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Abstract 

Impact and resistance exercise have potent osteogenic effects and may positively 

affect cartilage through tissue deformation. These effects may be mediated through 

inhibitors of Wnt signalling such as sclerostin and Dickkopf WNT signaling pathway 

inhibitor 1 (DKK1), which may also play a role in cartilage metabolism. This study 

evaluated the effect of acute bouts of impact and resistance exercise on biomarkers 

of bone turnover, signalling, and cartilage metabolism. 

Healthy young men completed impact or resistance exercise and a control trial in 

random order. Impact exercise involved 120 maximum-effort multidirectional jumps 

and hops. Resistance exercise involved 120 high load lower limb lifts. Jumps and lifts 

were interspersed with 1-3s pauses. In control trial, participants rested in a supine 

position for same duration as exercise trial. Blood samples were taken pre, 

immediately and 24h post exercise/rest and analysed for sclerostin, DKK1, C-terminal 

telopeptide of type I collagen (CTX-I), procollagen I N-terminal propeptide (PINP), 

procollagen II C-terminal propeptide (PIICP) and cartilage oligomeric matrix protein 

(COMP). Repeated measures ANOVA compared time points, trials and their 

interaction. 

Participants were 26 men, mean (SD) age 23.4 (2.9) years. Impact exercise increased 

PINP immediately post exercise (by mean [95%CI] +10.8[4.8,17.2]%, p=0.002) and 

24h later (+7.4[0.0,15.3]%, p=0.05) whereas resistance exercise had no effect. A 

transient increase in sclerostin immediately post exercise occurred in the impact 

exercise trial only (+36.3[24.6,49.3]%, p<0.001). Both exercise modes transiently 

increased DKK1 immediately post exercise (impact +32.4[23.1,42.4]%, p<0.001; 

resistance +30.3[22.8,38.4]%, p<0.001). COMP increased immediately after 

resistance exercise only (+36.2[16.0,59.8]%, p<0.001). Neither form of exercise 

affected CTX-I. 

Impact and resistance exercise transiently increased Wnt signalling inhibitors. 

Resistance exercise increased a marker of cartilage turnover but did not affect 

markers of bone turnover. Impact exercise did not affect cartilage turnover markers. 
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Increases in bone formation but not resorption markers may reflect positive 

adaptation to impact loading. 
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Lay summary  

Jumping and resistance training with weights are beneficial to bone strength but less 

is known of their effects on joint cartilage. In this study, men either jumped 120 

times, or did 120 leg resistance exercise and changes were compared to those on a 

resting day. Blood samples were taken before, immediately after and the day after 

exercise, to assess changes in biomarkers of bone and joint health.  

Both exercises increased levels of molecules that signal between bone cells. Only 

jumping exercise increased bone formation. Resistance exercise increased cartilage 

turnover. 

Exercise increased signalling between cells and jumping increased bone formation, 

and cartilage turnover.  
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Introduction 

Osteoarthritis (OA) is a debilitating degenerative joint disease with a multifactorial 

aetiology that affects articular cartilage, subchondral bone, synovial tissue, and the 

meniscus1. Osteoporosis (OP) is also a systemic disease that affects the skeletal 

system and is characterised by low bone mass and microarchitectural deterioration, 

increasing the susceptibility to fractures.2 The Global Burden of Disease Study 

(2021) reported OA as the 14th leading global cause of years lived with disability, 

with an age-standardised rate of 244.5 per 100,000.3 Likewise, OP has a high 

incidence, reaching 41.5 million cases globally in 2019, with incidence estimated to 

reach 263.2 million between 2030-2034, contributing to 128.7 disease-adjusted life 

years.4  The developmental years are a key window of opportunity for the prevention 

of the onset of OA and OP later in life.5 Therefore, increasing knowledge regarding 

interventions to improve bone and joint health earlier in life to prevent or delay OA 

and OP development could reduce suffering and disability globally.5 

Exercise is a key non-pharmacological intervention that can improve bone and joint 

health. Loading forces with high strain magnitudes and rates lead to the greatest 

osteogenic response, with high strain rates increasing fluid flow through the bone.6 

The shear forces generated by the fluid flow may also be detected by osteocytes 

initiating a cellular response to the applied load.6 However, the sensitivity of bone to 

mechanical stimuli declines rapidly after the mechanical stimulus is initiated, with 

responsiveness reduced within 20-50 load cycles,7,8  so it is recommended that 

loading be provided in short bouts separated by recovery intervals.9 

Like bone, cartilage is dependent on regular mechanical loading10 and similarly, 

relatively few (~30) loading cycles are required to maximise stimulation.11 Ex vivo 

loading studies show that deformation, and hence stimulation, plateaus after a 

limited number of cycles.12 The regulatory effect of tissue deformation on cartilage 

health is hypothesised to be mediated by chondrocyte stimulation and via facilitating 

the movement of nutrients and waste products between structures within the joint.12 

