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Sportomics method to assess acute 
phase proteins in Olympic level 
athletes using dried blood spots 
and multiplex assay
Adriana Bassini1,2,12, Silvia Sartoretto1,12, Lukas Jurisica1,3,11, Alexandre Magno‑França1, 
Leigh Anderson4, Terry Pearson4, Morty Razavi4, Vinod Chandran5,6, LeRoy Martin III7, 
Igor Jurisica8,9,10* & L. C. Cameron1*

Sportomics is a subject‑centered holistic method similar to metabolomics focusing on sports as 
the metabolic challenge. Dried blood spot is emerging as a technique due to its simplicity and 
reproducibility. In addition, mass spectrometry and integrative computational biology enhance our 
ability to understand exercise‑induced modifications. We studied inflammatory blood proteins (Alpha‑
1‑acid glycoprotein—A1AG1; Albumin; Cystatin C; C‑reactive protein—CRP; Hemoglobin—HBA; 
Haptoglobin—HPT; Insulin‑like growth factor 1; Lipopolysaccharide binding protein—LBP; Mannose‑
binding lectin—MBL2; Myeloperoxidase—PERM and Serum amyloid A1—SAA1), in 687 samples 
from 97 World‑class and Olympic athletes across 16 sports in nine states. Data were analyzed with 
Spearman’s rank‑order correlation. Major correlations with CRP, LBP; MBL2; A1AG1, and SAA1 were 
found. The pairs CRP‑SAA1 and CRP‑LBP appeared with a robust positive correlation. Other pairs, LBP‑
SAA1; A1AG1‑CRP; A1AG1‑SAA1; A1AG1‑MBL, and A1AG1‑LBP, showed a broader correlation across 
the sports. The protein–protein interaction map revealed 1500 interactions with 44 core proteins, 30 
of them linked to immune system processing. We propose that the inflammation follow‑up in exercise 
can provide knowledge for internal cargo management in training, competition, recovery, doping 
control, and a deeper understanding of health and disease.

Sportomics is a subject-centered holistic method, focusing on sports as the metabolic challenge (for an edito-
rial and review, see Bragazzi, Bassini and Cameron)1,2. Unlike the studies carried out in the laboratory under 
extremely controlled conditions, our method involves samples that are collected in the field in an uncontrolled 
environment; thus, capturing important physiological changes during training and  competition3–5.

Dried blood spot (DBS) is emerging as a collecting sample technique in several fields due to its simplicity and 
 reproducibility6,7. Mass spectrometry in combination with integrative computational biology is enhancing our 
ability to study complex changes in health and disease with a patient-centered  perspective8,9. Combined, these 
techniques can broaden the understanding of exercise-induced molecular changes at an individual athlete level.

After stressful exercise, Acute phase proteins (APPs) change in the  blood10 and are related to overreaching 
and  overtraining6. Understanding broad individual and combined response of APPs during acute phase response 
(APR) and signaling is an obvious way to study inflammation in exercise.
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The uniqueness of metabolic stress caused by training and competition in top-level athletes can help us 
understand other types of hypermetabolic disorders including the ones that occur in diseases. Thus, it is criti-
cal that the scientific community access metabolic information on world-class competing top-level  athletes2. 
Here we studied the inflammatory response in almost a hundred World-class and Olympic level athletes in 16 
different sports and propose combined targets to understand exercise-induced modifications and training evalu-
ation. We hypothesize that high intensity exercise can be an important model to study inflammatory response 
in hypermetabolic diseases.

Methods
Subjects. Samples (687) were collected in the field in an uncontrolled environment at multiple time points 
during training and competition and in nine different states (fasting (eight hours minimum), re-hydration (rapid 
re-hydration after fasting and hydration deprivation), pre-, per-, or post-technical training; after physical train-
ing; pre- or post-competition and resting (60–90  min after either training or competition) from 97 athletes 
(men and women) across 16 different sports. Experimental study design is presented in Fig. 1. Our subjects 
were Olympic-level athletes who participated in various world championships, South American, Pan American, 
and Olympic Games. Most of them were podium medalists (Table 1). The research was approved by Ethical 
Committees (CAAE 0053.0.131.000-007; CAAE 2016.0.000.305-10 and 2.230.073). The study was performed in 
accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments. 
An informed consent was obtained from the subjects, who were instructed as to the nature of the study and the 
procedures involved.

Samples. Capillary blood dry blood spot (DBS) samples were collected at multiple time points using a 
Sportomics  approach1. Samples were collected using lancet finger-pricks (Medlance Plus Extra or Special, HTL 
Strefa; Medline, Cat. No. HTD7045BX) dried on Whatman 903 Protein Saver DBS cards. The cards were dried 
at 4 °C in the presence of a desiccant and processed on a daily basis. The samples were collected during the 

Figure 1.  Experimental design. Analysis flowchart. Alpha-1-acid glycoprotein—A1AG1; Albumin—ALBU; 
Cystatin C—CYTC; C-reactive protein CRP; Hemoglobin beta chain—HBA; Haptoglobin—HPT; Insulin-
like growth factor 1—IGF1; Lipopolysaccharide binding protein—LBP; Mannose-binding lectin—MBL2; 
Myeloperoxidase—PERM and Serum amyloid A1—SAA1.
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PanAm games in Toronto, ON, Canada (July 7th-26th 2015) and were shipped on a daily basis to the lab located 
in Victoria, BC, Canada. More specifically, the samples were processed between July 11th and July 22nd 2015.

