 20-min time trial performance test used during
the study.

2.3. Experimental design

The study was performed as a randomized, single-blinded, placebo-
controlled crossover design (Fig. 1). Upon inclusion, participants
completed two 14-day dietary periods receiving 1) optimal energy
availability (OEA) (50 kcal x kg FFM ! x day’l) and 2) LEA (22 kcal x
kg FFM~! x day!). Following OEA and LEA, participants underwent
three days of refueling receiving OEA (50 kcal x kg FFM ! x day™1).
The two dietary periods were separated by 11 days.

Participants underwent a total of 8 experimental days during the
study (Fig. 1); before, seven days into, after 14 days OEA and LEA, and
following the subsequent three days of refueling. For all test days, par-
ticipants reported to the lab at the same time in the morning (+1 h)
fasted and refrained from caffeine, nicotine, and alcohol for 12 h and
from strenuous physical activity for 24 h.

2.4. Dietary intervention

During OEA, LEA, and the refueling phase, participants were pro-
vided with all food based on an individualized meal plan. The food
provided contained breakfast, pre-prepared lunch, and dinner (Getfit-
food.dk, Skovlunde, Denmark) and pre-packed (1 g accuracy) snacks
and drinks. Participants were blinded to the intervention by providing a
large proportion of the snacks as either high carbohydrate (CHO)
concentrated or non-calorie juice or CHO and protein rich powder.
Participants were instructed to adhere to their usual daily timing of the
three main meals while distributing the provided snacks throughout the
day. EEE was calculated based on the scheduled daily training volume
and intensity (via a linear regression between EEE and HR rate measured
during the last 60-s of the three 4-min steady-state submaximal warmup
intensities performed on the initial screening visit) and resting metabolic
rate was subtracted. Daily physical activity (non-exercise activity ther-
mogenesis; NEAT) was not measured and assumed to be relatively
consistent between the two dietary interventions.

2.5. Exercise training

Two weeks prior to inclusion, participants registered their exercise
training (type, duration and HR) on an online platform which was used
to structure individual training programs during the study and to
calculate daily EEE. The participants registered all their training though
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Fig. 1. Study design. Randomized single-blinded crossover design with 14 days of optimal (OEA) or low energy availability (LEA) followed by three days of

refueling (REF).

an online training platform (Strava or Garmin Connect) during the OEA,
LEA, and refueling periods.

3. Experimental trials
3.1. Pre- and post-intervention trials

Before and after OEA and LEA, participants reported to the lab
overnight fasted, and following 10 min of supine rest, body composition
was assessed by DXA. Next, a standardized breakfast (454 kcal, 72 g
CHO, 19 g protein, 19 g fat) was provided. Sixty min following breakfast,
participants completed the cycling exercise tests (see below).

3.2. Mid-intervention trial

After seven days of OEA or LEA (MID), body composition was
assessed (DXA), and a blood sample was collected.

3.3. Refueling trial

Following three days of refueling after OEA and LEA (REF), body
composition (DXA) was assessed. Next, participants had a standardized
breakfast and following 60 min of rest, participants completed the
cycling exercise tests.

4. Testing procedures and equipment
4.1. Cycling exercise tests

All cycling tests were performed on the same electronically braked
cycle ergometer (Excalibur Sport, Lode B.V., Groningen, The
Netherlands) with specific individualized geometric setup used at each
test. HR was continuously recorded (Suunto HR-monitor, Smart Belt,
Vaanta, Finland) throughout all tests.

Participants performed a standardized warm up consisting of three 4-
min stages at 50 %, 60 % and 70 % of VOamax, respectively. Following 5
min of rest, participants completed a 20-min time trial performed as an
isokinetic test with an individually determined fixed cadence. Stan-
dardized verbal encouragement was provided by blinded researchers,
and the subject was blinded (HR and power output) apart from time.
After the test, participants rested for 7 min before completing a time to
exhaustion test consisting of 3 min at an intensity corresponding to 50 %

of VOgmax followed by a constant load at 100 % of VOgyax.

