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Abstract

The prevention of type 2 diabetes in persons at risk for diabetes
is of utmost importance. Physical activity in general and even
exercises at moderate intensities such as walking significantly
reduce the risk of the development of type 2 diabetes. However,
it is still a matter of debate whether lipids and glucose metabo-
lism are differently affected by regular concentric (e.g., uphill
walking) and eccentric (e.g., downhill walking) endurance exer-
cise. The aim of this study was to investigate the effects of
short-term (3 weeks) uphill and downhill walking on glucose
metabolism and blood lipids in pre-diabetic middle-aged men in
a real world setting. The study was designed as an investigator-
initiated 2 group random selection pre-test post-test trial. Sixteen
pre-diabetic men (age: 56.9 + 5.1 years; BMI: 28.1 + 2.3 kg-m™)
performed 9 uphill (n = 8) or 9 downhill (n = 8) walking ses-
sions within 3 weeks. The primary outcomes were the markers
of glucose metabolism and blood lipids measured before and
after the training period. After uphill walking glucose tolerance
(area under the curve of the oral glucose tolerance test: -43.25 +
53.12 mg-dl’l; p = 0.05; effect size: 0.81), triglycerides (-48.75 +
54.49 mg-dI’; p = 0.036; effect size: 0.89), HDL-C (+7.86 +
9.54 mg-dI™; p = 0.05; effect size: 0.82) and total cholester-
ol/HDL-C ratio (-0.58 + 0.41; p = 0.012; effect size: 1.39) had
significantly improved. No significant metabolic adaptations
were found after downhill walking. However, when adjusted for
estimated energy expenditure, uphill and downhill walking had
equal effects on almost all metabolic parameters. Moreover, the
magnitude of the baseline impairments of glucose tolerance was
significantly related to the extent of change in both groups.
Depending on the fitness level and individual preferences both
types of exercise may be useful for the prevention of type 2
diabetes and disorders in lipid metabolism.

Key words: Impaired glucose tolerance, concentric exercise,
eccentric exercise, insulin resistance.

Introduction

The WHO projects diabetes to be the 7th leading cause of
death in 2030 (Mathers et al., 2006). Type 2 diabetes
develops most often in middle-aged or older adults and is
a risk factor for other diseases such as heart attacks,
strokes, diabetic retinopathy, diabetic neuropathy and
kidney failure. Lifestyle changes focusing on weight
reduction, eating habits and physical activity can reduce
the risk of type 2 diabetes by 58% (Eriksson et al., 1999;

Tuomilehto et al., 2001). Among these factors physical
activity seems to have the highest protective effect for
individuals at highest risk of developing type 2 diabetes
(lvy, 1997). Even exercise at moderate intensities such as
walking significantly reduces the risk of the development
of type 2 diabetes (Jeon et al., 2007). Besides impairments
in glucose metabolism, type 2 diabetes is associated with
dyslipidemia, especially with lower high-density lipopro-
tein-cholesterol (HDL-C) levels and higher very-low-
density lipoprotein (VLDL-C) levels, increasing the car-
diovascular risk in this population (Taskinen, 2002).

There is general agreement that exercise training
results in improved insulin sensitivity and glucose toler-
ance in healthy subjects as well as in persons suffering
from type 2 diabetes (Hansen et al., 2010; Jensen et al.,
2011; Sigal et al., 2007; Snowling et al., 2006). Moreover,
aerobic as well as resistance exercise reportedly improved
blood lipids (Durstine et al., 2001; Gordon et al., 2014;
Kelley and Kelley, 2009; Kodama et al., 2007; Slentz et
al., 2007).

While a single bout of concentric endurance exer-
cise (CE = muscle shortening contraction form) is gener-
ally associated with improved insulin action and glucose
transport (Wojtaszewski et al., 2002), unaccustomed mus-
cle damaging eccentric endurance exercise (EE = muscle
lengthening contraction form) is associated with reduced
glucose transporter type 4 (GLUT4) levels that seem to be
the major reason for transient insulin resistance (Asp et
al., 1995; Jensen and Richter, 2012; Richter and Har-
greaves, 2013). In contrast, a single bout of not muscle
damaging EE was associated with energy dependent posi-
tive changes of glucose tolerance in young and healthy
subjects (Philippe et al., 2016).