Considering cartilage's structural composition and mechanical properties, cartilage 

interstitial fluid cannot escape from the cartilage instantaneously after the applied 
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loading.13 Even though relatively few loading cycles are required to maximise 

stimulation, sufficient time under tension may be needed for the interstitial fluid to 

move out of the cartilage, providing the fluid shear stress that stimulates chondrocyte 

biosynthetic activity.10 Regarding cartilage health, the optimum dosage and modality 

of exercise, as well as the underlying mechanism, remains to be elucidated.14 

High load resistance exercise fulfils several prerequisites for improving bone and 

cartilage health. Resistance exercises, such as leg presses, involve significant time 

under tension as the foot remains in contact with the plate throughout the movement, 

with the load acting through the ankle, knee and hip joints. Resistance exercise 

causes the muscle-tendon unit to apply force on the bones at the muscle insertion 

site, causing higher strain magnitude at these sites and providing a stimulatory 

effect.15  

High-impact exercise, such as hopping, causes a potent osteogenic response due to 

the high strain magnitudes and rates generated during the landing phase of the 

movement and through muscle forces acting on bones during the propulsive phase 

of movement.16 However, there is a relatively low time under tension during impact 

exercise due to the short ground contact time of the foot on the ground, potentially 

limiting the beneficial effect of this exercise on cartilage.  

As both bone and cartilage contain high proportions of collagen, (type I and II 

respectively) markers of collagen formation (e.g. N-propeptide of type I procollagen 

(PINP) and C-propeptide of type II collagen (PIICP)) and resorption (e.g. 

carboxyterminal cross-linked telopeptide of type I collagen (CTX-I) and cartilage 

oligomeric matrix protein (COMP)) can be used to examine responses to an 

intervention.17,18 PINP is enzymatically detached leaving insoluble collagen 

molecules when type I procollagen is secreted into the extracellular space. PIICP 

has the same origins but relates to type II collagen secretion. CTX-I is released 

during collagen degradation in bone resorption. COMP is an extracellular matrix 

protein present in cartilage that binds with collagen and has a prominent role in 

stabilising the matrix. 
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Loading induced changes in bone formation may be mediated by Wnt signalling, 

which plays a prominent role in regulating the differentiation and function of 

osteoblasts. Wnt signalling pathway inhibitors such as sclerostin and Dickkopf Wnt 

signalling pathway inhibitor 1 (DKK1) may mediate or modulate subsequent changes 

in bone formation19,20 The Wnt signalling pathway also plays a role in chondrocytic 

cartilage destruction21 with increased inhibition of Wnt signalling via sclerostin 

reducing chondrocyte hypertrophy and cartilage degradation; whereas increased 

inhibition via DKK1 is associated with greater cartilage degradation.22 Previous 

research on the effect of impact and resistance exercise has examined such markers 

of bone formation and resorption, with mixed findings.23–26 A recent review of bone 

biomarker response to acute exercise found small and highly variable responses of 

CTX-I and PINP to an acute bout of exercise, with no response to resistance or 

impact exercise.27 

There has been limited research examining the response of sclerostin to impact25,28 

or resistance29 exercise in young men, with inconsistent findings with an increase28 

or no change25 seen after impact exercise, and no change in response to resistance 

exercise.29 Furthermore, there is a need for research with simultaneous 

measurements of bone and cartilage turnover, both of which are impacted by Wnt 

signalling. There has been minimal research on circulating DKK1 concentration. 

Impact exercise had no significant effect in two studies25,30 but decreased DKK1 24 h 

after exercise in another.31 The effects of resistance training on DKK1 have not been 

examined. Whilst previous research has thus provided evidence that acute exercise 

may affect bone turnover and possibly cartilage turnover, findings have been 

inconsistent with a lack of standardisation for diurnal variation and dietary intakes, 

which greatly influence bone markers.32 In addition, many studies have lacked a non-

exercise control group.27 

The aim of this study was thus to assess the acute effect of single bouts of high-

impact exercise and resistance exercise, relative to rest, on Wnt signalling mediators 

and markers of bone and cartilage turnover in healthy young men. We hypothesised 
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that sclerostin and bone turnover markers would be elevated after both impact and 

resistance exercise relative to control. 
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Methods 

Experimental overview 

This study employed a two-armed, randomised control study design in which young 

men completed lower body resistance or impact exercise and a supine rest trial in a 

random counter-balanced order with at least one week between trials (Figure 1). 