4.2. Blood samples

At every experimental day (PRE, POST, and REF), blood samples
were collected at rest and immediately following the cycling exercise
test from an antecubital vein in vacutainers containing 3.5 mL LH
lithium heparin and 4 mL EDTA. The LH lithium heparinized samples
were analyzed for cortisol, creatine kinase and high sensitivity C-reac-
tive protein at the department of Clinical Biochemistry, Rigshospitalet,
Copenhagen. The two EDTA samples were analyzed in duplicates for
leukocytes (Sysmex XN-450, Sysmex, Kobe, Japan). An additional blood
sample (3.5 mL LH lithium heparinized) was collected before and after
OEA and LEA and was analyzed for sex hormones (estrogen, follicle
stimulating hormone (FSH), luteinizing hormone (LH), progesterone,
and testosterone) at the department of Clinical Biochemistry, Rig-
shospitalet. Before and after OEA and LEA at rest and immediately
following the cycling exercise test, 12 mL EDTA whole blood was
collected for isolation of PBMCs.

4.3. Isolation of peripheral blood mononuclear cells

PBMCs were isolated according to Ficoll’s protocol [44]. Briefly, 12
mL of whole blood was mixed with Dulbecco’s Phosphate Buffered Sa-
line (DPBS) (1:1) and carefully added on top of 18 mL Ficoll density
gradient (Ficoll® Paque Plus, Merck). The samples were centrifuged for
30-min at 400g with no braking. The PBMC layer was then collected and
washed twice in 40 mL DPBS for 10-min at 80g without applying braking
and then resuspended in 1 mL DPBS for immediate use or stored at
—80 °C for later analysis. Total PBMCs were counted using an automated
hematology analyzer (Sysmex XN-450, Sysmex, Kobe, Japan).

5. Analysis

5.1. Mitochondrial respiratory capacity and hydrogen peroxide emission
of peripheral blood mononuclear cells

Mitochondrial respiratory capacity and hydrogen peroxide (H203)
emission of 1.5-3 million PBMCs were measured simultaneously using a
two-chamber high-resolution respirometry (Oxygraph-2k; Oroboros In-
struments, Innsbruck, Austria) in MIR0O6 (0.5 mM EGTA, 3 mM
MgCl.6H20, 60 mM K*-lactobionate, 20 mM taurine, 10 mM KHPOy,
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20 Mm HEPES, 110 mM p-sucrose and 1 g x 171 of fatty acid free BSA,
280 U x ml™? catalase, pH 7.4) at 37 °C with O, maintained between
100 and 200 nmol O,. Calibration was conducted according to manu-
facturers’ instructions. Initially, superoxide dismutase (5U x L’l),
amplex ultra red (10 pM) and horse radish peroxidase (1 U x L~1) were
added for fluorometric measurements. 1.5-3 million PBMCs were added
to each chamber. Respiration and HyO, emission were measured in
intact and permeabilized cells (digitonin, 8 pg x 10° cells) and were
assessed across different states using combinations of different sub-
strates including malate (2 mM), glutamate (10 mM), ADP (5 mM) with
magnesium (5 mM), succinate (10 mM), rotenone (0.5 pM) and Hy0»
(0.1 pM). Data were collected and analyzed in Datlab v.6.1 software
(Oroboros Instruments).

5.2. Protein expression

Protein expression was determined using Western blotting as
described in detail previously [45]. Briefly, 3 million PBMCs were ho-
mogenized (see suppl. methods). Total protein concentration in each
sample was determined in triplicates by a BCA standard kit (Thermo
Scientific), according to manufactures’ protocol. Equal amounts of total
protein of PBMCs were loaded in each well of self-casted 10 % gels. All
samples from each subject were loaded on the same gel. The bands were
visualized with ECL (Millipore) and recorded with a digital camera
(ChemiDoc MP Imaging System, Bio-Rad Laboratories). Densitometry
quantification of the Western blot band intensity was done using Image
Lab version 6.0 (Bio-Rad Laboratories) and determined as the total band
intensity adjusted for background intensity. Primary antibodies used are
shown in Suppl. Table 1.

5.3. Protein biomarkers

Lithium heparinized plasma samples were analyzed for inflamma-
tory and immune protein biomarkers (Olink Proteomics, Uppsala,
Sweden, Target 96 Inflammation Panel, https://olink.com/products-
services/target/inflammation/) using Proximity Extension Assay
(PEA). A protein was excluded from the analysis if the concentrations
was undetectable in >25 % of the measured samples.

