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Abstract

Background. An integral part of the treatment of diabetes is physical activity. Scientific reports have
shown the beneficial effects of hypoxia and exercise on cardiovascular and metabolic variables in patients
with diabetes.

Objectives. The aim of the study was to assess the effect of normobaric hypoxia and exercise on the serum
concentrations of proangiogenic factors and glycemia in patients with type 1 diabetes.

Material and methods. A total of 28 adults (aged 304 years +9.7 years), suffering from diabetes for
121 years +6.0 years and healthy individuals, participated in the following trials: normoxic (Nor) and hypoxic
(Hy) restand Norand Hy incremental exercise test (Ex) (FIO, = 15.2%). The Altitude Trainer Hypoxico System
(HYP-123 Hypoxic Generator, LOWOXYGEN Technology GmbH, Berlin, Germany) corresponding to a height
of about 2500 m above sea level was used in the study. Exercise tests were performed on a cycle ergometer
Excalibur Sport (Lode B.V,, Groningen, The Netherlands). Cardiorespiratory variables, glycemia, angiogenic
and hematological indices were measured at rest and in response to both exercise protocols.

Results. The present data confirmed that the patients with type 1 diabetes demonstrated a good level
of aerobic capacity and fitness. NorEx and HyEx resulted in a significant decrease in serum glucose concentra-
tion (p < 0.05vs p < 0.01). Patients with diabetes had higher baseline hypoxia induced factor-1alpha levels
compared to healthy adults (p < 0.05), which increased after exposure to hypoxia and hypoxia with exercise
(p < 0.001). Hypoxia significantly decreased baseline transforming growth factor-B (TGF-f) (p < 0.05) and
had a significant effect on tumor necrosis factor-a level (TNF-a) (F =4.9;p < 0.05).

Conclusions. Our study demonstrated that hypoxia combined with exercise reduces glycemia and may
induce significant benefits in the prevention of diabetes cardiovascular complications.
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Introduction

Type 1 diabetes (T1DM) is an autoimmune disease re-
sulting in the targeted destruction of pancreatic 3-cells and
permanent loss of insulin production. Currently, there is
no clear evidence of the benefits of regular physical activity
on glucose controlin type 1 diabetes. However, regular ex-
ercise decreases the risk of diabetes related complications
and ameliorates quality of life.!= It is widely accepted that
individuals who have been using intensive insulin therapy
can practice almost all types of physical activity.>* Recent
studies suggest that an increasing number of individuals
with type 1 diabetes are also practicing extreme sports (e.g.,
mountain climbing), even in high altitude conditions.>®

Regular exercise increases glucose metabolism through
an insulin-independent pathway, leads to increasing mus-
cle oxidative capacity and constitutes the most effective
stimulus for improvement in cardiovascular control.”-1
However, in people with diabetes, it may also be respon-
sible for the occurrence of some adverse reactions, such
as hypoglycemia, hyperglycemia, ketosis and diabetes
related complications. The metabolic and cardiovascu-
lar side effects of exercise may depend on the starting
levels of glycemia, type and/or intensity of exercise, and
use of exogenous insulin. During intense exercise (> 85%
of maximal oxygen consumption — VOyp.y), the epineph-
rine response can augment hepatic glucose output and
may lead to post exercise hyperglycemia. These can be
mitigated by administrating short-acting insulin ana-
logues before high intensity exercise. Prolonged exercise at
moderate intensity (40—60% of VO,.y) activates lipolysis,
glycogenolysis and gluconeogenesis to allow an adequate
supply of substrates for oxidative phosphorylation in con-
tracting muscles, which exposes the patient to the risk
of post-exercise hypoglycemia.?*