SISCAPA‑LC‑MRM protein measurement. A panel of 11 proteins of known clinical significance 
(Alpha-1-acid glycoprotein—A1AG1; Albumin—ALBU; Cystatin C—CYTC; C-reactive protein CRP; Hemo-
globin beta chain—HBA; Haptoglobin—HPT; Insulin-like growth factor 1—IGF1; Lipopolysaccharide binding 
protein—LBP; Mannose-binding lectin—MBL2; Myeloperoxidase—PERM and Serum amyloid A1—SAA1) was 
measured using SISCAPA-MRM mass spectrometry as  described11.

For each peptide in each sample, the primary data comprises the ratio (peak area ratio, or PAR) of the area 
of a sample-derived proteotypic tryptic peptide to the area of an added synthetic stable-isotope-labeled version 
of the same peptide sequence serving as an internal standard. Identical amounts of each internal standard were 
added to each trypsin-digested sample, allowing direct comparison of the amounts of each protein between 
samples (Table 2).

Table 1.  Samples were collected in nine different states: fasting (eight hours minimum), re-hydration (rapid 
re-hydration after fasting and hydration deprivation), pre-, per-, or post-technical training; after physical 
training; pre- or post-competition and resting (60–90 min after either training or competition). HOLO refers 
to all combined, holistic samples and analysis.

Sports

Samples States

Training World games

Total athletes Total samples Fasting Re-hydration Pre- training Per- training Post-training After gym
Pre- 
competition

Post- 
competition Resting

HOLO 97 687 48 5 184 2 197 8 106 89 48

Archery 6 6 6 0 0 0 0 0 0 0 0

Athletics 4 26 6 0 3 0 6 0 3 6 2

Basketball 12 48 0 0 24 0 24 0 0 0 0

Beach Vol-
leyball 2 34 0 0 8 0 4 0 12 10 0

Boxing 7 16 1 4 0 0 0 0 11 0 0

Canoeing 4 58 8 0 12 2 16 8 0 0 12

Cycling 4 34 0 0 12 0 11 0 4 4 3

Diving 1 12 3 0 2 0 2 0 1 2 2

Gymnastics 8 84 0 0 25 0 22 0 17 18 2

Handball 15 139 1 0 27 0 31 0 41 37 2

Karate 7 63 1 1 28 0 23 0 5 3 2

Modern 
Pentathlon 5 111 21 0 24 0 39 0 0 4 23

Softball 14 38 0 0 14 0 14 0 10 0 0

Swimming 3 3 0 0 0 0 0 0 0 3 0

Taekwondo 3 7 1 0 1 0 3 0 2 0 0

Racewalking 2 8 0 0 4 0 2 0 0 2 0

Table 2.  Eleven blood proteins were measured using SISCAPA immuno-affinity enrichment mass 
spectrometry.

Protein Entry name Short protein name Gene name ID Isoform Peptide

Alpha-1-acid glycoprotein A1AG1 AGP 1 OMR1 P02763 1 NWGLSVYADKPETTK

Albumin ALBU Albumin ALB P02768 1 & 3 LVNEVTEFAK

Cystatin C CYTC Cystatin-C CST3 P01034 1 ALDFAVGEYNK

C-reactive protein CRP C-reactive protein CRP P02741 1 & 2 ESDTSYVSLK

Hemoglobin beta chain HBA Hemoglobin subunit alpha HBA1, HBA2 P69905 1 VHLTPEEK

Haptoglobin HPT Haptoglobin HP P00738 1 & 2 VTSIQDWVQK

Insulin-like growth factor 1 IGF1 IGF-I IGF1 P05019 all GFYFNKPTGYGSSSR

LPS-binding protein LBP LBP LBP P18428 1 LAEGFPLPLLK

Mannose-binding lectin MBL2 MBP-C MBL2 P11226 1 EEAFLGITDEK

Myeloperoxidase PERM MPO MPO P05164 all DYLPLVLGPTAMR

Serum amyloid A1 SAA1 SAA SAA1 P0DJI8 1 GPGGVWAAEAISDAR
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Data analysis. PAR data were assembled in Tableau Prep Builder (Tableau Software, Inc., Seattle WA, USA) 
and joined with tables defining sample characteristics (e.g., date of collection, subject contextual health notes, 
SIS concentrations, analytical run structures, etc.). Data analysis and visualization were performed in Tableau 
Desktop (Tableau Software, Inc., Seattle, WA, USA).

To minimize the effect of variations in plasma volume between DBS from the same individual (typi-
cally ± 10–15%), we refined and applied a simplified version of a method developed previously to normalize 
plasma volume by computing the ratio of each protein to that of albumin (a protein whose abundance is usually 
very stable within individuals over time (17) and then dividing by the individual’s average value of the protein 
(to put measurements on a personalized scale of relative change between samples).

Replicate DBS samples were processed for SISCAPA measurement. The average coefficient of variation (CV) 
across the assays used in Datasets was 10%, consistent with expectations for clinically useful assays.

Bioinformatics analysis. Raw data from SISCAPA platform were analyzed using SciPy Python library 
(ver. 1.4.1). We used non-parametric Spearman’s rank-order correlation  (rs, scipy.stats.spearmanr method). The 
diagonal entries are self-correlations, and the off-diagonal entries represent direct positive or negative correla-
tions of pairwise proteins (the correlation matrix is symmetric). Supplementary Material 1 presents all data, but 
further discussion focuses only on protein pairs with  rs > 0.5 and significance of p <  10–3.

Data were visualized using Matlab R2019b (Mathworks, Natick, MA) and the PyPlot Python library (ver. 
3.1.2). To emphasize correlations with statistical significance, only correlations with P value < 0.01 were used in 
the resulting image. The color of each cell was then determined by linearly interpolating the correlation (blue 
for positive correlation, red for negative correlation).