Only a few studies have investigated metabolic ad-
aptations to regular eccentric exercise (Drexel et al., 2008;
Marcus et al., 2009; Paschalis et al., 2010; 2011; Zeppet-
zauer et al., 2013). Pre-diabetic persons could benefit
from regular eccentric exercise since regular eccentric
resistance exercise and regular downhill walking were
associated with a significant decrease of LDL-C and IR as
well as an increased glucose tolerance in healthy men and
women (Drexel et al., 2008; Marcus et al., 2009; Paschal-
is et al., 2010; Paschalis et al., 2011). When considering
estimated energy expenditure, the positive adaptations to
glucose tolerance after prolonged downhill walking seem
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to be superior to those elicited by prolonged uphill walk-
ing (Zeppetzauer et al., 2013). However, Marcus et al.
(2009) failed to demonstrate positive adaptations with
regard to insulin sensitivity after 12 weeks of eccentric
ergometer training in women with impaired glucose toler-
ance. Thus, the effects of EE on glucose metabolism re-
main controversial and may depend on the characteristics
of the individual and the type of EE performed.

Data on the distinct effects of glucose metabolism
and lipid profiles due to regular CE and EE are scarce but
would be of utmost importance considering the increasing
number of persons suffering from impaired glucose toler-
ance or diabetes. The aim of this study was to investigate
the effects of short-term (3 weeks) uphill and downhill
walking in a real world setting (e.g. summer holidays in
the Alps) on glucose metabolism and blood lipids in pre-
diabetic men. We hypothesized that both CE and EE
would elicit beneficial effects on glucose and lipid metab-
olism in pre-diabetic men but likely in a manner depend-
ent upon the energy expenditure.

Methods

Study participants

Based on the study of Smutok et al. (1994) which inves-
tigated the area under the oral glucose tolerance curve
after exercise training, a total sample size of n = 16 for
80% power has been calculated (G*Power, Version
3.1.5). 13 local physicians were involved in the recruit-
ment process. 16 middle-aged male pre-diabetic partici-
pants (aged between 50 and 67 years) living in or close to
Innsbruck gave their written informed consent to partici-
pate in the study. The inclusion criterion was a diagnosed
increased risk for diabetes (pre-diabetes) as defined by the
American Diabetes Association (American Diabetes As-
sociation, 2015). We enrolled patients with impaired
fasting glucose [defined as: IFG: fasting plasma glucose
100 mg-dl™ (5.6 mmol-1™) to 125 mg - dI'™* (6.9 mmol-I"")]
and/or impaired glucose tolerance [IGT: 2-h plasma glu-
cose in the 75-g oral glucose tolerance test 140 mg-dl™
(7.8 mmol-1™) to 199 mg-dl™* (11.0 mmol-1™)] not receiv-
ing glucose metabolism relevant medication. Exclusion
criteria were any other kind of acute or chronic disease,
smoking, BMI > 30 kg'm™. After stratification for fasting
glucose and the 2-hours value of the oral glucose toler-
ance test the subjects were randomly assigned to the CE
(= uphill walking) or the EE (= downhill walking) group.
The study was carried out in conformity with the ethical
standards laid down in the declaration of Helsinki and the
protocol was approved by the ethics committee of the
Medical University of Innsbruck (Protocol ID: AN5029;
ClinicalTrials.gov ID: NCT01890876)

Study protocol
Throughout the manuscript we use the terms eccentric and
concentric exercise for downhill and uphill walking. This
is justifiable as the leading as well as the trailing leg do
not perform any positive, respectively negative mechani-
cal work when walking downhill or uphill at a grade of
6° (i.e. + 10.51 %) (Franz et al. 2012).

The study was conducted with one group of 8 par-

ticipants (4 CE, 4 EE) in spring 2013 and with another 8
participants in fall 2013 (4 CE, 4 EE). The study consisted
of 2 pre-test days, 9 uphill (CE) or downhill (EE) walking
sessions and 2 post-test days. On the first pre-test day the
subject appeared in a fasting state and underwent routine
examination, anthropometric measurements, venous blood
sampling and an oral glucose tolerance test (OGTT). On
the second pre-test day the subjects performed incremen-
tal exercise testing (cycle ergometer test). The exercise
program started 1 week after the second pre-test day. The
9 walking sessions were performed on Mondays,
Wednesdays and Fridays of 3 consecutive weeks. Exer-
cise testing after the training program was conducted on
the same day as the last walking session. Metabolic
(OGTT and blood sampling) and anthropometric post-
tests took place 1-2 days after the last walking session.