Scientific reports have shown that hyperglycemia is
mainly responsible for the development of micro- and/or
macroangiopathy.!'2 Chronically elevated blood glucose
concentration induces endothelium dysfunction, mani-
fested mainly by impaired vascular dilation. Impaired vas-
cular dilation, as well as hyperglycemia-induced disorders
of platelet function, cause greater monocyte chemotactic
activity and inflammation initiating the development of
vascular complications.!® Diabetes related angiopathy can
be aggravated by angiogenesis, which is mainly stimulated
by hypoxia and more specifically by hypoxia-inducible fac-
tor-1 alpha (HIF-1a). Hypoxia increases the level of HIF-1a,
which activates a number of genes related to hypoxia and
stimulates angiogenic molecules such as vascular endothe-
lial growth factor (VEGF), fibroblast growth factor (FGE),
transforming growth factor beta (TGF-p), transforming
growth factor alpha (TGF-a), and platelet-derived growth
factor (PDGF).1314

In diabetes, the chronic exposure of blood cells to hy-
perglycemia modifies the function of neutrophils which
lose diapedesis ability. They plug the lumen of the vessel,
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leading to local hypoxia and potentially to angiogenesis
intensification.!*

Contrary to these observations, Mackenzie et al. sup-
port the findings that acute hypoxia and physical exercise
appear to improve some aspects of glycemic control and
might be a valuable therapeutic method in the treatment
of people with type 2 diabetes.!> Exposure to hypoxia and
muscle contractions improved short-term glycemic con-
trol, and decreased pro-inflammatory cytokines and insu-
lin resistance.’® It has been hypothesized that the effects
of hypoxia may induce inflammatory responses indispens-
able for the ischemia-related neovascularization process
in physically active patients with diabetes.!*

Type 1 diabetes is associated with reduced skeletal
muscle capillarization and deregulation of complex an-
giogenesis pathways.!1718 The severity of microvascular
complications is associated with an increase in VEGF
concentrations, which is the main angiogenic factor in
poorly controlled patients. Chronic hyperglycemia may
be responsible for the intensification of angiogenesis in
the arterial walls, which can lead to atherosclerosis.!*?°
The significance of other factors stimulating the synthesis
of serum VEGF and VEGF-A mRNA expression, such as
cytokines, insulin-like growth factor-1 (IGF-1), nitric oxide,
glycation end products, and reactive oxygen species, has
also been reported.!>16:20

The physiological responses to lowered inspired oxygen
pressure, either mediated by barometric pressure reduction
(hypobaric hypoxia) or by lowering the oxygen fraction
(normobaric hypoxia), in diabetes mellitus are, however,
controversial 19162122 Hence, we aimed to evaluate the
effect of normobaric hypoxia with and without physical
exercise on the serum concentrations of proangiogenic
factors, glycemic control, and cardiorespiratory adaptation
in patients with type 1 diabetes mellitus.

Material and methods
Subjects

Fourteen patients suffering from type 1 diabetes (T1DM)
were randomly assigned to the study. All subjects were
recruited at the Diabetes Clinic of the Silesian Center in
Poland. Mean duration of diabetes was 12.1 (SD 6.0) years,
and glycated hemoglobin (HbA ;) was 55.2 (7.8) mmol/mol
(Table 1). All individuals with T1DM adhered to intensive
insulin therapy (NovoRapid — Novo Nordisk, Denmark;
Lantus — Lantus SoloStar, Sanofi-Aventis GmbH, Frank-
furt, Germany, or Humalog — Humalog Eli Lilly, Houten,
Nederland) and performed self-monitoring of blood glu-
cose on glycemic control. Half of the patients were using
continuous subcutaneous insulin infusion while the other
half used multiple insulin injections. Patients were advised
to reduce their basal insulin infusion by 50% prior to each
physical test.
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Only patients free of diabetic complications were en-
rolled. The other criteria for inclusion were no personal
history of other cardiovascular or metabolic diseases, no
simultaneous participation in another trial, being free
of any acute infections up to 1 week prior to the study,
nonsmokers and with good exercise tolerance confirmed
by the direct measurement of VOy,.x, and HbA ;. < 8.0%.
The medical history and information about diabetes eti-
ology of the study participants were prepared by medi-
cal personnel of the Silesian Center. The control group
consisted of 14 healthy nonsmoking individuals (CG)
of a similar age and aerobic efficacy.

A few days before the examination, the subjects were
asked to abstain from exercise, and also from the con-
sumption of alcohol and caffeinated drinks. For the entire
duration of experiment, their diet, fasting glycemia and
insulin dosage were monitored. Composition of the diet
was calculated with a dedicated software (Dietus, B.U.I.
InFit, Warszawa, Poland).