Randomisation was performed using a block randomisation generator 

(www.randomization.com). This study received ethical approval from the Ethics 

Approval (Human Participants) Sub-Committee of Loughborough University, 

Loughborough, United Kingdom (reference: R19P140). Written informed consent 

was obtained before participation in the study. 

http://www.randomization.com/
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Figure 1. schematic of study design. 

Inclusion and exclusion criteria 

Inclusion criteria were being recreationally active and able to perform lower body 

resistance/impact exercise. 

Exclusion criteria were assessed by a health screening questionnaire and during 

familiarisation testing. They were smoking (or vaping); a lower limb bone fracture or 

traumatic knee injury currently or within the last year; any disease, medication or 
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restrictive diet that could affect the ability to perform exercise or bone or cartilage 

metabolism; involvement in any structured resistance or impact exercise training and 

body mass index (BMI) <18.5 or >25.0 kg/m2.  

Procedures 

Baseline familiarisation trial 

Body mass was measured on digital scales wearing minimal clothing and standing 

height was measured using a stadiometer (285 EMR-validated measuring station for 

height and weight, Seca, Hamburg, Germany). Body fat percentage was measured 

using bioelectrical impedance analysis (BIA) (MC-780U Multi Frequency Segmental 

Body Composition Analyzer, Tanita, Tokyo, Japan). 

A familiarisation session was completed one to four weeks before the first 

experimental trial. In the resistance exercise familiarisation session, participants 

were shown the lifting technique, practiced the technique and then had one repetition 

maximum (1RM) determined. To determine 1RM, an initial lift was performed at 

~80% of the estimated 1RM which was based on the participant’s previous 

experience with resistance exercise (or if they had none, their body weight). The load 

was then increased in increments until the participant could not lift the weight 

through the full range of movement (concentric failure), with three min recoveries 

between attempts. The target was to achieve 1RM load within 3-5 load increments.33 

In the impact exercise familiarisation session, participants were shown jumping 

techniques and practiced each jump to become familiar with the technique. 

At baseline, participants completed a health screening questionnaire to assess their 

suitability for the study and the International Physical Activity Questionnaire (IPAQ), 

reporting their physical activity and sedentary time during the last seven days.34 Total 

IPAQ score was summed from the duration (minutes) and the frequency (days) for 

all types of activities in all domains. 

Exercise/control trials  

Participants were requested to abstain from alcohol and vigorous or high impact 

exercise in the 24 h prior to and following each main trial. They recorded any 
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physical activity and dietary intake from 24 h before the first trial until the 24 h post 

exercise/rest blood sample then replicated this prior to subsequent trials. 

Trials were performed in random order starting between 06.30-11.00. Both trials for 

each participant started at the same time (±15 min). Participants fasted from 22:00 

until consuming a standardised breakfast two h before the trial. These consisted of 

500 ml of water and three cereal bars (Kelloggs, Salford, UK) providing 390 kcal 

energy, 9.3 g of fat, 75 g of carbohydrate, 4.8 g of protein, and 600 mg of calcium. A 

one to three week washout period was allowed between trials. 

In the exercise trials, participants rested supine for 30 min prior to the first blood 

sample, and then warmed up on a cycle ergometer (Monark, Vansbro, Sweden) for 

five min. The resistance exercise or impact exercise protocol lasted approximately 

45 min including recoveries.  

The resistance exercise protocol was designed to load the same muscle groups as 

in the impact exercise trial. The resistance exercise protocol consisted of single and 

double leg exercises (Table 1) performed on fixed weight machines (Technogym, 

Cesena, Italy). All exercises were performed at 75% of the participants’ pre-

determined 1RM. If a participant was unable to perform all repetitions of a set at the 

pre-determined load, the weight was reduced by one load increment (about five kg 

depending on the exercise performed) and the participant was instructed to complete 

any remaining repetitions at this new weight. In total, 120 reps were performed with 

one min between sets and two min between exercises. Participants performed each 

exercise with 2-3 s eccentric (lowering) and concentric (raising) phases. 

Table 1 Summary of resistance exercises including number of sets and repetitions 

Exercise Leg(s) Sets Repetitions 

Leg press Right 3 4 

Leg press Left 3 4 

Leg press Both 3 8 

Knee flexion Both 3 8 

Knee extension Both 3 8 
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Leg press Both 3 8 

 

 

The impact exercise protocol included 120 hops and jumps (Figure 2) with 1 min 

recovery between sets and two min between exercises. Exercises were performed in 

three sets of eight repetitions for each of the jumps and three sets of four repetitions 

per leg for hops. Multidirectional movements were used to provide variety of skeletal 

loading. Participants were instructed to give maximum effort on each jump. Jumps 

were performed on a force plate (Kistler Instruments Ltd, Hook, UK) at a sampling 

rate of 500 Hz. Peak vertical ground reaction force on landing (vGRF) and at take-off 

(tGRF) were calculated for each jump and expressed as a multiple of body weight 

(xBW). 