5.4. Statistics

SPSS was used for statistical analysis (IBM SPSS Statistics Corp, New
York, USA, version 28). Normal distribution was confirmed using Q-Q
plots. A linear mixed-effects model for repeated measurements [46] was
used to estimate within- and between-period effects. Fixed factors were
time (PRE, MID, POST, REF), treatment (OEA vs. LEA), and time x
treatment. The absolute delta changes from rest and with acute exercise
were used to compare the acute effects of exercise. Subject ID was
included as a random effect to account for repeated measures between
participants. Model reduction was not performed to avoid potential se-
lective inference, meaning that post hoc tests were performed despite
non-significant interactions [47]. Outcome statistics are presented as
percentage or absolute change with delta changes and 95 % confidence
interval (CI) or + SD with the corresponding p-value. The level of sig-
nificance was set to P < 0.05. For protein biomarkers, P < 0.05 was used
as the level of significance after adjusting for false discovery rate (FDR)
using the Benjamini-Hochberg procedure.

6. Results
6.1. Participant flow and diet

Of 17 healthy well-trained female endurance athletes, 13 met the
inclusion criteria and were included. One was excluded as she did not

adhere to the training schedule and the prescribed food. All 12 included
participants (Table 1), of which seven were using hormonal
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Table 1

Participant characteristics, n = 12.
Age (years) 26.8 + 3.4
Height (cm) 169.8 + 7.1
Weight (kg) 62.2 + 8.8
BMI (kg/m?) 21.7 + 2.2
Fat free mass (kg) 48.4 +5.7
VOsmax (ML x min~! x kg™?1) 55.2 + 5.1

Data are presented as mean + SD.

contraceptives, completed the LEA and the subsequent refueling period,
whereas one participant was not able to adhere to the prescribed food
and training program during OEA and data from that period and the
subsequent refueling was excluded from the analysis. Half of the par-
ticipants (n = 6) were randomly allocated to begin with LEA. Energy
availability and total energy and macronutrient intake is presented in
Supplementary Table 1. Two weeks leading up the study, weekly
training duration and average HR were 08:39 =+ 01:40 h:min x week !
and 80 + 5 % of HRpay, respectively. These training parameters were
maintained throughout both dietary intervention periods (08:34 +
01:30 h x week ! and 79 + 6 % of HRpmax and 08:36 + 01:30 h:min x
week ! and 78 + 5 % of HRhax for OEA and LEA, respectively).

6.2. Bioenergetics and redox state in isolated PBMCs at rest and following
acute exercise

Assessment of isolated intact and permeabilized PBMCs revealed that
mitochondrial respiration (Table 2) and H20; emission (Fig. 2)
remained similar at rest with OEA and LEA. Mitochondrial respiration in
isolated intact and permeabilized PBMCs was not changed with acute
exercise (Table 2).

Before OEA, H,05 emission was higher after acute exercise in intact
(A 0.10 pmol Hy05 x s7 x 10° cell ™}, 95 % CI: 0.01 to 0.27, P = 0.027)
and permeabilized PBMCs (leak; A 0.17 pmol Hy05 X s71 x 10° cell ™,
95 % CI: 0.07 to 0.26, P < 0.001 and Complex I + II; A 0.24 pmol Hy04
x s 1 x10° cell’l, 95 % CI: 0.09 to 0.38, P < 0.001). The same patterns
were observed for Complex I and Complex II. After OEA, H5O, emission
was higher after acute exercise only in permeabilized PBMCs (Complex I
+II; A 0.17 pmol HyO05 x s x 108 cell ™}, 95 % CI: 0.08 to 0.31, P =
0.014, Fig. 2C). Before LEA, there was no change in HyO, emission in the
PBMCs with acute exercise, whereas after LEA it was higher after ex-
ercise in intact (+238 %, A 0.13 pmol HyO5 x st x 10° cell ™!, 95 % CI:
0.03 to 0.22, P = 0.002) and in permeabilized PBMCs (leak by 242 % A
0.16 pmol HyO5 x s x 10° cell ™}, 95 % CI: 0.07 to 0.26, P < 0.001, and
Complex I + II by 341 %, A 0.32 pmol HyO5 x s x 10° cell %, 95 % CI:
0.19 to 0.46, P < 0.001). The exercise-induced increases in HyOq
emission after LEA were 313 %, (P = 0.041) and 135 % (P = 0.045)
higher in intact cells and permeabilized (Complex I + II) PBMCs than
before LEA (Fig. 2 A/C).

