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Abstract
This study aimed to investigate the effect of downhill walking on muscle damage and glucose metabolism in healthy subjects. 
All ten healthy young men and women (age, 24.0 ± 1.4 years) performed rest, uphill walking, and downhill walking trials. 
In the exercise trials, uphill (+ 5%) or downhill (− 5%) treadmill walking was performed at 6 km/h for 30 min. On the next 
day, muscle soreness was significantly higher in the downhill trial than in the uphill trial (P < 0.01). Respiratory metabolic 
performance did not differ between trials. However, carbohydrate oxidation was negatively correlated with plasma creatine 
kinase (r = − 0.41) and muscle soreness (r = − 0.47). Fasting blood glucose was significantly lower in the uphill trial than in 
the rest trial (P < 0.01) but not in the downhill trial. These observations suggest that downhill but not uphill walking causes 
mild delayed-onset muscle damage, which did not cause marked impairment in glucose metabolism. However, higher muscle 
damage responders might exhibit lower glucose metabolism.
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Introduction

Exercise induces a drastic change in metabolic events in the 
body, particularly those such as glucose uptake and lipolysis 
in the skeletal muscle. Consequently, the energy expenditure 
during exercise increases above tenfold in the entire body 
and 100-fold in exercising muscle tissues. A single bout of 
exercise elevates glucose uptake in skeletal muscle by acti-
vating an insulin-independent signal pathway during muscle 
contraction [1, 2]. Blood glucose was consumed over 70% 
in skeletal muscle. This level was markedly decreased dur-
ing exercise, which could be attended by even low-intensity 
exercise such as walking. Previous studies [3, 4] showed 
that brisk walking after meal ingestion decreased the post-
prandial blood glucose levels by half in healthy subjects and 
patients with metabolic diseases. Habitual walking in daily 
life adaptively reduces casual blood glucose by improving 
insulin sensitivity in the skeletal muscle [5, 6]; therefore, 

daily physical activity is advised to prevent and treat non-
communicative diseases.

Acute, unaccustomed, or strenuous exercise causes 
delayed-onset muscle damage that presents clinically as 
muscular pain and involves inflammation and ultrastructural 
changes. Soluble muscle enzymes such as creatine kinase 
(CK) are released, indicating sarcomere architecture disrup-
tion and plasma membrane damage [7–9]. Delayed muscle 
damage usually occurs after exercise (rather than during or 
immediately after) and peaks after approximately 1–3 days. 
Previous studies [9, 10] have shown that delayed-onset mus-
cle damage is mainly induced by mechanical stress, par-
ticularly eccentric muscle contractions. Concentric exercise 
shortens contracting muscles; in contrast, eccentric exercise 
forcibly lengthens contracting muscles. While stepping 
down a slope, the contracting quadriceps muscle controls 
the rate of knee flexion against the force of gravity. In this 
process, the muscle undergoes an eccentric contraction with 
each step. Thus, compared to uphill running (i.e., concen-
tric exercise), downhill running (i.e., eccentric contraction) 
causes greater muscle damage and soreness [11, 12].

It is well known that accelerated glucose uptake with 
improved insulin sensitivity in the skeletal muscles continues 
for some time after exercise [13, 14]. However, growing evi-
dence has shown that the improvement of insulin sensitivity 
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is weakened physiologically with muscle-damaging exer-
cises [15, 16], but not with non-muscle-damaging exercises. 
Inflammatory cytokines and reactive oxygen species (ROS) 
that are generated during and after damaging exercise can 
impair glucose uptake by inhibiting insulin signal transduc-
tion in the skeletal muscles [15, 16]. However, apart from 
moderate- to high-intensity running or resistance exercise, 
it is unclear whether and to what degree muscle damage 
occurs even in low-intensity exercise walking, a major daily 
physical activity for a wide range of generations that is com-
monly used in exercise therapy against metabolic diseases. 
Therefore, we investigated the correlation between walking 
on different slopes on next-day muscle damage and glucose 
metabolism in healthy young subjects.

Methods

Subjects

Ten healthy young men and women were recruited to partici-
pate in this study, which was approved by the Ethics Com-
mittee of Kyoto Prefectural University (permission no. 45). 
All subjects read and signed an informed consent form prior 
to participation in the study. Each subject was free of signs, 
symptoms, and a history of any overt chronic disease. None 
of the subjects were currently taking any medications or 
dietary supplements, smoking, or exercising regularly. In the 
first trial, body composition (HBF-361, Omron Healthcare 
Co., Ltd, Kyoto, Japan) was measured. The subjects’ char-
acteristics are shown in Table 1.