 

Figure 2. Jumps performed in the impact exercise trial. From left to right: single leg 

hop on right and left leg, countermovement jump, lateral jump over a 30 cm foam 

hurdle, 180° rotational jump and drop jump. 

In the control trial, participants remained in a supine position throughout the trial with 

a 45 min rest period in place of the 45 min exercise. Blood samples were taken at 

the same time intervals as during the exercise trials. 

Biochemical markers 

Venous blood samples were collected after an initial 30 min of rest (pre exercise/rest 

sample) immediately after exercise/rest and 24 h after the pre exercise/rest sample. 
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Samples were collected into a nine ml S-Monovette serum tube (Sarstedt, 

Numbrecht, Germany). Each sample was stored at room temperature for 30 min to 

allow clotting before being centrifuged at 2000 x gravity for 20 min at 4°C. Serum 

was pipetted off into four aliquots and immediately frozen at -80°C for subsequent 

analysis.  

Solid phase sandwich enzyme-linked immunosorbent assays (ELISA) with duplicate 

samples were performed for sclerostin (Sclerostin Quantikine ELISA Kit, R&D 

Systems, Abingdon, UK), DKK1 (DKK1 Quantikine ELISA Kit, R&D Systems, 

Abingdon, UK), COMP (COMP Quantikine ELISA Kit, R&D Systems, Abingdon, UK), 

and PIICP (PIICP ELISA Kit, Elabscience, Houston, Texas, USA). Assays were 

sensitive to detect sclerostin within the range of 0.370-3.800 pg/mL, minimum 

detectable dose 1.740 pg/mL; DKK1 assay range of 0.217-0.948 pg/mL, minimum 

detectable dose 0.419 pg/mL; COMP assay range of 0.005-0.036 ng/ml, mean 

minimum detectable dose of 0.01 ng/ml; PIICP range 31.25 – 2000 pg/mL, sensitivity 

of 18.75 pg/m. Duplicates with a coefficient of variance (CV) of >30% were discarded 

and the data point was treated as missing data. The intra-assay CVs were: sclerostin 

3.4%, DKK1 4.5%, COMP 4.4% and PIICP 7.0%.  

CTX-I and PINP (total) were analysed using automated electrochemiluminescence 

immunoassay (ECLIA) analysers (Cobas E411, Roche Diagnostics) with intra-assay 

CVs of 5.1% and 3.3% respectively. 

Statistical analysis 

All statistical analysis was performed using IBM Statistical Package for Social 

Sciences Version 28 (SPSS Inc, Chicago, IL). The statistical level for all tests was 

set as an α value of 0.05. An a priori power calculation was performed from previous 

research using a similar protocol and population.28 This estimated that to detect a 

change in sclerostin concentration of the magnitude reported previously28 with 80% 

power required a minimum of nine participants. To allow for potential dropouts or 

missing data, our target sample size was 13 participants in each arm. 

Data are presented in figures as mean [95%CI] change from pre exercise/rest. Pre 

exercise/rest data are presented as mean (SD). A Shapiro-Wilk test was used to 
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assess the parametric assumption of normality of distribution. Group differences in 

age and BMI were assessed using independent t-tests. Repeated measures analysis 

of variance (ANOVA) was used to assess whether there was a within subject effect 

of trial, time or trial*time interaction for each biomarker and exercise type. If a 

significant trial*time interaction was found, post hoc pairwise comparison was used 

to determine which means differed.  

Where necessary, data were transformed using a natural logarithm of the biomarker 

values to adjust for a positive skew detected during normality testing. For clarity of 

reporting, the change in transformed values was then calculated and statistics 

performed on transformed changes. Back transformed means and 95% confidence 

intervals are presented. 
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Results 

Participant characteristics 

Twenty-six participants completed the study whose characteristics are reported in 

Table 2. There were no significant differences in participants’ body weights, age or 

BMI between participants who completed the impact exercise or resistance exercise 

trial (p > 0.05). 

Table 2. Participant characteristics at pre-exercise/rest  

 Impact exercise Resistance exercise 
N 13 13 

Height (cm) 176.5 (10.5) 176.8 (5.6) 
Weight (kg) 72.2 (8.0) 72.0 (8.8) 
Body fat (%) 15.2 (3.1) 15.8 (5.7) 
BMI (kg/m2) 23.1 (1.3) 23.0 (2.1) 
Age (years) 23.7 (2.5) 23.2 (3.4) 
Total IPAQ score  2896 (1780) 3215 (1545) 

Results are presented as mean (SD). 