The study protocol was approved by the Local Ethics
Committee and conformed to the standards set by the
Declaration of Helsinki.

Testing protocol

Throughout the experiment, the patients and healthy
control individuals participated in the following trials: nor-
moxic (NorRest: FIO, = 20.9%; P = 990 hPa) and hypoxic
rest (HyRest: FIO, = 15.2%; P = 990 hPa) and normoxic
(NorEx: FIO, = 20.9%; P = 990 hPa) and hypoxic (HyEx:
FIO,=15.2%; P = 990 hPa) graded exercise test. The proto-
col was based on 3 laboratory studies (ambient conditions:
21°C, 60% relative humidity) after an overnight fast and all
studies were separated by at least 7 days. The participants’
body mass and composition were determined by means
of Bioelectrical Impedance Analysis (BIA) (InBody 220
Data Management System, Biospace, Seoul, Korea).

The Altitude Trainer Hypoxico System (HYP-123 Hy-
poxic Generator, LOWOXYGEN Technology GmbH,
Berlin, Germany). corresponding to a height of about
2500 m above sea level was used in the study.

Normoxic and hypoxic rest

In the first part of the experiment, the patients and
healthy control individuals rested for 40 min under Nor
and Hy conditions. Physiological variables and biochemi-
cal variables were measured immediately before the test
(PreEx) and after 40 min of rest (NorRest and HyRest).

Normoxic and hypoxic exercise test

All subjects participated in 2 graded exercise tests per-
formed on a cycle ergometer Excalibur Sport (Lode B.V.,
Groningen, The Netherlands) in normoxic (NorEx) and
hypoxic (HyEx) conditions. The tests started with a 3-min
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warm-up; the intensity was then increased by 30 W every
3 min up to maximal exercise intensity. Pulmonary ventila-
tion (VE), oxygen uptake (VO,) and carbon dioxide output
(CO,) were measured continuously from the 6" min prior
to exercising and throughout each stage of the exercise load
under both Nor and Hy conditions (Ergospirometr Meta-
lyzer 3B-2R; Cortex Biophysik GmbH, Leipzig, Germany).

Blood response measures and biochemical variables were
measured immediately before (PreEx) and at maximal ex-
ercise intensity (NorEx; HyEx). Blood glucose concentra-
tions, insulin dosages, and hypo- or hyperglycemia events
were controlled up to 24 h after exercise tests. Hypoglyce-
mia was diagnosed with a BG concentration < 70 mg/dL,
hyperglycemia with fasting BG > 130 mg/dL.* Prior to
and after the hypoxic exposure, as well as during both
exercise protocols, pulse oxygen saturation (SatO,, pulse
oximeter), heart rate (HR, PE-3000 Sport-Tester; Polar Inc.,
Kempele, Finland) and systolic and diastolic blood pres-
sure were measured (HEM-907XL; Omron Corporation,
Kyoto, Japan).

Biochemical analyses

Blood samples were taken from the cubital vein in the
morning at rest for the determination of HbA ;. (Ames DCA-
2000™ Immunoassay Analyzer — normal range: 4.2—6.5%),
BG (Glucose 201+, HemoCue) and cytokine/hormone
concentrations. The levels of HIF-1a, VEGF, and TGEF-3
were measured by enzyme-linked immunosorbent assay
ELISA kit (BlueGene Bitech Co., Ltd., Shanghai, China).
Serum insulin (INS) and tumor necrosis factor alpha
(TNF-a) were measured by immunoassays (DIAsource
ImmunoAssays, Ottignies-Louvain-la-Neuve, Belgium).
Serum IGF-1 was determined using an immunoradiomet-
ric assay IRMA kit (IGF-1-RIACT Cisibo, Gif-sur-Yvette,
France). Blood red blood cells (RBC), white blood cells
(WBC), lymphocytes (LYM), monocytes (MON), abso-
lute neutrophil count (ANC), and hemoglobin (HGB) level
were measured (ABX MICROS 60, HORIBA, Montpellier,
France). Blood lactate concentrations (LA) were deter-
mined using the Biosen C-line method (EKF Diagnostic
GmbH, Barleben, Germany); blood gases and acid-base
balance were also analyzed (RapidLab 348; Bayer Diag-
nostics, Leverkusen, Germany). The D-max method was
used to predict the anaerobic threshold based (LAT) on
the recorded blood lactate levels. Data estimated in plasma
after exercise was corrected for the after-exercise hemato-
crit change value. The obtained serum was aliquoted and
frozen at -80°C until assay.