Study design

The subjects participated in three trials consisting of rest, 
uphill walking, and downhill walking in a repeated-meas-
ures design. Each trial was randomly performed over 2 
consecutive days and separated by at least 3 weeks in indi-
vidual subjects to avoid bias. The subjects were also asked 
to refrain from exertional activity and ingesting supple-
ments, caffeine, or alcohol from the day before each trial. 

Their diet on each trial day was recorded and repeated to 
minimize diet-related bias.

Experiment schedule

In the walking trials, uphill or downhill walking was per-
formed for 30 min. In the rest trial, the subjects were kept 
in a resting state during the measurement. On the first 
experimental day of each trial, the subjects were asked 
not to eat or drink anything except for water from 22:00 
to the measurement the next morning. On the second day, 
they returned to the laboratory at 9:00 while maintaining 
their fast, sat on the chair, and rested for 10 min. Subse-
quently, blood pressure was measured (EW3100, Pana-
sonic Electric Works Co., Ltd., Osaka, Japan) and blood 
was collected with a finger stick pick. A glucose bever-
age containing 75 g of glucose (Trelan®-G75, Ajinomoto 
Pharmaceuticals Co. Ltd., Tokyo, Japan) was orally con-
sumed at 9:30, and blood was collected at 10:00 and 10:30. 
From 10:00, respiratory gas was measured for 30 min in 
the supine rest position. Subsequently, subjective muscle 
pain in the thigh, lower leg, and gluteus maximus, the 
main muscles exercised during walking, was evaluated by 
movement (butterfly and squat) described in our previous 
study [26]. The visual analog scale (VAS) was used to 
examine the level of muscle pain. Subjects were asked to 
indicate the intensity of perceived pain for each muscle 
part on a 100-mm horizontal line. The left side of the scale 
was designated “no pain”, while the right side was desig-
nated “max pain.” The total soreness value was calculated 
by adding the soreness values on the three muscle parts. 
A schematic illustration of the experimental schedule is 
shown in Fig. 1.

Exercise procedure

Subjects ingested steamed rice (200 g for men, 150 g for 
women) 2 h before the exercise and then rested on a chair 
for 20 min. After warm-up with a bicycle ergometer at 30 W 
for 5 min, the subjects performed uphill (5% incline grade) 
or downhill (5% decline grade) walking exercise using a 
treadmill (My Mountain 5050, TOBEONE, Korea) at a 
speed of 6 km/h for 30 min. During exercise, the heart rate 
was continuously recorded by the heart rate monitor (Polar 
CS600X™, Polar Electro, Finland), and exercise intensity 
was estimated using the Karvonen formula. At the end of 
the exercise, the rating of perceived exertion (RPE) — the 
Borg 15-point (6–20) scale — was measured. Immediately 
after exercise, blood was collected using a finger stick pick 
and lactate was measured. The degree of subjective fatigue 
was evaluated using VAS.

Table 1   Subjects’ characteristics

Values are represented as mean ± standard error

Male (n = 5) Female (n = 5)

Age (years) 25.6 ± 2.6 22.4 ± 0.5
Height (cm) 172.2 ± 0.8 158.7 ± 2.5
Body weight (kg) 68.4 ± 3.5 50.8 ± 1.7
Body mass index (kg/m2) 23.1 ± 1.0 20.2 ± 2.1
Body fat (%) 16.1 ± 1.9 22.7 ± 1.0
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Biochemical analyses

Blood lactate and glucose were measured using simple 
measuring instruments (GluTest; Sanwa Kagaku Kenkyusho 
Co., Ltd., Nagoya, Japan: Lactate Pro; Arkray Inc., Kyoto, 
Japan). The remaining blood sample obtained during the 
fasting condition on day 2 of each trial was centrifuged at 
3500 rpm to separate the plasma. Plasma CK and insulin 
levels were each measured using enzyme-linked immuno-
sorbent assay kits (CK; Bioo Scientific Corporation, Austin, 
TX, USA: insulin; Mercodia AB, Uppsala, Sweden). Home-
ostasis model assessment-insulin resistance (HOMA-IR), an 
insulin resistive index, was calculated using the fasting blood 
glucose and plasma insulin values.

Indirect metabolic performance

Oxygen consumption (VO2) and carbon dioxide production 
(VCO2) were measured by a breath-by-breath respirometer 

system (AEROMONITOR AE-310S; Minato Medical Sci-
ence, Ltd, Osaka, Japan). The respiratory quotient (RQ) and 
substrate utilization were calculated from the VO2 and VCO2 
levels as described previously [17].