Routine examination and anthropometric measure-
ments

Each participant underwent routine medical examination
including medical history, health status, red and white
blood cell count and ECG. Stature and body mass were
assessed using standard techniques. A tetrapolar multi-
frequency bioelectrical impedance analysis (BIA-101,
RJL/Akern Systems, Clinton Township, MI, USA) was
used to determine the percentage of lean body mass, body
cell mass, muscle mass and fat mass. The device was
calibrated every morning using the standard control cir-
cuit supplied by the manufacturer with a known imped-
ance (resistance (R) = 380 V; reactance (Xc) =47 V). The
accuracy of the device was 1% for R and 1% for Xc.

Exercise capacity

Exercise capacity was assessed on a cycle ergometer
(Excalibur Sport, Lode, the Netherlands) by an incremen-
tal spiro-ergometry (Oxycon Alpha, Jaeger, Germany).
We expected a peak performance of our study participants
between 150 and 200 watts. Since the recommended dura-
tion for incremental exercise tests to exhaustion is gener-
ally between 8 and 12 min we decided to start with an
initial load of 50 W for 3 min followed by 50 W incre-
ments every 3 min up to exhaustion, resulting in total test
duration of 9 to 12 min. During the test the participants
were continuously monitored by ECG (Schiller AT-10,
Austria).

Measurements of glucose and lipid metabolism

Fasting venous blood samples were taken to assess ap-
proximated insulin resistance pre- and post-test by using
the homeostasis model assessment (HOMA = fasting
insulin (uU-ml™) - fasting glucose (mg-dI™) / 405) (Mat-
thews et al., 1985). Additionally, markers of lipid metabo-
lism were determined pre- and post-test from fasting
venous blood samples. All parameters were assessed
using standard procedures at the laboratory of the Medical
University of Innsbruck. Plasma glucose was quantified
using a commercially available enzymatic kit (Roche
Diagnostic Systems, Basel, Switzerland) on a Hitachi 902
autoanalyzer (Roche Diagnostic Systems, Basel, Switzer-
land). Insulin was determined using automated analyzers
within the central clinical laboratory at the University
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Hospital Innsbruck based on a Quantikine Human Insulin
4.5 hour solid-phase enzyme linked immunosorbent assay
(ELISA; R&D Systems, Inc. Minneapolis, USA) follow-
ing the manufacturer’s instructions. LDL-C and VLDL-C
were calculated by the Friedewald formula (Friedewald et
al., 1972). Glucose tolerance was assessed via an oral
glucose tolerance test (OGTT). Participants had to drink
75 g glucose dissolved in 300 ml of water. Capillary
blood samples were drawn and analyzed before (fasting),
1 hour and 2 hours after ingestion (Biosen C-Line, Ger-
many). The total area under the curve (AUC) of the
OGTT was calculated with the trapezoidal rule as pro-
posed by Le Floch et al. (1990).

CE and EE training sessions

Three times per week for 3 weeks, the subjects performed
supervised training sessions of uphill or downhill walking
on a standardized path at low altitude. The exercise inten-
sity was regulated over the rate of perceived exertion
defined by BORG RPE scale (Borg, 1970). The CE par-
ticipants were asked to walk at a maximum intensity cor-
responding to RPE 15. The EE participants were asked to
walk as fast as possible or at a maximum intensity corre-
sponding to RPE 15 but without running. During the
walking sessions, the participants were only allowed to
drink water. The starting point for the CE group was 850
m above sea level and the finish point 1360 m above sea
level. The path had a relatively continuous slope of 10.2
% and a length of 5000 m. Each participant covered
45000 horizontal and 4590 vertical meters over the 9
walking sessions. The EE group walked the same path as
the CE group but in the opposite direction. Both groups
were brought to their starting point by car.

Measurements during walking

The heart rate and walking time of each participant was
monitored and stored for every walking session by a Polar
watch (RS800CX, Polar Electro OY, Kempele, Finland).
The average rate of perceived exertion was noted after
each walking session. At the beginning of each walking
session delayed onset muscle soreness (DOMS) of the
previous walking session was assessed via a graded scale
for muscle-pain and muscle-soreness, ranging from 1-10
(1 meaning no pain/soreness and 10 meaning maximal
pain/soreness).