Statistical analysis

All results are presented as mean +SD. The data was
analyzed by a two-way ANOVA followed by the Student-
Newman-Keuls test, when appropriate. The significance
of the differences between groups was also assessed with
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the post hoc Bonferroni correction. All analyses were per-
formed using Statistica v. 10 software package (StatSoft,
Tulsa, USA). Statistical significance was set at p < 0.05.

Results
Blood glucose, insulin dosage and diet

Subjects with TIDM and CG were matched for age and
they did not differ in body weight and composition (Ta-
ble 1). Average calorie supply with diet, mean daily fat and
protein intake on successive days of the experiment did not
differ significantly between the CG and T1DM groups.
The T1DM group demonstrated lower carbohydrate

Table 1. Subject characteristics (mean, SD)

Verible o |
Age [years] 24.0(5.2) 304 (9.7)
Body height [cm] 1749 (7.9) 1776 (9.6)
Body weight [kg] 70.6 (9.4) 76.0 (11.1)
BMI [kg/m?] 232024 24.1(3.0)
BFM [%] 17.1 (5.9) 18.3(8.2)
FFM [kq] 585 (84) 61.6 (10.6)
TBW [kg] 43.0 (6.2) 453 (7.8)
WHR [cm] 82.7(5.2) 87.2(4.9)
HbA, [mmol/mol] n.a. 55.2(7.8)
Duration of TIDM [years] n.a. 12.1 (6.0)

BMI - body mass index; PBF — percentage body fat; BFM — body fat mass;
FFM - fat-free body mass; TBW - total body water; WHR — waist-to-hip
ratio; HbA;. — glycated hemoglobin; n.a. - not analyzed.

Table 2. Mean calorie supply with diet, mean daily fat, carbohydrate and
protein intake on successive days of the experiment in CG and T1DM
(mean, SD)

Variable
Calorie supply with diet [kcal/kg/day] 35.7 (94) 31.1 (11.9)
Fat intake [g/kg/day] 14 (04) 1.2(0.7)
Carbohydrate intake [g/kg/day] 44(1.7) 3.6 (1.5)*
Protein intake [g/kg/day] 1.7 (0.5) 1.5(0.8)

#p < 0.05 significant differences between CG and TIDM.

Table 3. Fasting glycemia and insulin dosage on day 1 and day 2
of experiment in TIDM

Variable

Fasting glycemia day 1 [mg/dL] 123.5(19.1) 132.0 (21.2)
Fasting glycemia day 2 [mg/dL] 115.5 (44.5) 116.0 (17.0)
Insulin day 1 [units/day] 34.7 (11.6) 339(12.6)
Insulin day 2 [units/day] 359(13.6) 359(11.6)

Fasting glycemia — blood glucose concentration after an overnight fast;
insulin — insulin dosage; day 1 - the day of the Nor and Hy exercise; day 2
— the day following the Nor and Hy exercise tests.
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consumption compared to CG (p < 0.05) (Table 2). The sta-
tistical analyses did not reveal any significant differences
in fasting glycemia, nor in insulin dosage on the 1% and
27 day in Nor and Hy conditions (Table 3).