Statistical analysis

All data are shown as mean value ± standard error. Based on 
normal distribution analysis, non-parametric analysis was used 
for all parameters. The Friedman test was used to compare 
between the three trials, while the Steel test was used for mul-
tiple comparisons. Differences between two trials were evalu-
ated using a Wilcoxon signed-rank test. The correlation of two 
variables was analyzed using Spearman’s correlation analysis. 
Significant levels between means were set at P < 0.05.

Fig. 1   Schematic illustration of 
the experimental schedule
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Results

Fatigue‑related parameters on the day of exercise

Exercise intensity estimated from heart rate at the end of 
exercise was significantly lower in the downhill trial than 
in the uphill trial (P < 0.01), whereas the RPE score did not 
differ between trials (Table 2). The degree of subjective 
fatigue immediately after exercise was significantly lower in 
the downhill trial than in the uphill trial (P = 0.02) (Table 2). 
The blood lactate level was significantly lower in the down-
hill trial than in the uphill trial (P < 0.01) (Table 2).

Next‑day muscle damage parameters and blood 
pressure

On the day after exercise, the degrees of muscle soreness 
in the thigh (P = 0.04), lower leg (P = 0.02), and gluteus 
maximus (P < 0.01) were significantly higher in the down-
hill trial than in the uphill trial (Table 3). The total sore-
ness score in the downhill trial was also significantly higher 
than that in the uphill trial (P < 0.01) (Table 3). Although 
plasma CK level was not significantly changed between 
trials (P = 0.27), the mean value was the highest in the 
downhill trial (Table 3). Both systolic (rest; 101 ± 2 mmHg, 
uphill; 98 ± 3 mmHg, downhill; 100 ± 3 mmHg) and dias-
tolic (rest, 59 ± 2 mmHg; uphill, 60 ± 3 mmHg; downhill, 
61 ± 2 mmHg) blood pressures did not change between trials.

Next‑day metabolic parameters in the blood

The next-day fasting blood glucose concentration was 
significantly lower in the uphill trial than in the rest trial 
(P = 0.01), although this decrease was not found in the 
downhill trial (Fig. 2a). Area under the curve of blood glu-
cose concentration for 60 min after glucose administration 
did not differ between trials (Fig. 2b).

The next-day fasting plasma insulin level did not differ 
between trials. HOMA-IR was not significantly changed 

Table 2   Comparison of exercise intensity and fatigue-related param-
eters between uphill and downhill trials

Values are represented as mean ± standard error for 10 subjects
The Wilcoxon signed-rank test was used to compare means of the 2 
trials
HR heart rate, RPE rating of perceived exertion, VAS visual analog 
scale

Uphill Downhill P value

%HRmax (%) 48.4 ± 13.5 26.5 ± 7.4 0.009
RPE (score) 12.7 ± 0.4 12.8 ± 0.5 0.396
VAS (score) 5.1 ± 0.8 3.5 ± 0.9 0.026
Blood lactate (mmol/l) 1.4 ± 0.1 0.8 ± 0.0 0.006

Table 3   Comparison of plasma 
CK and muscle soreness among 
rest, uphill, and downhill trials

Values are represented as mean ± standard error for 10 subjects
The Friedman test was used to compare means of the 3 trials and the Wilcoxon signed-rank test was used 
to compare means of the 2 trials

Rest Uphill Downhill P value

Plasma CK (IU/l) 133.9 ± 17.3 124.6 ± 12.8 162.5 ± 23.4 0.27
Muscle soreness thigh (score) – 0.4 ± 0.2 1.0 ± 0.4 0.04
 Lower leg (score) – 0.1 ± 0.1 1.4 ± 0.5 0.01
 Gluteus (score) – 0.3 ± 0.1 3.3 ± 0.8 <0.01
 Total (score) – 0.9 ± 0.3 5.8 ± 1.4 <0.01

Fig. 2   Blood glucose con-
centration on the next day of 
exercise. Fasting blood glucose 
concentration (a) and area under 
the curve of the concentration 
for 60 min after oral glucose 
administration (b) were ana-
lyzed. Values are represented 
as mean ± standard error for 
10 subjects. *Statistically sig-
nificant differences were at the 
level of P < 0.05
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between trials (P = 0.26), although the mean value was lower 
in the exercise trials (Table 4).