Estimated energy expenditure during walking
Knowing the walking time, walking distance, slope gradi-
ent and the body mass of a participant we calculated his
average VO, using a formula elaborated by Kramer
(2010): mlO,s* = 5.4V? + 0.37M + 0.0054MGV
+0.011G?V - 3.8X — 17 (V = velocity [m .s]; M = body
mass [kg]; G = gradient [%]; X = gender [0 = female, 1 =
male]).

Assuming a respiratory quotient (RQ) of 0.85 we
calculated the caloric equivalent for O, and the mean
estimated energy expenditure per walking session and the
total estimated energy expenditure during the study.

Statistical analysis
Due to the relatively small sample size non-parametric

statistical tests were used (IBM, SPSS Statistics, Version
20). Changes from pre-test to post-test within each group
were calculated with Wilcoxon Matched Pairs Test. Inter-
actions (time x group) between CE and EE were comput-
ed from the differences of post-test minus pre-test values
with Mann-Whitney U-Test. Differences of training data
between CE and EE were calculated with Mann-Whitney
U-Test. Relations between metabolic parameters were
calculated with Pearson product-moment correlation coef-
ficient. The effect sizes were quantified using Cohen’s d
(small effect size: 0.2 < d < 0.5; medium effect size: 0.5 <
d < 0.8; large effect size 0.8 < d). Statistical significance
was set at p < 0.05.

Results

Baseline anthropometric and performance characteristics
of the participants are presented in Table 1.

Table 1. Baseline anthropometric and performance charac-
teristics of the study participants. Data are means (£SD).

CE(n=8) EE (n =8)
Age, years 56.4 (5.3) 57.4 (5.1)
Height, m 1.77 (.07) 1.73 (.04)
Body mass, kg 88.1 (11.7) 84.0 (9.7)
BMI, kg-m 28.0 (1.6) 28.2 (3.0)
Lean body mass, kg 65.0 (6.0) 62.4 (7.6)
Body cell mass, kg 36.8 (2.6) 35.1(5.9)
Fat mass, kg 23.1(7.6) 21.6 (4.4)
Muscle mass, kg 45.0 (3.3) 42.9 (6.7)
Physical activity, h-week™ 45 (2.8) 5.9 (3.8)
Systolic BP, mm Hg 131.5(14.1) 129.0 (13.6)
Diastolic BP, mm Hg 85.9 (3.8) 81.0 (8.0)
Hfmax, bpm 154.9 (23.4)  153.1 (15.7)
Pmax, W 191.0 (22.9) 173.8(42.2)

CE: concentric exercise (uphill walking); EE: eccentric exercise (down-
hill walking); BMI: Body mass index; Hfmax: maximum heart fre-
quency reached during exercise capacity testing; BP: blood pressure;
Pmax: maximum power reached during exercise capacity testing; No
significant group difference (calculated with Mann-Whitney U-Test)

Each of the 16 participants completed all 9 walk-
ing sessions. No metabolic baseline parameter differed
significantly between CE and EE (Table 2).

Table 2. Baseline metabolic values of the CE and the EE
group. Data are means (+SD).

CE(n=8) EE (n =8)
AUC, mmol-I*.h? 17.91 (3.86) 16.41 (6.69)
Plasma glucose, mmol-I* 6.85 (.83) 6.70 (1.75)
Insulin, pmol-I* 66.59 (29.04) 83.95 (64.03)
HOMA-IR 2.90(1.28)  3.92(3.51)
Total cholesterol, mmol-1* 5.33 (.98) 4.74 (1.09)
Triglycerides, mmol-I* 1.89 (1.04) 1.51 (.99)
HDL-C, mmol-I* 1.17 (.16) 1.12 (.26)
LDL-C, mmol-I* 3.30 (1.01)  2.94(93)
LDL-C/HDL-C ratio 2.84 (.88) 2.74 (.93)
TC/HDL-C ratio 457(83)  4.39(1.15)
CK, pkat:1'* 2.48(93)  3.05(3.72)

CE: concentric exercise (uphill walking); EE: eccentric exercise (down-
hill walking); AUC: area under the curve of the oral glucose tolerance
test; HOMA-IR: homeostasis model assessment of insulin resistance;
HDL-C: high-density lipoprotein-cholesterol; LDL-C: low-density
lipoprotein-cholesterol; TC: total cholesterol; CK: creatine kinase; No
significant group difference (calculated with Mann-Whitney U-Test)
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Table 3. Walking session results. Data are means (£SD).