Assessment of isolated PBMCs (Fig. 3) collected at rest showed in-
creases in NADPH oxidase 2 (NOX2, Gp917H9%) by 93 % (A 0.11 a.u, 95
% CI: 0.04 to 0.19, P = 0.003) following LEA, whereas CS, SOD2, GPX1
and MPO were unaffected by LEA. There were no changes in CS, HK,
NOX2, SOD2, GPX1 or MPO with OEA (all P > 0.05).

6.3. Systemic cortisol, sex hormones and plasma proteome

The plasma cortisol concentration was 22.3 % (A 155 nmol x LY
95 % CIL: 56 to 254, P < 0.001; Table 3) higher after compared to before
LEA. Three days of refueling decreased cortisol levels by 17.4 % (A -142
nmol x L™, 95 % CI: —241 to —143, P = 0.001; Table 3), which were not
different from pre-LEA levels (P = 1.000). The plasma testosterone
concentration was 22.1 % (A 0.14, 95 % CI: 0.25 to 0.32 nmol x L_l; P
< 0.001, Table 3) higher after compared to before LEA. Plasma cortisol
and testosterone levels were not different pre vs. post OEA. Plasma
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Table 2
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Mitochondrial respiratory capacity in intact and permeabilized PBMCs obtained at rest (Rest) following an acute exercise bout (EX) before (PRE) and after (POST) 14

days of optimal (OEA) (n = 11) and low energy availability (LEA) (n = 12).

Optimal energy availability (OEA)

low energy availability (LEA) Interaction

Time x treatment

PREgeqt PREgx POSTRest POSTx PREgeqt PREgx POSTRest POSTx

Intact cells (pmol/(s x 10° cell ™) 6+1 6+2 6+3 5+1 7+2 5+2 8+3 7+2 0.334
Leak (pmol/(s x 10° cell™!) 241 241 242 241 241 241 3+2 3+2 0.247
Complex I (pmol/(s x 10° cell ) 5+2 442 6+4 3+1 5+2 442 5+3 442 0.572
Complex II (pmol/(s x 10° cell™") 10+ 4 9+ 4 11+6 11+3 12+5 11+3 14+ 4 12+ 4 0.785
Complex I + II (pmol/(s x 10° cell ™) 15+5 13+5 16+8 13+3 16+5 14+ 4 18+6 14+5 0.999

Data are presented as mean =+ SD.

Intact Cells
A
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Fig. 2. Hydrogen peroxide (H05) emission in intact (A) and permeabilized peripheral blood mononuclear cells (PBMC) at LEAK state (B), and Complex I + II (C)
before (PRE) and after (POST) 14 days of optimal (OEA) (n = 11) or low energy availability (LEA) (n = 12) at rest (Rest) and following a 45-min intense exercise bout
(EX). * Denotes differences from rest within diet. $ denotes differences in changes (A) from rest to exercise within group. Significance code: * <0.05, **P < 0.01,

***P < 0.01, $ P < 0.01.

creatine kinase, hsCRP, estradiol, FSH, LH and progesterone were not
different within OEA and LEA interventions. Plasma cortisol, hsCRP, and
creatine kinase did not change with acute exercise (Suppl. Table 2).

A targeted analysis of plasma proteins related to immediate inflam-
matory and immune status were assessed and out of 96 measured pro-
teins, 78 proteins were quantifiable. Out of the 78 proteins analyzed, 5
(CST5, FGF-21, FIt3L, IL-18R1, and VEGFA) were downregulated and 2
(beta-NGF and CCL28) were upregulated with LEA (FDR < 0.05).
Following three days of refueling these 7 proteins were not different
from pre- or post-LEA. (Fig. 4A/B/C, suppl results). Following OEA and
LEA, acute exercise altered 45 (44 upregulated and 1 downregulated)

and 49 (49 upregulated) out of 78 proteins, respectively, with 8 and 11
of the upregulated proteins being specific to OEA (CCL-20, CCL-28,
CXCL-11, GDNF, IFN-y, IL-8, IL-IORA, MMP-1) and LEA (CD40,
CDCP1, FGF-19, FGF-5, MCP-1, MCP-4, MMP-10, PD-L1, SLAMF1, TNF,
TNF-p), respectively (Fig. 4D/E, suppl results).