Ground reaction force for different jumps and loads lifted 

All participants (n = 13) completed all 120 jumps per protocol. The highest vertical 

ground reaction force (vGRF) during take-off was observed for the lateral jump with 

the lowest for the right leg hop (Table 3). The highest vGRF during landing was 

observed when landing from the jump up phase of the drop jump and the lowest for 

hopping on the left leg (Table 3).  

Table 3. Peak vertical ground reaction forces during impact exercises.  

 Force during take off Force during landing 
Exercise (n = 13) N xBW N xBW 

Hop right leg 805 (287) 1.2 (0.2)  2578 (909) 3.7 (0.9) 
Hop left leg 823 (172) 1.2 (0.2) 2424 (803) 3.4 (0.8) 
Countermovement 
jump 

1119 (322) 1.6 (0.3) 4258 (1676) 6.2 (2.1) 

Lateral jump  1480 (384) 2.1 (0.3) 3613 (1178) 5.1 (1.4) 
180° rotational 
jump  

1218 (324) 1.7 (0.4) 3893 (1404) 5.5 (1.6) 

Drop jump (drop 
phase)* 

- - 3342 (911) 4.9 (1.2) 
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Drop jump 
(rebound)* 

- - 4577 (1357) 6.5 (1.3) 
 

Data are presented as mean (SD). Vertical ground reaction force measured in 

newtons (N) or as a multiple of body weight (xBW). *Drop jumps were performed 

form a block onto the force plate so takeoff forces were not recorded. 

 

The median weight lifted was 1.2-1.4 times body weight for single leg lifts and 3.2 for 

lifts involving both legs (Supplementary Table 1) 

Changes in biomarkers 

There were no significant differences in pre biomarker concentrations between the 

exercise and control trials (p > 0.05, Supplementary Table 2).
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Bone turnover markers 

PINP 

In the impact exercise trial, there were significant effects for trial, and trial*time 

interaction (F trial = 10.360, p = 0.012; F trial*time = 7.066, p = 0.006) but no 

independent effect of time (F time = 3.289, p = 0.064) (Figure 3a). Follow-up t-tests 

showed that there was a significant increase from pre to immediately post exercise (t 

= -4.168, p = 0.002). Mean change (95% CI) was +10.8 (4.8,17.2) %. Values 

remained elevated 24 hours post exercise (t = -2.305, p = 0.05 vs pre) mean change 

+7.4% (0.0,15.3). In the resistance exercise trial, there was no significant effect for 

trial, time or trial*time interaction (F trial = 0.004, p = 0.950, F time = 0.733, p = 

0.493, F trial*time = 0.035, p = 0.966) (Figure 3b). 

CTX-I 

In the impact exercise trial, there was a significant effect of time (F time = 7.151, p = 

0.006) but no significant effect of trial (F trial = 0.117, p = 0.741) or trial*time 

interaction (F trial*time = 0.204, p = 0.817) (Figure3c). 

In the resistance exercise trial, there was a significant effect of time (F time = 18.618, 

p < 0.001) but no significant effect of trial (F trial = 0.237, p = 0.635) or trial*time 

interaction (F trial*time = 0.426, p = 0.658) (Figure 3d). 
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Figure 3. Ln change in CTX-I (panel a and b) and PINP (panel c and d) 

concentration from pre to immediately and 24 h post exercise/rest. Values are 

presented as mean and 95% CI in black with the individual data points shown in light 

grey. * significantly different from pre exercise/rest p < 0.05.  

Bone signalling markers 

 

Sclerostin 

In the impact exercise trial, there was a significant effect for trial, time, and trial*time 

interaction (F trial = 15.47, p = 0.003; F time = 4.38, p = 0.026; F trial*time = 16.46, p 

< 0.001). There was a significant increase pre to immediately post exercise (Figure 

4a) (t = -7.548, p < 0.001) of +36.3 (24.6,49.3) %, with no significant difference from 

pre exercise after 24 hours (t = 0.182, p = 0.859). 

In the resistance exercise trial, there was a significant effect of time (F time = 4.31 p 

= 0.025) but not trial (F trial = 0.225, p = 0.644) or trial*time interaction (F trial*time = 

0.942, p = 0.404) (Figure 4b).  
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DKK1 

In the impact exercise trial, there was a significant effect for trial, time and trial*time 

interaction (F trial = 29.38, p < 0.001; F time = 24.84, p < 0.001; F trial*time = 29.31, 

P < 0.001). There was a significant (t = -8.41, p < 0.001) increase in the exercise trial 

between pre and immediately post exercise (Figure 4c) of 32.4 (23.1,42.4) %, with 

no significant difference between pre and 24 hours post exercise (t = 1.050, p = 

0.316). 