CE(N=8) EE (N=8)
Mean walking time pws, s 4496.3 (365.9) * 4070.7 (278.7)
Mean walking speed pws, m-s™ 1.1(0.1) * 1.2 (0.1)
Mean VO,rel pws, ml-kg™*-min* 17.1 (1.6) *** 10.1 (1.0)
Mean rel. e.e. pws, kd-kg™*-min* 0.35 (0.03) *** 0.21 (0.02)
Mean absolute e.e. pws, kJ 2309.5 (470.2) *** 1177.0 (245.7)
Total e.e., kJ 20785.0 (4232.2) *** 10593.1 (2211.6)
Hfmean, bpm 126.6 (9.8) *** 92.8 (10.2)
RPEmean, 6-20 13.4 (0.6) *** 8.8 (1.4)
Pain mean, 1-10 1.3(0.3) 1.1(0.1)
Soreness mean, 1-10 1.4 (0.4) 1.2 (0.2)

CE: concentric exercise (uphill walking); EE: eccentric exercise (downhill walking); pws: per wal-
king session; VOqrel: relative oxygen uptake; e.e.: estimated energy expenditure; Hfmean: mean he-
art frequency; RPEmean: mean rate of perceived exertion; * and *** denote p < 0.05 and p < 0.001,

respectively, between group differences (calculated with Mann-Whitney U-Test).

Responses to the exercise program

The walking time, heart rate, oxygen uptake, estimated
energy expenditure and RPE were significantly higher
during CE than EE. However, there was no significant
difference of muscle pain and soreness after CE compared
to EE (Table 3).

Anthropometric and performance characteristics
before and after 3 weeks of exercise

The maximum heart rate reached during the exercise
capacity test increased significantly from pre-test to post-
test in the CE group (154.9 + 23.5 vs. 163.3 + 14.9 bpm; p
= 0.028; effect size: 0.80) but not in the EE group (153.1
+15.7 vs. 151.3 £ 20.8 bpm; p = 0.752). No other param-
eter reached significance and no interaction (time X
group) was found for any parameter (Table 4).

Table 4. Mean differences of anthropometric and exercise
capacity post-test values minus metabolic pre-test values.
Data are means (£SD).

CE(N=8) EE (N=8)
Body mass, kg -7(1.2) -2 (1.0)
Lean body mass, kg -9(2.3) 2 (.8)
Body cell mass, kg .2 (1.0 7(1.4)
Muscle mass, kg 1(1.3) .8 (1.4)
Fat mass, kg .2 (1.5) -4 (.9)
Hfmax, bpm 8.4 (10.5) * .7 (8.8)
Pmax, W 10.3 (18.0) 3.4 (15.7)

CE: concentric exercise (uphill walking); EE: eccentric exercise (down-
hill walking); Hfmax: maximum heart rate reached during exercise
capacity testing; Pmax: maximum power; n.s.: not significant; * p < 0.05
within group change (calculated with Wilcoxon test).

Metabolic parameters before and after 3 weeks of
exercise

Glucose tolerance improved significantly (area under the
curve (AUC); OGTT1) after CE but not after EE. Triglyc-
erides and TC/HDL-C ratio significantly decreased and
HDL-C significantly increased after CE but not after EE.
LDL-C/HDL-C ratio tended to decreased after EE but not
after CE. No significant interaction (time x group) was
found for any parameter (Table 5).

Pre-test to post-test metabolic changes as a function of
estimated energy expenditure

When the changes from pre-test to post-test were divided
by the total estimated energy expenditure over the 9 walk-
ing session no significant difference were found between
CE and EE for fasting plasma glucose (-0.02 + 0.05 vs. -
0.01 + 0.19 mmol-I*-MJ™; p = 1.000), AUC (-0.11 + 0.13
vs. -0.08 + 0.27 mmol-I*-h™*-MJ™; p = 0.345), insulin (-
0.01 + 1.79 vs. 0.28 + 4.09 pmol-I*-MJ™*; p = 0.817 ),
HOMA (-4.18- 0 + 8.32:102 vs. -1.86-10 + 0.24 per
MJ; p = 0.908); triglycerides (-0.03 + 0.04 vs. 0.01 £ 0.06
mmol-I*-MJ*; p = 0.203), total cholesterol (2.33-10° +
0.03 vs. -0.02 + 0.05 mmol-I*-MJ™; p = 0.418 ) HDL-C
(0.01 £ 0.02 vs. 0.01 + 0.03 mmol-I""-MJ™; p = 0.643),
LDL-C/HDL-C ratio (-1.61-10 + 3.02:102 vs. -3.91-:10%
+ 6.23:102 per MJ; p = 0.203), TC/HDL-C ratio (-
3.02:10° + 2.63-10% vs. -4.11-10° + 8.62-:107 per MJ; p
= 0.298). However the decrease of LDL-C tended to be
more pronounced after EE than after CE (-0.03 £ 0.04 vs.
0.01 + 0.03 mmol-1*-MJ™; p =0.083; effect size: 0.99.