PPI map was created by querying IID database version  202112 with 11 proteins, and obtaining all their physical 
interactions, using default setting and all sources (http:// ophid. utoro nto. ca/ iid). Resulting interaction network 
was visualized using NAViGaTOR ver. 3.0.1613, and the final figure with legends was prepared in Adobe Illustra-
tor ver. 26.6 from the SVG file.

Results
We measured and analyzed 11 blood proteins in 687 samples from 97 athletes across 16 sports in nine different 
states (Table 1 and Fig. 1). To obtain a holistic view of the proteins’ presence in the blood across the states in 
various sports, we correlated all the analyzed proteins during all states, athletes, and sports (Holistic, HOLO). It 
is known that CRP and SAA1 positively correlate during acute  inflammation8, and our HOLO analysis confirms 
it across all sixteen sports, 97 athletes and nine states, in addition to identifying CRP-LBP positive correlation 
(Fig. 2).

We choose to discuss significant protein correlations with a p < 0.001 (comprehensive results at other p-value 
cutoffs—p < 0.001 to p < 0.05—are shown in the Supplementary Material 1) due to the diversity of the analyzed 
data. We found two significant protein correlations when analyzing HOLO: CRP-LBP  rs = 0.60 (p < 10–9) and 
CRP-SAA1  rs = 0.56 (p < 10–9) (Fig. 3).

Figure 2.  CRP and LBP and CRP and SAA1 are strongly correlated protein pairs. Matrix of pairwise 
correlations among proteins, considering all sports, athletes, and states (HOLO). The absolute value of 
correlations is considered. Spearman correlation was used, and no p-value filter was applied. Full data are 
presented in Supplementary Material 1. Alpha-1-acid glycoprotein—A1AG1; Albumin—ALBU; Cystatin C—
CYTC; C-reactive protein CRP; Hemoglobin beta chain—HBA; Haptoglobin—HPT; Insulin-like growth factor 
1—IGF1; Lipopolysaccharide binding protein—LBP; Mannose-binding lectin—MBL2; Myeloperoxidase—
PERM and Serum amyloid A1—SAA1.

http://ophid.utoronto.ca/iid
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To characterize protein correlation across individual sports and states, we selected sports with sufficient 
number of athletes (n ≥ 4) and time points (i.e., different collection at different states; m ≥ 8 on average). Six 
major sports satisfied the criteria, and as could be expected, the correlation pattern differed across sports. CRP 
and SAA1 were strongly correlated in all six sports, as seen for HOLO correlation matrices. Also, CRP and LBP 
showed strong correlation in all individual sports except for karate (Fig. 4A–F).

All the canoeing athletes had a same strict nutrition regimen, training, and rest. This particular system allows 
us to have a close and strict collection protocol, decreasing variability. We measured proteins from four male 
athletes for two years and six states. Canoeists’ protein analysis revealed 40 significant protein pairs, all of these 
with  rs > 0.50 (Fig. 4A).

The analyzes of cyclists’ proteins shows a high positive correlation between five pairs of proteins (Fig. 4B). 
Ten protein pairs were correlated in gymnasts (Fig. 4C). Handball was the only team sport analyzed with five 
pairs of proteins correlated, while in the combat sport karate, four pairs of proteins were associated in our study 
(Fig. 4D and E).

Many collections in different and variable states were performed in modern pentathlon due to our Sportomics 
approach. We collected samples and measured proteins from five athletes (four female) for two years and five 
different states. The analyzes from the evaluated proteins correlations in modern pentathlon athletes exhibited 
12 pairs. Interestingly, the IGF1-MBL2 pair exhibited a negative correlation (Fig. 4F).

To interpret changes of correlated protein pairs across sports better, we focused on the most varying seven 
pairs (Fig. 5). The positive control—CRP-SAA1—is confirmed in all six studied sports and HOLO  (rs: 0.56–0.80) 
(Fig. 5A). CRP-LBP correlated in five of the six selected sports and HOLO  (rs: 0.59 to 0.89; Fig. 5B). Other protein 

Figure 3.  There are two high protein pair correlations p < 0.001 and  rs > 0.5. Matrix of pairwise correlations 
among proteins, considering all sports, athletes and states. (A) Significant protein pairs correlations at p 
value < 0.001 are highlighted; (B) Significant protein pairs correlations  rs > 0.5 are highlighted (p < 0.001). n = 97. 
Full data are presented in Supplementary Material 1. Alpha-1-acid glycoprotein—A1AG1; Albumin—ALBU; 
Cystatin C—CYTC; C-reactive protein CRP; Hemoglobin beta chain—HBA; Haptoglobin—HPT; Insulin-
like growth factor 1—IGF1; Lipopolysaccharide binding protein—LBP; Mannose-binding lectin—MBL2; 
Myeloperoxidase—PERM and Serum amyloid A1—SAA1.
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pairs show a wider correlation across the sports: LBP-SAA1  (rs: 0.45–0.85); A1AG1-CRP  (rs: 0.13–0.87); A1AG1-
SAA1  (rs: 0.13–0.78); A1AG1-MBL2  (rs: 0.40–0.82) and A1AG1-LBP  (rs: 0.1–0.72) (Fig. 5A and B).