Normoxic and hypoxic rest

Significantly lower SatO, was observed after 40 min expo-
sure to HyRest compared to NorRest (91.0 vs 96.0%, respec-
tively; p < 0.05). Blood glucose (BG) concentrations were
lower in CG compared to patients with TIDM at baseline and
in response to resting hypoxia (Table 4). Forty-minute hy-
poxia did not induce significant changes in BG in TIDM. No
significant effect of hypoxia was observed regarding WBC,
RBC, HCT, and HBG concentrations (Table 5). The rest-
ing hypoxic intervention significantly altered HIF-1la
(F =5.1; p < 0.05). Significant increases of rest HIF-1a lev-
el were observed in the T1IDM group (p < 0.001) and CG
(p <0.05). Diabetes has a significant impact on resting HIF-1a
level (p < 0.001) in comparison to healthy controls. Signifi-
cantly lower TGF-f,. level (p < 0.05) in Hy compared to
Nor conditions was observed in T1DM subjects (Table 6).

Normoxic and hypoxic exercise test

Peak oxygen consumption (VO,), the criterion measure
for aerobic capacity, showed good exercise tolerance in
patients with T1DM (Table 4). A tendency toward in-
creased VOynmax and significant higher minute pulmonary
ventilation was observed in both groups in response to
exercise and hypoxia. ANOVA showed significant inter-
action effects of the test conditions (NorEx vs HyEx) and
group (T1IDM vs CG) on VE,,,, (F =21.1, p < 0.001), HR ;,ax
(F = 4.1; p < 0.05), and LA (F = 6.4, p < 0.01). Post-hoc
analysis confirmed higher values of VE,,, in HyEx than
NorEx for both T1IDM and CG (p < 0.01). Pre- and post-
exercise HR as well as SBP/DBP did not differ between
both protocols (p > 0.05).

No statistically significant effect of hypoxia on lactate
threshold (LAT) was observed. However, the participants
in both groups exhibited a tendency toward lower LAT in
HyEx compared to NorEx. Moreover, significantly greater
15 min post-exercise LA level in HyEx compared to NorEx
(8.8 £1.0 vs 10.3 +0.8 mmol/L, respectively; p < 0.05) was
observed in T1DM subjects. Significantly lower SatO, was
observed after both exercise protocols (p < 0.001) and post-
exercise pOamax (p < 0.01) and pCOypax (p < 0.01) (Table 4).

Two-way ANOVA revealed a significant effect of hy-
poxia and physical exercise on blood glucose concentra-
tions (F = 6.1; p < 0.01). In the TIDM group, lower glucose
levels were observed in normobaric hypoxia compared to
baseline and post-exercise levels in normoxia (p < 0.05).
Hypoxia and exercise (HyEx) had a significant impact on
HyEx (F = 5.8; p < 0.01). Compared to baseline, NorEx and
HyEx resulted in a significant decrease in BG (p < 0.05 vs
p < 0.001). Significantly lower BG levels were observed at
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Table 4. Cardiopulmonary indicators in hypoxia (Hy) and normoxia (Nor) for TIDM and CG

Variable 11O s
Hy \[e] Hy Nor

VOsmax [MLekgsmin~'] 439(7.8) 403 (7.3) 464 (7.7) 454(9.7)
Prmax [W] 207.7 9.2) 216.9 (12.0) 218.0 (8.6) 230.0 (11.0)
LAmax [mmol/L] 94(1.2) 9.2 (1.5) 9.3(1.8) 94(1.2)
LAT [W] 1459 (35.0) 153.7 (45.0) 140.3 (23.7) 156.0 (31.5)
VEmax [L/min] 121.0 (26.0) 101.6 (24.0)** 1219 (21.3) 102.3 (24.0)**
HRpre [L/min] 81.0 (14.0) 88.0 (15.0) 82.0(15.0) 86.0 (15.0)
HRmax [L/min] 177.0 (10.0) 178 (12.0) 181.0 (12.0) 183.0 (11.0)
SBPpre [Mm Hg] 119.0 (18.0) 118.0 (12.0) 116.0 (12.0) 112.0 (8.0)
SBPax [mm Hg] 150.0 9.0) 163.0 (13.0) 149.0 (12.0) 145.0 (13.0)
DBPyre [mm Hg] 770 (7.0) 72.0 (6.0) 72.0 (7.0) 70.0 (8.0)
DBPmax [mm Hg] 76.0 (8.0) 72.0(6,0) 72.0(7.0) 74.0 (7.0)
SatOomax [%] 90.8 (4.1) 97.0 (3.1)*** 92.0(0.8) 96.8 (1.0)***
POsmax [mm Hg] 62.8(1.8) 86.5 (1.6)** 60.2 (2.0) 873 (1.5
PCO,max [Mm Hg] 29.0 (1.0) 33.4(1.2** 29.1 (0.9) 33.1 (1.0)**
BGpre [mg/dL] 182 (10.8) 1964 (12.8) 92.5 (12.0)f# 92.9 (16.6)"
BGrmax [mg/dL] 1413 (9.2) 1704 (11.3)** 924 (10.6)** 91.1 (15.7)%#*