Indirect metabolic performance

The mean values of oxygen consumption, RQ, and carbohy-
drate oxidation did not differ between trials (Table 4). There 
was a negative correlation between carbohydrate oxidation 
and plasma CK (r = − 0.41, P = 0.014) (Fig. 3a). In addition, 
there was a tendency toward a negative correlation between 
carbohydrate oxidation and muscle soreness, with soreness 
levels above the median value of 1.25 (r = − 0.47, P = 0.079) 
(Fig. 3b).

Discussion

The present study examined the effect of different walking 
exercise slopes on delayed-onset muscle damage. We found 
that next-day muscle soreness, a muscle damage parameter, 
was markedly higher in the downhill walking trial than in 

the uphill walking trial, although heart rate and the fatigue 
VAS during exercise were lower. These results suggest that 
downhill walking caused muscle damage regardless of exer-
cise intensity compared to uphill walking. While stepping 
down a slope, the quadriceps femoris and lower leg triceps 
muscles actively create an eccentric contraction that pro-
vides higher mechanical stimulation to the muscles than the 
concentric contraction that is caused by stepping up a slope. 
It was previously shown that high-intensity exercise such as 
downhill running and resistance exercise markedly induces 
delayed-onset muscle damage [15, 18]. However, here we 
show that even low-intensity exercise, i.e., walking, which 
is a major daily physical activity, could also induce mild 
muscle damage.

After exercise, the glucose metabolism in the skeletal 
muscle is improved, continues for several hours after exer-
cise, and often persists until the next day. This is mainly 
caused by glucose uptake through the insulin-dependent 
signaling pathway, which involves phosphorylation of the 
insulin receptor, phosphorylation of the insulin receptor sub-
strate (IRS)-1/2 on its tyrosine residues, and activation of 

Table 4   Comparison of 
metabolic parameters among 
rest, uphill, and downhill trials

Indirect metabolic performance was examined using the mean values during 30 min after glucose adminis-
tration
The Friedman test was used to compare means of the 3 trials
HOMA-IR homeostasis model assessment-insulin resistance

Rest Uphill Downhill P value

Oxygen consumption (ml/kg/min) 3.36 ± 0.08 3.33 ± 0.06 3.25 ± 0.06 0.21
Respiratory quotient 0.88 ± 0.01 0.87 ± 0.01 0.88 ± 0.01 0.84
Carbohydrate oxidation (mg/kg/min) 2.67 ± 0.16 2.52 ± 0.19 2.57 ± 0.14 0.51
Fat oxidation (mg/kg/min) 0.67 ± 0.05 0.71 ± 0.07 0.66 ± 0.05 0.72
Plasma insulin (μU/ml) 5.6 ± 1.4 3.5 ± 0.6 3.4 ± 0.5 0.24
HOMA-IR 1.1 ± 0.3 0.6 ± 0.1 0.7 ± 0.1 0.26

Fig. 3   Correlation between carbohydrate oxidation and muscle dam-
age parameters. a The correlation between carbohydrate oxidation 
and creatine kinase (CK) was analyzed using Spearman’s correlation. 
The plots from all data obtained from 3 trials are represented. b The 

correlation between carbohydrate oxidation and muscle soreness was 
analyzed for the data showing higher soreness levels. The filled cir-
cle plots reflect data above the median soreness value of 1.25 and the 
open circle plots reflect data below the median value
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phosphatidylinositol 3-kinase (PI3-K) in exercised muscles 
[19, 20]. In agreement with this concept, we found a lower 
level of fasting blood glucose the day after exercise in the 
uphill walking trial compared to the rest trial, suggesting 
ameliorated uptake of blood glucose into muscle by sim-
ply walking. In contrast, no significant difference was found 
in the downhill walking trial compared with the rest trial. 
Moreover, there were negative correlations between muscle 
damage parameters and carbohydrate oxidation. Specifically, 
muscle soreness was negatively correlated with carbohy-
drate oxidation in subjects with higher soreness levels. These 
observations suggest that there was less improvement in glu-
cose metabolism in the downhill trial and that higher muscle 
damage responders may exhibit lower glucose metabolism. 
Therefore, exercise-induced metabolic benefits differ by type 
and subject characteristics, even with low-intensity exercise.