Figure 4.  SAA1 and CRP are strongly correlated. LBP and CRP are also strongly correlated. Matrix of pairwise 
correlations among proteins for (A) canoeing (n = 58); (B) cycling (n = 34); (C) gymnastics (n = 84); (D) handball 
(n = 139); (E) karate (n = 63) and (F) modern pentathlon (n = 111). The positive (blue) and negative (red) 
correlations at p value < 0.001 are shown. Protein correlations  rs > 0.5. Full data are presented in Supplementary 
Material 1. Alpha-1-acid glycoprotein—A1AG1; Albumin—ALBU; Cystatin C—CYTC; C-reactive protein CRP; 
Hemoglobin beta chain—HBA; Haptoglobin—HPT; Insulin-like growth factor 1—IGF1; Lipopolysaccharide 
binding protein—LBP; Mannose-binding lectin—MBL2; Myeloperoxidase—PERM and Serum amyloid A1—
SAA1.



7

Vol.:(0123456789)

Scientific Reports |        (2022) 12:19824  | https://doi.org/10.1038/s41598-022-23300-y

www.nature.com/scientificreports/

Four proteins (HBA; HPT; MBL2 and SAA1) did not correlate (i.e.,  rs > 0.5) with PERM in any of the six major 
sports of our study (Supplementary Material 1).

The protein–protein interaction map (PPI) revealed 1500 protein interactions with 44 high connectivity core 
proteins, 30 of them linked to immune system processing (Fig. 6).

Figure 5.  Seven proteins correlated in three or more sports. Matrix of pairwise correlations  (rs) among proteins 
for canoeing; cycling; gymnastics; handball; karate, and modern pentathlon. The significant correlations at p 
value < 0.001 are shown (*). Full data are presented in Supplementary Material 1. Alpha-1-acid glycoprotein—
A1AG1; Albumin—ALBU; Cystatin C—CYTC; C-reactive protein CRP; Hemoglobin beta chain—HBA; 
Haptoglobin—HPT; Insulin-like growth factor 1—IGF1; Lipopolysaccharide binding protein—LBP; Mannose-
binding lectin—MBL2; Myeloperoxidase—PERM and Serum amyloid A1—SAA1.
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Discussion
Exercise can be used as a model for the understanding of different physiological and physiopathological 
responses. Our study used an innovative multiplex method for the simultaneous measurement of selected inflam-
matory proteins associated with the sportomics approach. Sportomics is an ex post facto design and does not 
attempt to control the variables but rather to understand  them1,2,14–20. The uniqueness of this study is the fact 
that all 97 athletes analyzed belong to an elite group of world top-caliber competitors in their respective sports 
disciplines. Most of them are medalists not only in World Championships and Olympic Games but also in sev-
eral editions of other multi-sport events such as the World Military Games, the Pan American Games, and the 
South American Games.

Due to the large number of variables in the study, we focused on correlations  rs > 0.5 (Spearman’s rank cor-
relation) with a significance of p < 0.001. We acknowledge that significant results with low correlations can still 
be important. We use stringent cutoffs in our study due to its observational nature, since we report findings 
from in the field measurements across diverse events as metabolically different as intense training with recov-
ery. However, even small changes in a protein expression or its correlation with another protein can represent 
biologically meaningful signal.

The highest number of correlated protein pairs in our study appeared in canoeing. We studied the athletes’ 
characteristics in a previous  study19. Due to being confined in a small training center, the four canoeing athletes 
in our study had a strong similarity in hydration, nutrition, training, competition, and rest. And more, they are 
all sprint canoeists competing exactly in the same distances, either sharing the same boat in pairs either paddling 
alone. A less controlled group, the MP athletes, exhibited 12 protein correlation pairs.

We have previously shown that CRP and SAA1 strongly correlate during a week of training of Olympic level 
beach volleyball  athletes8. In this study, CRP-SAA1 appeared with a significant and robust positive correlation 
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even when analyzed in HOLO. CRP-SAA1 remained highly correlated even at the individual sport level analysis. 
Several studies have investigated the functions of SAA1, including chemotaxis, the induction of macrophages, 
chemokines, and  cytokines21,22. Additionally, CRP is related to many immune pathways, such as the signaling 
of  inflammation23. It is important to emphasize that our subjects belong to 16 different sports, varying from 
individual to collective sports, cyclic or acyclic exercises of different intensities and volumes. CRP and SAA1 
are positive APPs, and their correlation has been described in different physical conditions, including infection, 
trauma, inflammatory reactions, and hypermetabolic diseases, including prognosis of COVID-1924–27. The protein 
pair seems to be correlated to either increased inflammatory stress caused by acute  exercise28,29 or its decrease 
caused by regular training in some  diseases30.

Lipopolysaccharide-binding protein (LBP) is emerging in importance in understanding and diagnosing the 
inflammatory acute phase response (APR). It has been shown that the blood concentration of LBP can rise up to 
40-fold in response to inflammatory stress in an interleukin-1 (IL-1) and IL-6 mediated  response31. LBP synthesis 
and binding to lipopolysaccharide (LPS) can trigger a Janus response due to either the protein’s pro-inflammatory 
effect in LPS presentation to CD-14 or the anti-inflammatory effect due to the LBP ability in transferring LPS 
to lipoproteins plasmatic and other  mechanisms32. In addition to either microbiota or intestinal integrity, other 
different environmental stimuli seem to be associated with LBP  response33. A very-low-calorie ketogenic diet, 
training history and heat are associated with changes in  LBP34–36. While poorly studied in exercise, a previous 
study showed that poor physical function correlates with the increase in both CRP and  LBP37. Our data revealed 
that LBP has a highly correlated positive response with CRP, analogously to SAA1. These results corroborate our 
previous study, where both CRP-SAA1 and CRP-LBP are highly correlated during a holistic analysis of inflam-
mation that included physiological or physiopathological and exercise inflammatory  responses8. The reduction 
of TLR4, the LPS/LBP complex receptor, seems to be related to exercise’s protective effect in heart  diseases38. 
Elucidating the response of LBP in exercise can help us understand the paradoxical effects of exercise that either 
triggering or decreasing the inflammatory response.