In the resistance exercise trial, there were also significant effects for trial, time and 

trial*time interaction (F trial = 5.67, p = 0.035; F time = 84.21, p < 0.001; F trial*time 

= 32.75, p < 0.001). In the exercise trial there was a significant increase from pre to 

immediately post exercise (Figure 4d) (t = -9.62, p < 0.001) of 30.3 (22.8,38.4) % 

with no significant difference at 24 hours post exercise (t = 2.07, p = 0.06).
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Figure 4. Ln change in Sclerostin (panel a and b) and DKK1 (panel c and d) 

concentration from pre to immediately and 24 h post exercise/rest. Values are 

presented as mean and 95% CI in black with the individual data points shown in light 

grey. * significantly different from pre exercise/rest p < 0.05.  

Cartilage metabolism markers 

COMP 

In the impact exercise trial, there was a significant trial*time interaction (F trial*time = 

3.67, p = 0.049) but no effect of trial (F = 0.605, p = 0.459) or time (F = 0.924, p = 

0.417) (Figure 5a). Values immediately post (t = -1.71, p = 0.115) and 24 post 

exercise (t = -0.052, p = 0960) were not significantly different from pre exercise.  

In the resistance exercise trial, there was a significant trial*time interaction (F 

trial*time = 19.74, p < 0.001) with no significant effects for trial (F trial = 4.14, p = 

0.067) or time (F time = 1.95, p = 0.166) (Figure 5b). In the exercise trial there was a 

significant increase from pre to immediately post exercise 36.2 (16.0,59.8) % with no 

significant difference from pre exercise at 24 hours (t = 0.68, p = 0.508). Conversely, 

in the control trial there was a significant decrease immediately post rest (t = 3.96, p 
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= 0.002) of -12.9 (-19.3, -5.9) %, with no significant difference from pre rest by 24 

hours post rest. 

PIICP 

In the impact exercise trial, there was a significant trial*time interaction (F trial*time = 

4.47, p = 0.023) but no independent effects for trial (F trial = 1.52, p = 0.243) or time 

(F time = 0.007, p = 0.993) (Figure 5c),  Follow up t-tests showed immediately post 

and 24 post exercise values were not significantly different from pre exercise. In the 

resistance exercise trial, there were no significant effects for trial, time or trial*time 

interaction (F trial = 0.92, p = 0.782, F time = 0.120, p = 0.889, F trial*time = 0.081, p 

= 0.923) (Figure 5d). 

Figure 5. Ln change in COMP (panel a and b) and PIICP (panel c and d) 

concentration from pre to immediately and 24 h post exercise/rest. Values are 

presented as mean and 95% CI in black with the individual data points shown in light 

grey. * significantly different from pre exercise/rest p < 0.05.  
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Discussion 

This study was the first to examine the effect of distinct bouts of impact and 

resistance exercise on Wnt signalling mediators and markers of bone and cartilage 

turnover in a group of healthy young men. Time of day was matched between trials 

with participants requested to match prior exercise and dietary intakes, attempting to 

control for diet and exercise. Impact exercise significantly increased bone formation 

marker PINP and Wnt signalling inhibitors sclerostin and DKK1 whilst resistance 

exercise only increased DKK1. Neither exercise modality affected bone resorption 

marker CTX-I and only resistance exercise affected cartilage turnover marker 

COMP. Only the increases in PINP persisted after 24 hours.  

There was an increase in PINP after impact exercise that was sustained 24 h later, 

but no change following resistance exercise. A systematic review of previous 

studies27 reported small increases in PINP within 15 min after some aerobic or low to 

moderate impact exercise (effect size 0.18) although they concluded that there was 

no evidence of changes at 24-48 h or after high impact exercise. When examining 

specific studies, no change in PINP was found after jumping exercise 24,35, and high 

impact exercise also did not ameliorate the reduced PINP in response to energy 

deficiency.36 One explanation for discrepant findings on high impact exercise could 

be differences in exercise intensity, but Rantalainen et al.24 and Hutson et al.36 

reported similar ground reaction forces to those seen in the current study (~6xBW), 

whereas ground reaction forces were not measured by Hilkens et al.35 However, 

Hilkens et al.35 used shorter recovery intervals and Rantalainen et al.24 used an 

exhaustive protocol, that may have limited responses. In the Hutson et al.36 study, 

effects of energy restriction may have constrained the response to exercise. Another 

potential explanation for the inconsistency is our use of an assay that detected total 