Table 5. Mean differences of metabolic post-test values minus pre-test values. Data are mean (+SD).

CE(n=8) Effectsizz EE(N=8) Effectsize
AUC, mmol - I'* - h! -2.40 (2.95) * 81 -.70 (2.83) -
Fasting plasma glucose, mmol - I* -51 (1.12) - -.19 (1.95) -
Insulin, pmol - I 2.69 (37.42) - 5.95 (52.15) -
HOMA-IR .04 (1.81) - -10 (2.84) -
Total cholesterol, mmol - I* .08 (.75) - -.15 (.60) -
Triglycerides, mmol - I -.56 (.62) * .89 .05 (.62) -
HDL-C, mmol - I'* 20 (.25) * 82 11(.33) -
LDL-C, mmol - I'* 13 (.67) - -.28 (.41) -
LDL-C/HDL-C ratio -.30 (.52) - -.47 (.70) 67
TC/HDL-C ratio -57 (41) * 1.39 -.53 (.98) -
CK, pkat - I 44 (1.68) - 44 (1.94) -

CE: concentric exercise (uphill walking); EE: eccentric exercise (downhill walking); AUC: area under the
curve of the oral glucose tolerance test; HOMA-IR: homeostasis model assessment of insulin resistance;
HDL-C: high-density lipoprotein-cholesterol; LDL-C: low-density lipoprotein-cholesterol; TC: total choles-
terol; CK: creatine kinase; * p < 0.05 within group change (calculated with Wilcoxon test).
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Correlations between metabolic parameters
There was a significant negative correlation between the
pre-test AUC and the AUC difference (post-test minus
pre-test) in the CE group (r =-0.728; p = 0.041) and in the
EE group (r = -0.730; P = 0.040) (Figure 1 and Figure 2).
There was a positive correlation between the de-
crease of TG and AUC for the entire group (r =0.682; p =
0.005) and for EE (r = 0.857; p = 0.014) but not for CE.
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Figure 1. Relationship between AUC baseline values and
AUC change (post-test minus pre-test) of the CE group. CE:
concentric exercise (uphill walking); AUC: area under the curve of the
oral glucose tolerance test
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Figure 2. Relationship between AUC baseline values and
AUC change (post-test minus pre-test) of the EE group. EE:
eccentric exercise (downhill walking); AUC: area under the curve of the
oral glucose tolerance test

Discussion

The main findings of this study are as follows. First, up-
hill walking effectively improved glucose tolerance in
pre-diabetic men while downhill walking did not. Howev-
er, when adjusted for estimated energy expenditure, uphill
and downhill walking had equal effects on all metabolic
parameters. Secondly, high baseline values of the AUC
were the best predictor for improvements in glucose toler-
ance independent of the intervention.

Our findings do not confirm the results of prior
studies which showed that downhill walking is equally or
even more effective in improving glucose tolerance when
compared to uphill walking (Drexel et al., 2008; Zeppet-
zauer et al., 2013). Although we found no interaction

between CE and EE regarding changes of glucose toler-
ance, only CE lead to significant changes of the glucose
tolerance. When adjusted for estimated energy expendi-
ture, CE an EE have been equally effective but no superi-
or effects of EE could be found as reported before (Zep-
petzauer et al., 2013).

The overall metabolic changes seen after 3 weeks
of supervised training in pre-diabetic men were much
lower than found by Drexel et al. (2008) after 3 times per
week exercise for 8 weeks in healthy subjects. Although
using a comparable walking path but a shorter training
period and a different population than Drexel et al.
(2008), our results do not indicate that superior effects of
EE on any parameter of the glucose metabolism could be
expected after a longer training regimen.