The pair LBP-SAA1 was highly correlated across five of the six individual sports except cycling, and when all 
16 sports were combined  (rs < 0.5). It has been shown that LBP concentrations are directly related to  LPS39. LPS is 
recognized by SAA1 which promotes LPS clearance and suppressing LPS‐induced  inflammation40. LPS directly 
stimulates T helper 17 lymphocytes (Th17) by way of its highly expressed toll-like receptor-4 (TLR4)41. LPS entry 
in the blood is a recognized way of evaluating intestinal permeability (IP)42. The increase of both volume and 
intensity training is linked to IP and escalation in bacterial permeability to  blood43. Furthermore, IP emerged as a 
target for elite athletes to follow  up44. SAA1 is a mediator of local effector Th17 response driven by the gut micro-
biome. An unregulated response of Th17 is related to auto-inflammatory  diseases45–47. So, understanding the 
LBP-SAA1 pairing in our system can help us to elucidate the role of inflammation in both exercise and disease.

Since the originals studies of Albert Szent-Györgyi of actin and myosin interaction, PPIs have exponentially 
grew in both coverage and annotation, and enabled systems  biology48. Our PPI map reveals many possible targets 
for future investigation in both exercise science and inflammatory response. The central core in our PPI network 
reveals 30 proteins that can be of interest. For example, SERPINE family proteins as SERPINC1 and SERPINA1 
appeared in our map and should be further investigated. In our study, the A1AG1 paired with four other proteins: 
CRP, LBP, MBL2, and SAA1. Our knowledge regarding the relationship of the mechanisms of the response of 
A1AG1 in exercise remains limited. A1AG1 can act as a binding and carrying protein for several known mol-
ecules. As an APP can increase up to six-fold during an inflammatory event, so understanding the function of 
the protein as an APP is essential for the knowledge of both pharmacodynamics and  pharmacokinetics49. In 
addition to glucocorticoids, TNFα, IL-1, and IL-6, A1AG1 is regulated by other APPs as CRP, haptoglobin (HPT), 
SAA1, and  hemopexin50. Important roles for A1AG1 include its ability to regulate angiogenesis and acting as 
anorexigenic via the leptin  pathway51,52. It was demonstrated that A1AG1 rises glucose uptake in adipocytes, 
increasing both muscle glycogen content and muscle performance via the C–C chemokine receptor type 5, 
delaying the manifestation of  fatigue53–55. It is proposed that A1AG1 can act as an immune-modulator of APPs 
via direct interaction with  LPS56. The association of A1AG1 with CRP, SAA1, and LBP was already shown in a 
previous proteomic study where the authors used CRP as a control to establish the effectiveness of their  method57. 
Similarly, we propose that other correlations found by our analyses deserve further investigations in controlled 
conditions and homogeneous cohorts.

PERM does not correlate with four proteins HBA, HPT, MBL2, and SAA1 in any of the six sports. Myeloper-
oxidase (PERM) is a peroxidase mainly expressed in neutrophils that rises in response to exercise, overreaching 
and  overtraining6,8,58. We have previously shown that neutrophils count increase together with CRP in high-
intensity  exercise3. In another high-intensity exercise study, we showed that neutrophils’ increase is not necessar-
ily related to changes in red blood cells (RBC)  increase4. Thus, the lack of correlation regarding HBA-PERM may 
be due to the increased blood neutrophils not correlated with RBC, and subsequently, HBA changes. Previous 
studies have shown that SAA1 produced by the intestine acts as a systemic signal to restrict aberrant activation 
of neutrophils, enhancing their ability to migrate to  wounds59–61. It is possible to propose that the lack of PERM 
and SAA1 correlation could be due to a protective effect of SAA1 diminishing the neutrophil intestinal local 
response and regulating its migration to exercise-wounded tissue.

The use of exercise as a model of systems biology studies is well  established3–5. The idea that exercise-induced 
inflammation is equivalent to the one that occurs in general medical and surgical conditions is not  new62. It has 
been proposed that "metabolic sequelae of sustained exercise are similar, but not analogous, to the acute-phase 
response"63. Exercise can either improve or impair immunity depending on the volume and intensity and can be 
an excellent approach for studying inflammatory  response64. The inflammation follow-up in exercise will provide 
knowledge for internal cargo management in training, competition, recovery, and doping  control14,17,65,66, as well 
as a deeper understanding of inflammation in health and disease.
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Conclusions
Sportomics combined with dried blood spot and multiplex mass spectrometry can be used to understand exer-
cise-induced systemic changes at an individual athlete level. Our study analyzes 11 blood proteins in 687 samples 
from 97 elite athletes across 16 sports in nine different states and showed that five acute phase proteins were 
highly correlated. Our protein–protein interaction map highlights 1500 protein–protein interactions (PPIs) with 
44 core proteins, 30 of which are linked to immune system processing.

Future trials should explore the correlation pairs and PPIs emerging in our study as suitable markers of inflam-
mation for understanding disease and exercise management. The follow-up of inflammation response triggered 
by exercise may provide knowledge for exercise internal cargo management in training, competition, recovery, 
doping control, and a deeper understanding of inflammation processes in health and disease.

Data availability
All data generated or analyzed during this study are included in this published article [and its Online Resources 
files].

Received: 22 April 2022; Accepted: 29 October 2022

References
 1. Bragazzi, N. L., Khoramipour, K., Chaouachi, A. & Chamari, K. Toward sportomics: Shifting from sport genomics to sport post-

genomics and metabolomics specialties. Promises, challenges, and future perspectives. Int. J. Sports Physiol. Perform. 15, 1201–1202 
(2020).