6.4. Leukocyte type distribution and mobilization following acute exercise

There were no differences in leukocyte, neutrophil, lymphocyte, and
monocyte counts between OEA, LEA, or refueling at rest. Both before
and after OEA, LEA and refueling, leukocytes, neutrophils, lymphocytes,
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Fig. 3. Peripheral blood mononuclear cell (PBMC) protein abundance of citrate synthase (CS) (A), NADPH oxidase 2 (NOX2, Gp91PH°X) (B), superoxide dismutase 2
(SOD2) (C), glutathione peroxidase 1 (GPX1) (D), and myeloperoxidase (MPO) (E) before (PRE) and after (POST) 14 days of optimal (OEA) (n = 11) or low energy
availability (LEA) (n = 12). * Denotes differences from PRE within group. Significance code: * <0.05 and **P < 0.01.

Table 3

Plasma concentrations at rest before (PRE), after 7 (MID) and 14 days (POST) following optimal (OEA) (n = 11) and low (LEA) energy availability (n = 12) and after
three days of refueling (REF). * Denotes differences from PRE within diet. # Denotes differences from POST within diet. Significance code: *P < 0.05, ***P < 0.001,

##P < 0.01.
Optimal energy availability (OEA) Low energy availability (LEA) Interaction
PRE MID POST REF PRE MID POST REF Time x
treatment
Cortisol (nmol x L™') 719 + 757 + 676 + 677 £ 666 + 738 + 821 + 679 + 240 0.002
258 265 244 276 245 251 318 ##
hsCRP (mg x L71) 1.3+1.0 1.2+13 0.9+ 0.8 0.7 + 0.4 1.1+0.8 1.2+1.0 0.9 +0.8 0.6 + 0.3 0.523
Creatine Kinase (U x L) 136 + 82 143 + 67 115 £ 53 152 + 69 126 + 67 149 + 98 169 + 169 + 128 0.212
126
Estradiol (nmol x L~1) 0.3+0.3 0.2+0.1 0.2 +0.2 0.2+0.1 0.429
Follicle stimulating hormone (FSH) (IU x 48 +£5.1 4.7 +£3.0 4.8 +3.3 5.2+ 3.4 0.706
LY
Luteinizing hormone (LH) (IU x LY 4.6 +4.5 3.3+24 6.0+7.9 3.8 +£3.3 0.685
Progesterone (nmol x L 1.7+ 25 6.3 + 1.3+1.1 6.3 +13 0.928
12.1
Testosterone (nmol x L™1) 0.7 £ 0.3 0.7 £ 0.2 0.6 0.2 0.8+0.3 0.097

*

Data are presented as mean =+ SD.
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Fig. 4. Volcano plot displaying changes out of 78 plasma proteins after 14 days of optimal (OEA) (A) (n = 11) and low energy availability (LEA) (B) (n = 12), 3 days
of refueling following LEA (n = 12) (C), and the changes with acute exercise following 14 days of OEA (D) (n = 11) and LEA (E) (n = 12) (e.g., rest vs. exercise on the
post-diet test days). D; Venn diagram of the proteins commonly regulated (mid) and uniquely regulated by LEA (left) and OEA (right) with exercise. Adj. p < 0.05
indicated by dashed line on the y-axis. Abbreviations: Beta-NGF: Beta-nerve growth factor, CCL-20: Chemokine (C-C motif) ligand 20, CCL-28: Chemokine (C-C
motif) ligand 28, CCL28: Chemokine (C-C motif) ligand 28, CDCP1: CUB domain-containing protein 1, CD40: Cluster of Differentiation 40, CST5: Cystatin D, CXCL-
11: Chemokine (C-X-C motif) ligand 11, FGF-5: Fibroblast Growth Factor 5, FGF-19: Fibroblast Growth Factor 19, FGF-21: Fibroblast Growth Factor 21, GDNF: Glial
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metalloproteinase-10, PD-L1: Programmed death-ligand 1, SLAMF1: Signaling lymphocytic activation molecule family member 1, TNF: Tumor necrosis factor, TNF-f:

Tumor necrosis factor-p, VEGFA: Vascular endothelial growth factor A.

and monocytes increased with acute exercise (all P < 0.001, Fig. 5).
After LEA, the acute exercise-induced increase in leukocytes was 14.2 %
(A-1.610° x uL’l, 95 % CI: —3.0 to —0.2, P = 0.017) lower than before
LEA which was mainly driven by a 24.8 % (A —1.310% x uL™}, 95 % CI:
—2.4 to —0.3, P = 0.003) lower increase in neutrophils with acute
exercise.