The approximated insulin resistance remained
nearly unchanged after 3 weeks of exercise with 3 train-
ing sessions per week. This result is in agreement with
Marcus et al. (2009) who investigated the effects of regu-
lar EE on insulin sensitivity in pre-diabetic women using
an eccentric ergometer 3 times per week for 12 weeks and
performing hyperinsulinemic-euglycemic clamps. In
contrast, Paschalis et al. (2011) found a reduced HOMA
index after 8 trainings sessions over 8 weeks on an isoki-
netic dynamometer after EE but not after CE and Drexel
et al. (2008) found significant reductions of approximated
insulin resistance after CE and EE in healthy subjects.
These findings may suggests that the effectiveness of EE
in modulating insulin resistance and sensitivity is perhaps
less pronounced in pre-diabetic than in healthy persons.

Despite the unaltered insulin resistance after both
exercise modes, the AUC significantly improved after
CE. This could be explained by an enhanced insulin inde-
pendent glucose transport mediated via energy dependent
(e.g. interleukin 6) and mechanical stress dependent (e.g.
GTPase Racl) pathways (Carey et al., 2006; Sylow et al.,
2015). However further investigation is needed to confirm
such assumptions.

In contrast to Drexel et al. (2008), where HDL-C
remained unchanged after CE and EE, we found a signifi-
cant rise of HDL-C cholesterol and a significant decrease
of TC/HDL-C ratio after CE but not after EE. Even if the
results are still controversial, high volume aerobic exer-
cise, especially with an energy expenditure exceeding
1200 kcal/wk is often associated with elevations in HDL-
C levels (Durstine et al., 2001; Kodama et al., 2007
Slentz et al., 2007). Our CE group averaged an estimated
energy expenditure of approximately 1654 kcal/wk
whereas the EE group averaged approximately 843
kcal/wk. On the one hand, uphill walking as performed by
our CE group is more comparable to “classic” aerobic
exercise than downhill walking. The higher energy ex-
penditure and the characteristics of CE may be reasons for
the higher effectiveness in elevating HDL-C levels com-
pared to EE. On the other hand, downhill walking induces
high strain on the muscle while the metabolic cost is rela-
tively low compared to level or uphill walking (Camillo et
al., 2015; Johnson et al., 2002). EE may therefore be more
comparable to a resistance endurance training than to
aerobic exercise. Resistance training and low volume and
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intensity aerobic exercise are associated with LDL-C
lowering without influencing HDL-C (Gordon et al.,
2014; Kelley, 2004; Kelley and Kelley, 2009; Slentz et
al., 2007). Both features apply to downhill walking which
may explain that EE tended to decrease LDL-C/HDL-C
ratio that was mostly affected by a not significant but still
important decrease of LDL-C without changing HDL-C.
When adjusted for estimated energy expenditure, the
decrease of LDL-C even tended to be more pronounced
after EE than after CE.

TG was significantly lowered by CE but not by
EE. Aerobic exercise is commonly related to triglyceride
decreases in men (Durstine et al., 2001; Gordon et al.,
2014). The higher aerobic component and higher energy
expenditure of CE compared to EE may explain the supe-
rior effects of CE on TG (Durstine et al., 2001).

As type 2 diabetes is associated with dyslipidemia
and an increased cardiovascular risk (Taskinen, 2002),
persons at risk for diabetes benefit from an improved lipid
profile which is confirmed by the correlation between the
decrease of TG and AUC. Our findings suggest that CE is
more effective in improving HDL-C and TG levels while
EE may be more effective in improving LDL-C levels.
Unfortunately the improvements of lipid profile did not
result in significant changes of IR. Because insulin re-
sistance (IR) is closely related to oxidized LDL-C and an
increased HDL-C catabolism (Linna et al., 2015; Pont et
al., 2002), we may assume that the concentration changes
of lipids seen after CE and EE did not result in changes of
HDL-C and LDL-C metabolism. Type 2 diabetes and
dyslipidemia are commonly associated (Taskinen, 2002)
and the correlation between TG and AUC confirms the
close relationship between decreases of impaired glucose
tolerance and dyslipidemia.