 2. Bassini, A. & Cameron, L. C. Sportomics: Building a new concept in metabolic studies and exercise science. Biochem. Biophys. Res. 
Commun. 445, 708–716 (2014).

 3. Bessa, A. et al. High-intensity ultraendurance promotes early release of muscle injury markers. Br. J. Sports Med. 42, 889–893 
(2008).

 4. Gonçalves, L. C. et al. A sportomics strategy to analyze the ability of arginine to modulate both ammonia and lymphocyte levels 
in blood after high-intensity exercise. J. Int. Soc. Sports Nutr. 9, 30 (2012).

 5. Resende, N. M. et al. Metabolic changes during a field experiment in a world-class windsurfing athlete: A trial with multivariate 
analyses. OMICS 15, 695–704 (2011).

 6. Nieman, D. C., Groen, A. J., Pugachev, A. & Vacca, G. Detection of functional overreaching in endurance athletes using proteomics. 
Proteomes 6, 33 (2018).

 7. Knab, A. M., Nieman, D. C., Zingaretti, L. M., Groen, A. J. & Pugachev, A. Proteomic profiling and monitoring of training distress 
and illness in university swimmers during a 25-week competitive season. Front. Physiol. 11, 373 (2020).

 8. Anderson, L. et al. Precision multiparameter tracking of inflammation on timescales of hours to years using serial dried blood 
spots. Bioanalysis 12, 937–955 (2020).

 9. Nieman, D. C., Lila, M. A. & Gillitt, N. D. Immunometabolism: A multi-omics approach to interpreting the influence of exercise 
and diet on the immune system. Annu. Rev. Food Sci. Technol. 10, 341–363 (2019).

 10. Nieman, D. C. & Pence, B. D. Exercise immunology: Future directions. J. Sport Health Sci. 9, 432–445 (2020).
 11. Razavi, M., Anderson, N. L., Yip, R., Pope, M. E. & Pearson, T. W. Multiplexed longitudinal measurement of protein biomarkers 

in DBS using an automated siscapa workflow. Bioanalysis 8, 1597–1609 (2016).
 12. Kotlyar, M. et al. IID 2021: Towards context-specific protein interaction analyses by increased coverage, enhanced annotation and 

enrichment analysis. Nucleic Acids Res. 50, D640-d647 (2022).
 13. Brown, K. R. et al. Navigator: Network analysis, visualization and graphing Toronto. Bioinformatics 25, 3327–3329 (2009).
 14. Pintus, R. et al. Sportomics in professional soccer players: Metabolomics results during preseason. J. Sports Med. Phys. Fitness 

https:// doi. org/ 10. 23736/ S0022- 4707. 20. 11200-3 (2020).
 15. Monnerat, G. et al. Different signatures of high cardiorespiratory capacity revealed with metabolomic profiling in elite athletes. 

Int. J. Sports Physiol. Perform. 15(8), 1156–1167 (2020).
 16. Bongiovanni, T. et al. Sportomics: Metabolomics applied to sports. The new revolution?. Eur. Rev. Med. Pharmacol. Sci. 23, 

11011–11019 (2019).
 17. Prado, E. et al. Non-targeted sportomics analyses by mass spectrometry to understand exercise-induced metabolic stress in soccer 

players. Int. J. Mass Spectrom. 418, 1–5 (2017).
 18. Heaney, L. M., Deighton, K. & Suzuki, T. Non-targeted metabolomics in sport and exercise science. J. Sports Sci. https:// doi. org/ 

10. 1080/ 02640 414. 2017. 13051 22 (2017).
 19. Coelho, W. S. et al. Investigating the cellular and metabolic responses of world-class canoeists training: A sportomics approach. 

Nutrients 8, 719 (2016).
 20. Bragazzi, N. L. Nutritional sciences at the intersection of omics disciplines and ethics. In Genomics, Proteomics and Metabolomics 

in Nutraceuticals and Functional Foods 609-621 (John Wiley & Sons, Ltd, 2015).
 21. De Buck, M. et al. Structure and expression of different serum amyloid a (SAA) variants and their concentration-dependent func-

tions during host insults. Curr. Med. Chem 23, 1725–1755 (2016).
 22. De Buck, M. et al. The cytokine-serum amyloid a-chemokine network. Cytokine Growth Factor Rev. 30, 55–69 (2016).
 23. Sproston, N. R. & Ashworth, J. J. Role of c-reactive protein at sites of inflammation and infection. Front. Immunol. 9, 754 (2018).
 24. Chen, M. et al. The predictive value of serum amyloid a and c-reactive protein levels for the severity of coronavirus disease 2019. 

Am. J. Transl. Res. 12, 4569–4575 (2020).
 25. Li, H. et al. Serum amyloid a is a biomarker of severe coronavirus disease and poor prognosis. J. Infect. 80, 646–655 (2020).
 26. Liu, S. L. et al. Expressions of saa, crp, and ferr in different severities of covid-19. Eur. Rev. Med. Pharmacol. Sci. 24, 11386–11394 

(2020).
 27. Nakayama, T., Sonoda, S., Urano, T., Yamada, T. & Okada, M. Monitoring both serum amyloid protein a and c-reactive protein as 

inflammatory markers in infectious diseases. Clin. Chem. 39, 293–297 (1993).
 28. Spiropoulos, A. et al. Effect of inflammation induced by prolonged exercise on circulating erythroid progenitors and markers of 

erythropoiesis. Clin. Chem. Lab. Med. 48, 199–203 (2010).
 29. Goussetis, E. et al. Spartathlon, a 246 kilometer foot race: Effects of acute inflammation induced by prolonged exercise on circulat-

ing progenitor reparative cells. Blood Cells Mol. Dis. 42, 294–299 (2009).
 30. Tisi, P. V., Hulse, M., Chulakadabba, A., Gosling, P. & Shearman, C. P. Exercise training for intermittent claudication: Does it 

adversely affect biochemical markers of the exercise-induced inflammatory response?. Eur. J. Vasc. Endovasc. Surg. 14, 344–350 
(1997).