PINP whilst intact PINP was assessed in previous studies.24,35,36 The intact PINP 

assay measures the larger PINP trimer, whereas the total assay used in the current 

study also detects both the larger (trimer) and the smaller (monomeric) forms. The 

trimer is cleared by the liver, and the monomeric form by the kidney, and this may 

account for differences in responses. However, a previous study utilising the intact 
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PINP assay did see a small increase post resistance exercise, but this study lacked 

a non-exercise control so this could reflect diurnal variation.37 It has also been 

proposed that longer duration interventions are required to detect changes in 

osteoblast-mediated bone formation and hence any acute changes may be reflective 

of other processes occurring.35 

Carboxyterminal propeptide of type I procollagen (PICP) (the other propeptide of 

type I collagen, which is produced in equimolar quantity to PINP) has been reported 

to decrease in the 24h after resistance exercise with a subsequent increase in the 

days after.38 However, this later increase may be explained by lack of control for diet 

and activity at this time: a more carefully standardised trial saw no significant 

effects,39 or it could be explained by the temporality of the bone remodelling cycle, 

with formation being preceded by resorption.     

No significant changes in bone resorption marker CTX-I were detected in the 24 h 

following impact or resistance exercise in this study. In previous resistance exercise 

trials, CTX-I decreased immediately40 or did not change.26 In previous high impact 

exercise trials, CTX-I decreased at 12 h24,25 but increased 48 h after exercise.24,25 

However, in the studies that involved more careful control and standardisation of 

participants’ diet with the provision of standardised meals26 and refraining from other 

forms of exercise,35 no effect of resistance26,35 or impact35 exercise on CTX-I were 

observed, either immediately after exercise or 24 h later. In the current study, 

participants’ diet and exercise were replicated between trials which may account for 

the lack of difference in biomarker levels between trials. The significant changes in 

CTX-I that have been previously found may be due to methodological differences 

e.g. more sustained exercise interventions that may increase PTH and/or greater 

volume of loading cycles that may contribute to microdamage and consequent 

increased remodelling27 compared to the lower number of loading cycles participants 

performed in the current study. 

Exercise induced changes in bone formation may be mediated by changes in Wnt 

signalling.19,20 This study found an increase in sclerostin following a bout of impact 

exercise, but not resistance exercise. Most previous research in men28,41,42 and 
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women40,43–45 has found an immediate post exercise elevation in sclerostin, with a 

return to close to pre exercise levels after 24 h. This contrasts with findings from 

preclinical models where sclerostin expression decreased after sustained periods of 

mechanical loading of bone,21 especially in regions of high strain, and led to 

increased bone formation at these regions.20,28,46 

In addition, there was an increase in DKK1 immediately post exercise which, unlike 

for sclerostin, was statistically significant in the resistance as well as the impact 

exercise trial. The differences between impact exercise and resistance exercise trials 

may relate to a greater increase in skeletal fluid flow with impact exercise than 

resistance exercise, resulting in more pre-existing sclerostin being released following 

impact exercise. Previous studies reported no change30 or decreases31 in DKK1 after 

high impact exercise in boys and girls and no change in healthy men.25 Exercise 

intensities (e.g. ground reaction forces) were not reported in these studies, however, 

and it is possible that the forces generated were not sufficiently different from 

habitual loading to stimulate an osteogenic response. In the study by Dekker et al.31 

that reported a decrease in DKK1 at 24 h post exercise there was no control group 

or control for physical activity or dietary intake which may contribute to the significant 

decrease. Further well-controlled research is needed to confirm the acute effects of 

exercise on DKK1. 

The concurrent elevation of PINP, a marker of bone formation, and the Wnt inhibitors 

sclerostin and DKK1 following impact exercise may initially appear paradoxical, 

given the established inhibitory role of these proteins on Wnt/β-catenin signalling. 

One plausible explanation, as proposed by Falk et al.28 is a transient redistribution of 

sclerostin from the osteocytic lacuno-canalicular network into the systemic 

circulation. This redistribution may reduce local sclerostin concentrations at the bone 

surface, thereby diminishing its inhibitory effect on Wnt signalling and permitting a 

localized pro-osteogenic response, despite elevated systemic levels. This 

mechanism is supported by the sustained increase in PINP observed at 24 hours 

post-exercise. Other explanations include changes in renal excretion/uptake.28,43 

Alternatively, it is possible that post-exercise Wnt inhibition is mediated via pathways 
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independent of sclerostin and DKK1, or that other signalling mechanisms are 

concurrently activated to promote bone formation. It should also be considered that 

sclerostin is expressed by other tissues, e.g. by hypertrophic and articular 

chondrocytes21,22 with research in mice showing that the Wnt signalling pathway and 

hence sclerostin is required for chondrocyte proliferation.47 In addition, sclerostin has 

extra-skeletal roles.45 Changes in sclerostin may thus effect expression or 

metabolism in tissues other than bone. It is important to note that acute increase in 

sclerostin and DKK1 contrast with chronic decreases reported with regular exercise.  