6.5. Body composition

Body weight, fat mass, and fat free mass were all significantly (all P
< 0.05) lowered after LEA. Body weight and fat mass were unaffected by
three days of refueling. Fat free mass was enhanced by three days of
refueling (P < 0.037). Data is presented in Suppl. Table 3.

6.6. Time trial and time to exhaustion performance

Power output during the 20-min time trial was 7.8 % (A —17.5W, 95
% CI: —25.2 to —9.8, P < 0.001) lower after LEA and remained 6.7 %
lower (A —14.5 W, 95 % CI: —22.2 to —6.8, P < 0.001) after refueling,
compared to before LEA (Fig. 6A). Power output relative to body mass
was lower by 4.3 % (A —0.15 W x kg bw™?, 95 % CI: —0.27 to —0.03, P
= 0.012) after compared to before LEA and remained 4.1 % lower (A
—0.14 W x kg bw™1, 95 % CI: —0.28 to —0.02, P = 0.020) after refu-
eling, compared to before LEA (Fig. 6B).

Time to exhaustion during constant load at 100% VOynay after LEA
was 18.9 % lower (A —22.9's, 95 % CI: —43.9 to —2.9, P = 0.020) after
compared to before LEA (Fig. 6C). After three days of refueling, time to
exhaustion was not different compared to pre- LEA (P = 0.634). Exercise
performance was unaffected by OEA (Fig. 6C).

7. Discussion

The most important findings of the present study were that 14 days of
LEA: 1) increased the capacity of PBMCs to produce ROS as evidenced by
an increased level of NADPH oxidase, and an amplified ROS production
in PBMCs in response to acute exercise despite lower total work per-
formed during the exercise test, as indicated by impaired exercise per-
formance, 2) increased resting cortisol and altered the plasma
inflammatory proteome at rest and following acute exercise, and 3)
reduced the exercise induced mobilization of leukocytes. Moreover,
three days of refueling led to restoration of cortisol levels and inflam-
matory proteins to initial pre-LEA levels, whereas it did not restore the
LEA induced impairment in performance (20- min time trial).

7.1. Low energy availability enhances the peripheral blood mononuclear
cell redox capacity and formation

To evaluate how LEA may influence the immune system we deter-
mined the redox capacity in PBMC’s. Our results showed that 14 days of
LEA led to an increase in systemic stress, as indicated by elevated plasma
cortisol levels, an increased capacity for ROS production in PBMCs, as
evidenced by an upregulation of NOX2 content, and increased level of
stress induced ROS formation with intense exercise. The content of MPO
and the protective antioxidants enzymes GPX1 and SOD2, remained
unaltered; together with the upregulation of NOX2 protein and increase
in stress-induced ROS formation, these data demonstrate that short-term
energy deprivation apparently increase the potential for ROS formation
to enable them to rapidly increase ROS production when required, such
as observed following acute exercise.

Although acute exercise caused an increase in ROS production in
PBMCs in both OEA and LEA, the increase was greater following LEA.
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The higher NOX2 content in PBMCs after LEA likely contributed to the
higher level of ROS; however, mitochondrial ROS formation could also
have contributed. As such, when mitochondrial respiration in post ex-
ercise isolated PBMC’s was increased by substrate addition (LEAK,
Complex I, and I + II), ROS production was further enhanced. Notably,
the larger increase in ROS formation following acute exercise with LEA
was apparent despite the lower total amount of work performed after
LEA during the cycling test, as evident by lower power output and
shortened time to exhaustion following LEA. This fact, strengthens the
observation of a higher exercise induced ROS production in PBMCs after
LEA. The larger increase in ROS formation by PBMC’s following LEA was
associated with an increase in plasma levels of MCP-1 (monocyte che-
moattractant protein-1), a chemokine released in response to ROS for-
mation in PBMC’s [48]. The pleiotropic actions of ROS in leukocytes
make it challenging to ascertain whether the increase observed with LEA

would be beneficial or harmful. It may be that the amplified ROS with
LEA is a compensatory mechanism for lower mobilization of leukocytes
following acute exercise. On the other hand, increased ROS production
in PBMCs has been associated with pathology [22,49,50] and as exces-
sive oxidative stress in general is associated with destruction of bio-
logical molecules such as DNA and proteins [51], the increase in ROS
may be harmful and directly impair immune responses. It is worth
noting that LEA was only sustained for 14 days in this experiment and
therefore the rise in exercise-induced ROS with LEA may contribute to
immunosuppression in long-term LEA.