https://doi.org/10.23736/S0022-4707.20.11200-3
https://doi.org/10.1080/02640414.2017.1305122
https://doi.org/10.1080/02640414.2017.1305122


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:19824  | https://doi.org/10.1038/s41598-022-23300-y

www.nature.com/scientificreports/

 31. Tobias, P. S. et al. Participation of lipopolysaccharide-binding protein in lipopolysaccharide-dependent macrophage activation. 
Am. J. Respir. Cell Mol. Biol. 7, 239–245 (1992).

 32. Thompson, P. A., Tobias, P. S., Viriyakosol, S., Kirkland, T. N. & Kitchens, R. L. Lipopolysaccharide (lps)-binding protein inhibits 
responses to cell-bound lps. J. Biol. Chem. 278, 28367–28371 (2003).

 33. Schoultz, I. & Keita, A. V. The intestinal barrier and current techniques for the assessment of gut permeability. Cells 9, 1909 (2020).
 34. Barberio, M. D. et al. Systemic lps and inflammatory response during consecutive days of exercise in heat. Int. J. Sports Med. 36, 

262–270 (2015).
 35. Chantler, S. et al. The effects of exercise on indirect markers of gut damage and permeability: A systematic review and meta-analysis. 

Sports Med. 51, 113 (2020).
 36. Gutierrez-Repiso, C. et al. Effect of synbiotic supplementation in a very-low-calorie ketogenic diet on weight loss achievement 

and gut microbiota: A randomized controlled pilot study. Mol. Nutr. Food Res. 63, e1900167 (2019).
 37. Stehle, J. R. Jr. et al. Lipopolysaccharide-binding protein, a surrogate marker of microbial translocation, is associated with physical 

function in healthy older adults. J. Gerontol. A Biol. Sci. Med. Sci. 67, 1212–1218 (2012).
 38. de Vicente, L. G. et al. Role of tlr4 in physical exercise and cardiovascular diseases. Cytokine 136, 155273 (2020).
 39. Gutsmann, T. et al. Dual role of lipopolysaccharide (lps)-binding protein in neutralization of lps and enhancement of lps-induced 

activation of mononuclear cells. Infect Immun. 69, 6942–6950 (2001).
 40. Cheng, N., Liang, Y., Du, X. & Ye, R. D. Serum amyloid a promotes lps clearance and suppresses lps-induced inflammation and 

tissue injury. EMBO Rep. https:// doi. org/ 10. 15252/ embr. 20174 5517 (2018).
 41. Park, J. H., Jeong, S. Y., Choi, A. J. & Kim, S. J. Lipopolysaccharide directly stimulates th17 differentiation in vitro modulating 

phosphorylation of relb and nf-kappab1. Immunol. Lett. 165, 10–19 (2015).
 42. Leech, B., McIntyre, E., Steel, A. & Sibbritt, D. Risk factors associated with intestinal permeability in an adult population: A sys-

tematic review. Int. J. Clin. Pract. 73, e13385 (2019).
 43. Costa, R. J. S., Snipe, R. M. J., Kitic, C. M. & Gibson, P. R. Systematic review: Exercise-induced gastrointestinal syndrome-impli-

cations for health and intestinal disease. Aliment. Pharmacol. Ther. 46, 246–265 (2017).
 44. Costa, R. J. S., Gaskell, S. K., McCubbin, A. J. & Snipe, R. M. J. Exertional-heat stress-associated gastrointestinal perturbations 

during olympic sports: Management strategies for athletes preparing and competing in the 2020 tokyo olympic games. Temperature 
7, 58–88 (2020).

 45. Furuzawa-Carballeda, J., Vargas-Rojas, M. I. & Cabral, A. R. Autoimmune inflammation from the th17 perspective. Autoimmun. 
Rev. 6, 169–175 (2007).

 46. Petruk, G. et al. Sars-cov-2 spike protein binds to bacterial lipopolysaccharide and boosts proinflammatory activity. J. Mol. Cell 
Biol. 12, 916 (2020).

 47. Lee, J. Y. et al. Serum amyloid a proteins induce pathogenic th17 cells and promote inflammatory disease. Cell 183, 2036–2039 
(2020).

 48. Braun, P. & Gingras, A. C. History of protein-protein interactions: From egg-white to complex networks. Proteomics 12, 1478–1498 
(2012).

 49. Smith, S. A. & Waters, N. J. Pharmacokinetic and pharmacodynamic considerations for drugs binding to alpha-1-acid glycoprotein. 
Pharm. Res. 36, 30 (2018).

 50. Luo, Z., Lei, H., Sun, Y., Liu, X. & Su, D. F. Orosomucoid, an acute response protein with multiple modulating activities. J. Physiol. 
Biochem. 71, 329–340 (2015).

 51. Ligresti, G., Aplin, A. C., Dunn, B. E., Morishita, A. & Nicosia, R. F. The acute phase reactant orosomucoid-1 is a bimodal regulator 
of angiogenesis with time- and context-dependent inhibitory and stimulatory properties. PLoS ONE 7, e41387 (2012).

 52. Sun, Y. et al. The acute-phase protein orosomucoid regulates food intake and energy homeostasis via leptin receptor signaling 
pathway. Diabetes 65, 1630–1641 (2016).