VO, — oxygen consumption; P — power; LA — blood lactate concentration; LAT — lactate threshold; VE — lung minute ventilation; HR — heart rate;

SBD - systolic blood pressure; DBD — diastolic blood pressure; SatO, — oxyhemoglobin saturation; pO, — partial pressure of oxygen in blood; pCO, - partial
pressure of carbon dioxide in blood; BG - blood glucose; o — measured at rest before exercise; ma, — measured in the last minute of the exercise test;

*p <0.05and ** p < 0.001 indicate statistically significant differences between Nor and Hy conditions; ## p < 0.001 indicates statistically significant
differences between CG and TIDM.

Table 5. Blood response measures following hypoxic (Hy) and normoxic (Nor) conditions

Variable

LYM Hy 107) 2.2(0.8) 42 (0.3 2.1(04) 2.0(06) 47 (0.5)%**
(o4 Nor 1(0.6) 0.6) 3.2(0.3) 2.2(0.5) 19 (04) 34 (0.3)***
ANC Hy 101.6) 3(1.0) 3.2(05) 32(1.2) 34(13) 8 (0.5)***
o°/4) Nor 4(0.8) 0(0.5) 26 (09) 310 3.8(1.0) 5.2 (0.8
MON Hy 7(0.3) 7(0.3) 0.7 (0.1) 0.5(0.3) 04(0.2) 9 (0.1
(oL Nor 06(0.2) 5(0.2) 0.6 (0.1) 03 (0.1) 03(0.2) 0.5 (0.1)*
WBC Hyp 58(2.3) 9(19 8.7 (0.9)* 50(1.0) 58 (1.6) 9.8 (1.2)**
no%/4) Nor 50 (19) 7(16) 71(1) 47(12) 6.0 (2.0) 9.0 (1.1)***
HGB Hy 14.8 (09) 151 (0.9) 159 (0.5) 155 (0.6) 159 (0.9) 1008
lo/L] Nor 15.1 (0.9) 15.1 (0.9) 16.0 (0.8) 16.1 (0.9)# 153 (1.1) 15.6 (0.6)
HCT Hy 437 (3.8) 442 (2.0) 46.8(1.7) 472 (19) 46.0(1.9) 476 (2.2)
[/ Nor 442 (2.0) 437 (3.8) 487 (29) 459 (2.1) 452 (2.0) 479(2.2)
RBC Hy 49(0.2) 49(0.5) 53(0.2) 54 (0.2)# 53(04) 55(0.2)
(10"/4] Nor 49(04) 49(0.2) 5.2(0.3) 55 (0.3)# 55(0.2)" 5.5(0.3)

LYM — lymphocytes; ANC — absolute neutrophil count; MON — monocytes; WBC — white blood cells; HGB — hemoglobin; HCT — hematocrit; RBC - red blood
cells; rest — measured at rest after 40 min of Nor and Hy; preEx — measured at rest before exercise; Ex.., — measured in the last minute of the exercise tests.
*p <0.05,* p<0.01,***p < 0.007 indicate statistically significant differences between max and preEx value; * p < 0.05 indicates statistically significant
differences between CG and T1IDM group.

maximal exercise intensity (p < 0.01) and in response to of hyper- or hypoglycemia indicated that hyperglycemia
a 15-min and 24-h recovery period after Hy Ex (p < 0.05) episodes were more frequent in patients after NorEx com-
compared to NorEx (Fig. 1). A tendency toward lower fast- pared to HyEx (30% and 20%, respectively).