Cellular inflammatory events may be associated with 
the ameliorated metabolic benefit in the downhill walking. 
Previous studies [21, 22] have shown — in animal patho-
logical models and culture experiments — that inflamma-
tion and oxidative stress cause insulin resistance in the 
skeletal muscle. The stimulation of oxidants and tumor 
necrosis factor-alpha (TNF-α) easily inactivates insulin 
signaling in cultured muscle cells [21]. In addition, accu-
mulated oxidative products and higher TNF-α expression 
were often found in muscle tissues from diabetic mice 
[23]. Several studies have shown that, after muscle-dam-
aging exercise, phagocytes infiltrating into the muscle tis-
sues generate ROS via nicotinamide adenine dinucleotide 
phosphate oxidase and myeloperoxidase [24, 25], which 
causes oxidative damage and accelerates inflammation. 
We showed that whole-body carbohydrate oxidation after 
oral glucose administration was decreased the day after 
acute exercise in healthy young subjects [26]. In addition, 
we and other researchers have reported — in animal and 
human experiments — that glucose uptake into damaged 
muscle after acute running was impaired with suppressed 
activity of insulin signal molecules, i.e., IRS-1, PI3-K, 
and Akt [15, 16]. In the damaged muscle, accumulating 
oxidative products and increased inflammatory cytokines/
chemokines were found. We showed that IRS-1 modified 
by 4-hydroxy-2-nonenal (4-HNE), a peroxidation of n-6 
polyunsaturated fatty acids, was elevated in damaged 
muscle obtained from mice after acute running, together 
with reduced tyrosine phosphorylation of IRS-1, inhibition 
of PI3-K/Akt signaling, and inhibition of the membrane 
translocation of GLUT4 [16, 27], which suggests that oxi-
dative post-translational modification could inactivate key 
proteins in the insulin signal pathway. In addition, lev-
els of interleukin (IL)-1β, IL-6, monocyte chemoattract-
ant protein-1, and IL-8 are increased in muscle tissues 
24–48 h after muscle-damaging exercises in humans and 
rodents [24, 28, 29]. These oxidative and inflammatory 

factors may be partially associated with the initiation and 
progression of impaired muscle damage–induced insulin 
signaling.

It is widely known that daily exercise contributes to 
the prevention and improvement of non-communicative 
diseases such as metabolic syndrome, diabetes, hyper-
tension, and cancer. However, muscle-damaging exer-
cise could cause several negative events related to ath-
letic performance and health promotion. In addition to 
impaired glucose metabolism, reduced force generation 
[30] and elevated arterial stiffness [31] occur in subjects 
with delayed-onset muscle damage. The present study 
shows that muscle damage could occur even after low-
intensity exercise, specifically downhill walking, which 
suggests that walking on a flat plane or uphill can be 
recommended more as an exercise for health promotion, 
depending on individual physical performance level and 
exercise purpose. However, there were several limitations 
in this study. First, the intensity and volume of the walk-
ing exercise were low to obtain enough metabolic changes 
and muscle damage in young healthy subjects. For exam-
ple, it is known that insulin sensitivity in skeletal mus-
cle is improved with intensity and duration of exercise 
[32, 33]. In contrast, muscle damage-induced metabolic 
impairment may easily occur in middle-aged to elderly 
people and metabolic patients. Second, we confirmed that 
all female subjects had normal estrous cycle, and their 
trials were performed in the same estrous cycle within 
the individual, although the cycle was not consolidated 
between participants. Circulating estradiol and progester-
one levels might affect energy metabolism in both basal 
and exercise conditions. The response of muscle damage to 
exercise could also be different between males and females 
[34]. Third, metabolic and damage parameters post exer-
cise were examined only 24 h after exercise. Because the 
peaks of blood damage parameters and soreness are often 
different depending on the conditions of exercise and sub-
jects, time-course examination would give more informa-
tion. Finally, dietary status before and after exercise also 
affects metabolic and inflammatory responses to exercise. 
Before exercise, study subjects consumed steamed rice, a 
Japanese dietary staple, because exercise after prolonged 
fasting is not recommended. However, lunch and dinner 
after exercise were not strictly controlled, possibly affect-
ing muscle damage and metabolic parameters on the fol-
lowing day. Thus, further research is required to examine 
whether these findings can be generalized to the larger 
public under strict experimental conditions. In addition, 
it is important to survey, in addition to healthy subjects, 
various populations like elderly people and patients with 
metabolic disorders, in order to define appropriate exer-
cise methods for promoting health and managing muscle 
damage.
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Conclusion

We found that muscle soreness was markedly higher in the 
downhill trial than in the uphill trial. Fasting blood glucose 
was significantly lower in the uphill trial than in the seden-
tary trial, but this phenomenon was not seen in the downhill 
trial. There were negative correlations between carbohydrate 
oxidation and muscle damage parameters. Downhill walking 
causes mild delayed-onset muscle damage, which did not 
cause significant impairment in glucose metabolism. How-
ever, higher muscle damage responders may exhibit lower 
glucose metabolism after exercise.
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