Resistance exercise may affect cartilage metabolism, with an increase in COMP 

immediately after exercise and a decrease following rest. This may reflect changes 

in proteolytic matrix degradation48 and a reduction after rest is consistent with 

previous findings.48 Alternatively, the changes in serum COMP may just reflect 

changes in COMP mobilisation following exercise.48 Neither resistance nor impact 

exercise affected PIICP, although assay sensitivity may have limited ability to detect 

changes in the low levels in healthy young men. Few previous studies have 

examined effects of exercise on PIICP: running exercise also did not change PIICP49 

although it has a different loading profile. Resistance exercise, but not impact 

exercise, may affect cartilage degradation.  

In relation to cartilage metabolism, mechanical loading in human cartilage explant 

models induced excessive Wnt signalling activation that reduced chondrocyte 

mechanoresponsiveness, with a corresponding downregulation of catabolic enzymes 

such as Matrix Metallopeptidase 1 (MMP1) and Matrix Metallopeptidase 13 

(MMP13), ultimately leading to reduced cartilage degradation compared to loading 

alone.50  This is consistent with the transient decrease we observed in the resistance 

exercise trial, but in the impact exercise trial, where an increase in sclerostin was 

observed, there were no changes in COMP levels. This suggests that elevated Wnt 

inhibition may have attenuated cartilage catabolic activity. Conversely, neither 

exercise modality resulted in increased cartilage formation, as indicated by the 

absence of change in PIICP, potentially reflecting limited effects on cartilage 

metabolism. It is important to consider that changes in biomarker concentrations may 
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also reflect a release of pre-existing markers into the systemic circulation or an 

increased expression from other tissues than bone, and these factors could also 

contribute to findings.  

This study has some strengths such as the incorporation of a sedentary control trial, 

attempted standardisation of diet and exercise and measurement of markers of bone 

signalling, cartilage metabolism and reference markers for the measurement of bone 

turnover17 which were conducted on automated analysers at a highly experienced 

research centre. However, this study also has several limitations; we acknowledge 

that serum measurements of locally-acting Wnt pathway modulators sclerostin and 

DKK1 may not reflect the paracrine action of these molecules in the bone and we did 

not include other crucial pathways for bone physiology such as the receptor activator 

of NFkB ligand (RANKL)-osteoprotegerin (OPG) axis. In addition, the study was of a 

relatively short duration compared to the bone and cartilage physical adaptions in 

response to exercise and due to this limited duration we did not measure any 

imaging outcomes of bone or cartilage health such as cartilage properties from MRI 

or bone mineral density (BMD) from dual energy x-ray absorptiometry. The findings 

of this study cannot be extrapolated to predict what imaging outcomes might have 

occurred but can be used to inform longer-term studies including imaging outcomes. 

However, blood biomarkers offer a means to evaluate the acute changes in bone 

and cartilage interventions, that may not be detected by imaging outcomes. In 

addition, ideally the same participants would complete all three arms of the trial 

(control, resistance exercise and impact exercise) instead of completing just two 

(either impact exercise and control or resistance exercise and control) so that direct 

within participant comparisons could be made. However, all participants completed 

both an exercise and a control trial, and participants in impact exercise and 

resistance exercise trials had similar characteristics with no difference in age or BMI 

(p > 0.05).   

In conclusion, both impact and resistance exercise increased bone signalling 

molecule DKK1, whereas only impact exercise increased sclerostin and bone 

formation marker PINP. The increase in bone formation seems in contrast to the 
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increase in sclerostin; it is uncertain whether the increase in sclerostin relates to an 

increase in synthesis, an increased distribution of pre-existing sclerostin from bone 

to systemic circulation (with lowered bone sclerostin potentially contributing to 

localised increases in bone formation) or another factor relating to its extraskeletal 

roles. Neither exercise modality affected bone resorption whilst only resistance 

exercise increased cartilage turnover marker COMP. The previously demonstrated 

benefits of impact and resistance exercise on bone health may be mediated through 

increases in bone signalling for both exercise modalities, and formation in the case 

of impact exercise. The mechanisms of possible effects of resistance exercise on 

cartilage metabolism need further exploration. 
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