ing glycemia on day 2 after graded exercise compared to Significant increases in WBC (p < 0.01) and LYM count

day 1 was observed (Table 3). The analysis of the incidence (p < 0.01) were observed in response to HyEx compared
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Table 6. Angiogenic factors in hypoxia (Hy) and normoxia (Nor) for TIDM and CG

Variable 11O £8
Hy Hy Nor

HIF-10ese [Ng/mL] 217.5(18.0) 36.1 (22.0*** 32.2 (5.2)# 20.1 (10.7)**
HIF-1amax [Ng/mL] 163.0 (48.6) 48.7 (21.6)** 38.0 (16.4)## 23.6 (89)**
VEGF e [pg/mL] 15.0 (8.5) 10.0 8.7) 114(6.5) 226 (15.8)
VEGFmax [Pg/mL] 10.3 (8.1) 237 (12.3)* 144 (8.1) 174 (11.3)
TGF-Brest [pg/mL] 113.0 (38.8) 141.0 (28.7)* 121.5 (45.5) 131.0 (18.8)
TGF-Brmax [pg/mL] 144.7 (34.2) 152.0 (32.1) 158.0 (34.8) 143.0 (42.0)
TNF-Ctres [pg/mL] 61.6 (23.5) 35.6 (16.9) 50.2 (30.0) 35.1(10.4)
TNF-Qpnax [pg/mL] 43.6 (14.0) 394 (144) 432 (14.3) 343 (77)
IGF-Trest [Ng/mL] 212.0 (80.0) 214.0 (86.0) 486.2 (75.0)" 474.0 (60.0)"
IGF-1max [Ng/mL] 233.0(83.0) 215.0 (98.0) 573.3 (58.3)% 550.0 (99.0)
INSest [Ng/ML] 74 (4.0) 5120 14.2 (5.3) 14.2(5.3)
INSmax [Ng/mL] 71 (2.9) 44 (0.6) 21.7 (12.0) 15.0(8.2)

*p < 0.05 and ** p < 0.001 indicate statistically significant differences between normoxic and hypoxic conditions; * p < 0.05; * p < 0.01; #* p < 0.001 indicate

statistically significant differences between CG and TIDM.

300 ~

@ T1DM Nor
250 4 OT1DM Hy

P e

200 -

*k

150 A

glucose [mg/dL]

100 A

50 A

Rest PreEx EXmax PostEx 15 min  PostEx 24 h

Fig. 1. Blood glucose concentrations at rest, pre-exercise (Prekx),

at maximal exercise intensity (Exqay), and in response to 15-min (PostEx
15 min) and 24-h recovery (PostEx 24 h) in normoxia (Nor) and hypoxia
(Hy) in patients with diabetes (T1DM)

*p <0.05 **p<0.01** p <0.001 indicate statistically significant
differences between preEx and post exercise value in Nor; #p < 0.01,
##p < 0.001 indicate statistically significant differences between prekx
and post exercise value in Hy.

to preEx count in TIDM. Exercise under Hy and Nor
conditions significantly increased LYM (p < 0.001), ANC
(p < 0.01), MON (p < 0.001) and WBC counts (p < 0.001)
in CG. ANC was significantly higher at maximal exercise
intensity (Hy and Nor) in CG compared to TIDM (p < 0.05).
T1DM participants exhibited a significant reduction in
RBC (p < 0.05) (Table 5).

The HyEx had a significant effect on serum HIF-la con-
centrations (F = 5.1; p < 0.05). Significant increases of post-
exercise HIF-1a (HyEx; p < 0.01) were observed compared
to Nor in T1DM and CG (p < 0.05). Diabetes has a sig-
nificant impact on post-exercise HIF-1a level (p < 0.001).

A tendency toward higher VEGF level was observed after
NorEx compared to HyEx (p = 0.05) and a non-significant
decrease was seen in response to HyEx compared to HyRest
in TIDM. Hypoxia significantly decreased baseline TGF-3
(p < 0.05) and had a significant effect on TNF-a level
(F = 4.9; p < 0.05). No significant effects of hypoxia were
observed regarding pre- and post-exercise INS and IGF-1
levels. In both conditions, significantly lower serum IGF-1
concentrations were observed in T1DM (p < 0.01). There
was a tendency toward higher IGF-1 levels after exercise in
HyEx compared to NorEx in both groups (Table 6).