 53. Lei, H. et al. Fatigue-induced orosomucoid 1 acts on c-c chemokine receptor type 5 to enhance muscle endurance. Sci. Rep. 6, 
18839 (2016).

 54. Qin, Z. et al. Orm promotes skeletal muscle glycogen accumulation via ccr5-activated AMPK pathway in mice. Front. Pharmacol. 
7, 302 (2016).

 55. Lee, Y. S. et al. Adipocytokine orosomucoid integrates inflammatory and metabolic signals to preserve energy homeostasis by 
resolving immoderate inflammation. J. Biol. Chem. 285, 22174–22185 (2010).

 56. Moore, D. F., Rosenfeld, M. R., Gribbon, P. M., Winlove, C. P. & Tsai, C. M. Alpha-1-acid (aag, orosomucoid) glycoprotein: Interac-
tion with bacterial lipopolysaccharide and protection from sepsis. Inflammation 21, 69–82 (1997).

 57. Lee, S. E. et al. Plasma proteome biomarkers of inflammation in school aged children in Nepal. PLoS ONE 10, e0144279 (2015).
 58. Aratani, Y. Myeloperoxidase: Its role for host defense, inflammation, and neutrophil function. Arch. Biochem. Biophys. 640, 47–52 

(2018).
 59. Gatt, M. E. et al. Effect of serum amyloid a on selected in vitro functions of isolated human neutrophils. J. Lab. Clin. Med. 132, 

414–420 (1998).
 60. Murdoch, C. C. et al. Intestinal serum amyloid a suppresses systemic neutrophil activation and bactericidal activity in response 

to microbiota colonization. PLoS Pathog. 15, e1007381 (2019).
 61. De Santo, C. et al. Invariant nkt cells modulate the suppressive activity of il-10-secreting neutrophils differentiated with serum 

amyloid a. Nat. Immunol. 11, 1039–1046 (2010).
 62. Fallon, K. E. The acute phase response and exercise: The ultramarathon as prototype exercise. Clin. J. Sport Med. 11, 38–43 (2001).
 63. Weight, L. M., Alexander, D. & Jacobs, P. Strenuous exercise: Analogous to the acute-phase response?. Clin. Sci. 81, 677–683 (1991).
 64. Pedersen, B. K. & Hoffman-Goetz, L. Exercise and the immune system: Regulation, integration, and adaptation. Physiol. Rev. 80, 

1055–1081 (2000).
 65. D’Alessandro, A. et al. Metabolomics of as-5 rbc supernatants following routine storage. Vox Sang. 108, 131–140 (2015).
 66. Kohler, M. et al. Effects of endurance exercise on the urinary proteome analyzed by 2-d page and orbitrap ms. Proteom. Clin. Appl. 

4, 568–576 (2010).

Acknowledgements
The authors acknowledge the Comitê Olimpíco do Brasil (BOC); Conselho Nacional de Desenvolvimento Cientí-
fico e Tecnológico (CNPq); Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES); Financia-
dora de Estudos e Projetos (FINEP); Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do Rio de 
Janeiro (FAPERJ); Merck-Sigma-Aldrich; SISCAPA Assay Technologies; Universidade Federal do Estado do Rio 
de Janeiro (UNIRIO) and Waters Corporation for the project funding. Igor Jurisica and L. C. Cameron—“§Share 
correspondence authorship and have equal responsibility on the manuscript”.

Author contributions
Conception: L.C.C., A.B., I.J., L.A., T.P., S.S., M.R., A.M.-F., R.M.III; Design: L.C.C., A.B., I.J., L.A., T.P., S.S., 
R.M.III; Acquisition: L.C.C., A.B., I.J., L.A., T.P., M.R., A.M.-F.; Interpretation: L.C.C., A.B., I.J., L.A., T.P., S.S., 

https://doi.org/10.15252/embr.201745517


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:19824  | https://doi.org/10.1038/s41598-022-23300-y

www.nature.com/scientificreports/

M.R., A.M.-F., R.M.III, V.C.; Analysis: L.C.C., A.B., I.J., L.A., T.P., S.S., M.R., L.J.; Drafting: L.C.C., A.B., I.J., S.S., 
L.J.; Revising: L.C.C., A.B., I.J., L.A., S.S., A.M.-F., V.C.; Approval: L.C.C., A.B., I.J., L.A., T.P., S.S., M.R., A.M.-
F., R.M.III, V.C., L.J.; Accountability: L.C.C., A.B., I.J. An informed consent was obtained from all individual 
participants included in the study.

Funding
IJ was supported in part by funding from Natural Sciences. Research Council (NSERC #203475), Canada Foun-
dation for Innovation (CFI #225404, #30865), Ontario Research Fund (RDI #34876), IBM and Ian Lawson 
van Toch Fund. The funders had no role in study design, data collection and analysis, decision to publish, or 
preparation of the manuscript.

Competing interests 
AB; SS; LJ; AM-F; LA; TP; MP; LRMIII; IJ and LCC declare that they have no competing interests. VC is sup-
ported by a Pfizer Chair Research Award, Rheumatology, University of Toronto, Canada.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 23300-y.

Correspondence and requests for materials should be addressed to I.J. or L.C.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-23300-y
https://doi.org/10.1038/s41598-022-23300-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Sportomics method to assess acute phase proteins in Olympic level athletes using dried blood spots and multiplex assay
	Methods
	Subjects. 
	Samples. 
	SISCAPA-LC-MRM protein measurement. 
	Data analysis. 
	Bioinformatics analysis. 

	Results
	Discussion
	Conclusions
	References
	Acknowledgements