Figures 1 and 2 illustrate that positive change of
the glucose tolerance seen after CE and EE are the highest
in persons with higher baseline values. The negative cor-
relations found between the baseline AUC value and the
extent of change after the training intervention in both
groups confirm that high baseline values were the best
predictor for improvements independent of the interven-
tion. Our results are not consistent with the observations
of Solomon et al. (2013) who found that improvements of
glycemic control were negatively influenced by high pre-
training hyperglycemia after a 12 to 16-week aerobic
exercise training period in type 2 diabetes patients. A
recent meta-analysis by Ishiguro et al. (2016) showed that
resistance training using high set numbers was the most
effective strength training strategy to reduce glycosylated
hemoglobin (HbA) in type 2 diabetes patients. Addi-
tionally, outcomes where positively influenced by a short
medical history of type 2 diabetes and by high baseline
HbA . levels. Both walking downhill and uphill are mixed
forms of aerobic and strength endurance exercises. When
considering that our participants were pre-diabetic, with-
out any medical history of type 2 diabetes, the mixed
exercise form and presumably higher HbA,. levels in the
participants with higher IFG and/or IGT, might explain
the negative correlations found between the baseline AUC
value and the extent of change after the training interven-
tion.

However, even if we did not find significant inter-
actions between CE and EE and no significant correla-
tions between the estimated energy expenditure and met-
abolic changes, the results still indicate that the higher
metabolic cost of CE was at least co-responsible for the
effectiveness of CE compared to EE. For example, AUC
improved in 6 out of 8 persons after CE but only in 4 out
of 8 persons after EE.

Moreover, our data suggest that there might be re-
sponders and non-responders to both training regimens.

Maximum heart rate during exercise capacity test-
ing significantly increased in the CE but not in the EE
group. As uphill walking was more intensive than down-
hill walking (see Table 4), we might assume that exercise
tolerance increased after uphill walking allowing the
participants to better explore their exercise capacity and
thus, heart rate limits.

Limitations

The relatively small sample size may be considered as a
limitation. However, the a priori sample size calculation
suggested a minimum of 8 participants per group. With-
out any drop-outs this goal could be achieved and a suffi-
cient sample size is also supported by the large effect
sizes demonstrated for all significant metabolic adapta-
tions. Moreover, our findings related to estimated energy
expenditure should outweigh a potential sample size is-
sue. Another limitation may arise from placing the post-
test close to the last training session. This could have led
to an overestimation or an underestimation of certain
metabolic changes. Furthermore, we neither monitored
diet and caloric intake nor physical activity patterns dur-
ing the study phase. Although we explicitly asked the
study participants not to change their eating, drinking or
physical activity habits during the study period, we cannot
entirely rule out that additional life style changes might
have influenced our results. Although our data do not
suggest that downhill walking may become more effec-
tive than uphill walking when performed over a longer
period, we cannot exclude potential changes over a longer
training period (Drexel et al., 2008; Zeppetzauer et al.,
2013). In addition, presented effects could be transferred
to a 3-week period of mountain holidays.

In contrast to studies displaying indoor or laborato-
ry training regimens, outdoor training cannot be compara-
bly standardized. For example, participants had to en-
counter changing weather conditions, also due to different
seasons. These uncontrollable external factors may have
influenced the results.

Metabolic effects per kJ were only estimated and
may not reflect the real effects seen after EE when per-
formed at the same energy expenditure as CE. However,
in a real world setting where participants go downhill at
fast speeds but without running, the energy expenditure
will normally not be as pronounced as when walking
uphill.

Conclusion

In contrast to downhill walking, 3 weeks of walking up-
hill the same hiking trail effectively improved glucose
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tolerance, triglycerides, HDL-C and TC/HDL-C ratio in
middle-aged pre-diabetic men. However, when consider-
ing the related estimated energy expenditure, both types
of walking could possibly have equal effects. Persons
with more pronounced impairments of glucose tolerance
benefited in particular from both training regimens. Thus,
uphill walking represents the preferential mode of exer-
cise but in patients with a low aerobic capacity and low
exercise tolerance, walking downhill may be an appropri-
ate preparation for later uphill walking. Thus, depending
on the fitness level and individual preferences both types
of exercise may be useful for the prevention of type 2
diabetes and disorders in lipid metabolism.
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Key points

e In contrast to downhill walking, 3 weeks of uphill
walking effectively improved glucose tolerance and
most of the measured lipid markers in pre-diabetic
men

e However, when considering the related estimated
energy expenditure both types of walking could pos-
sibly have equal effects

e Moreover, persons with more pronounced impair-
ments of the glucose metabolism benefited from both
training regimens

e Thus, depending on the fitness level and individual
preferences both types of exercise may be useful for
the prevention of type 2 diabetes and disorders in li-
pid metabolism
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