As the short-term LEA exposure did not influence ROS production in
PBMCs obtained at rest, despite elevated cortisol levels, this observation
implies that although LEA increases systemic stress, it does not increase
basal oxidative stress in PBMCs nor their respiratory capacity.
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7.2. LEA does not increase the pro-inflammatory effects of exercise

Elevated ROS in leukocytes have the capability of activating a pro-
inflammatory response, as commonly observed with acute exercise
[52]. In the present study we measured an array of inflammatory pro-
teins before and after acute exercise in OEA and LEA to determine the
pro-inflammatory response to exercise in the two dietary conditions.
While we did observe an overall pro-inflammatory response to acute
exercise, as evidenced by an increase IL-6 and TNF-a, we found that LEA
did not further amplify this pro-inflammatory response, despite the
enhanced ROS production in PBMCs after LEA. This suggests that the
altered redox balance in PBMCs in LEA was not associated with the
extent of exercise-induced pro-inflammatory changes. Interestingly,
after LEA, acute exercise led to a reduced post-exercise neutrophil count.
The decreased neutrophil count in response to exercise could be related
to the lower total work performed after LEA (impaired performance) or
to a reduced cortisol response [53] following acute exercise after LEA as
indicated by a non-significant (15 %) reduction in cortisol levels with
acute exercise (Suppl. Table 3).

7.3. LEA alters systemic stress and inflammatory proteins at rest

While LEA did not affect the basal inflammatory state at rest - as
evidenced by maintained protein levels such as hsCRP, IL-6, and TNF-a,
and as none of the uniquely changed plasma proteins with LEA were
specific to inflammation - the rise in cortisol levels suggests that short-
term LEA is associated with enhanced systemic stress. This is in accor-
dance with previous studies [54,55], which have shown that even
short-term LEA directly impacts the hypothalamic-pituitary-adrenal axis
and increases cortisol levels. Even though LEA was not associated with
alterations in peripheral leukocyte composition, it is noteworthy that the
absolute neutrophil count following LEA was approaching levels below
normal reference values (<2.0 x 103 cells x pL) [56]. Clinically low
levels in neutrophil count may be evident in situations with long-term
LEA and could increase the risk of infection and partly explain the
high prevalence of upper respiratory tract infections in elite athletes [35,
37]. However, it is worth noting that both cortisol and neutrophils were
reversed with only three days of refueling and therefore may only be
useful markers of the immediate energetic state.

7.4. Low energy availability impairs exercise performance

To evaluate how female athletes are functionally influenced by LEA,
we also determined exercise performance capacity. Performance was
determined by a 20-min time trial and by a subsequent time to
exhaustion test, where the tests were performed before and after the
dietary intervention periods as well as after three days refueling. The 14
days of LEA was found to have a detrimental effect on exercise perfor-
mance in both tests, and the reduced performance for the 20 min time-
trial was observed even after the three days refueling. It is noteworthy,
that, even when considering the 4 % reduction in body mass and
expressing exercise performance relative to body mass (power to weight
ratio), performance was impaired. Our findings are in agreement with
one previous study in trained females [57] but contrast those of a recent
study, in which highly-trained race-walkers presented enhanced per-
formance after only 24 h refueling following nine days of LEA (10 males
and 2 females) [58]. The discrepancy may be explained by sex-specific
consequences of LEA, as males have been suggested to be more resil-
ient to LEA [59]. However, given the differences in both the larger
decrease in LEA, difference in carbohydrate intake, and the shorter
duration of refueling, we find it unlikely that sex-differences fully can
account for the disparity.

7.5. Summary

Our study illustrates a substantial impact of short-term LEA on the
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immune system, as evidenced by altered redox balance in PBMC, altered
immune/inflammatory proteome and a reduced exercise-induced
mobilization of PBMCs. This finding suggests that LEA may heighten
the susceptibility to infections and disease. Additionally, our study
shows that, at a functional level, LEA reduces endurance exercise per-
formance, an effect which was not reversible with three days of refuel-
ing. Taken together, these findings underscore the critical importance of
limiting LEA exposure for female athletes.
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