Discussion

Effects of high intensity exercise
in normoxia and normobaric hypoxia

According to scientific reports, the primary aim of dia-
betes treatment is to achieve as stable glycemic control
as possible to prevent the long term complications.!~*
The present data confirmed that hypoxia combined with
physical activity have been shown to induce beneficial ef-
fects on glycemic control, the cardiovascular system and
exercise tolerance. Glucose control was improved after low-
and moderate-intensity exercise, but also in response to
high-intensity exercise combined with hypoxia.810.1516:23

Mackenzie et al. (in 2011 and 2012) have recently dem-
onstrated that combining physical exercise with hypoxia
has an additive effect on glucose utilization in people with
T2DM.1>23 The authors also noted that aerobic as well as
anaerobic exercise improve glycemia control, however, to
a different extent.

The major findings of our study are that a single bout of
graded exercise reduces glycemia in TIDM. The greatest
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and a safe decline in blood glucose concentration was
stated after exercise combined with exposure to hypoxia.
In this study, intense aerobic exercise in hypoxic condi-
tions decreases the hyperglycemic episodes compared to
NorEx and allows more effective control of post-exercise
glucose homeostasis. In patients with T1DM in normoxic
conditions, a high intensity exercise-induced increase
of BG concentration is followed by hypoglycemia hours
after completing the exercise. Indeed, in the present study,
episodes of hyperglycemia were mainly observed in re-
sponse to NorEx. Blood glucose concentration in the post-
exercise period could have been influenced by patients’ diet
and insulin administration. However, on day 2, patients
in fact applied the same doses of insulin compared to day 1.
Therefore, the differences of hyperglycemia mainly de-
pended on the exercise test conditions. Hypoxia and mus-
cle contractions reduce elevated blood glucose levels more
effectively, improve short-term glycemic control and may
be important in preventing post-exercise hyperglycemic
events.

It is well established that constant administration of vari-
ous insulin preparations, proper diet and regular physical
activity are essential to optimize glycemia control and
minimize potential diabetes complications.*® Recent
investigations also indicate that paracrine mechanisms,
observed during hypoxia exposure in isolated insulin-re-
sistant muscle tissue and in humans, may exert alternative
or parallel actions.?"?* Mackenzie et al. have shown lower
BG concentrations during hypoxia exposure associated
with an increase in INS sensitivity in T2DM.1>23 In this
study, the markedly lower BG level in TIDM patients after
exercising in hypoxic conditions may depend on higher
absorption of insulin in hypoxia due to vasodilatation
with increased endothelium-dependent dilator capacity,
higher production of endothelial nitric oxide (NO), and
eNOS expression. The possible mechanism might consist
of up-regulation of the body’s glycolytic energy pathways
to compensate for hypoxia-induced reduction in mito-
chondrial respiration. In our study, we could only assume
that a significant increase in post-exercise LA level and
lower LAT in HyEx might suggest higher stimulation
of anaerobic glycolytic pathways under hypoxic conditions.
These observations seem to confirm the abovementioned
significant role of anaerobic metabolism in adapting to
hypoxia and the possible use of glycolytic processes in
patients with TIDM.

Data concerning the effects of exercise and exposure
to hypoxic conditions on aerobic performance and health
condition is still sparse. Most studies report beneficial
effects of this type of exercise compared to exercise in
normoxia in healthy individuals.?>2° However, there is not
enough data on the effects of hypoxia with and without
exercise on the condition of the cardiovascular and im-
mune systems of people with diabetes.>®1°
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Angiogenic factors
in response to normobaric hypoxia

It has been previously documented that diabetes is as-
sociated with angiopathy, the latter being possibly aggra-
vated by angiogenesis.!*!* An important result presented
in this study is the significant effect of diabetes on the
level of proangiogenic factors. Patients with diabetes had
significantly higher baseline HIF-1a levels and lower serum
IGF-1 concentrations compared to healthy control. There
were no differences in baseline VEGF and TNF-a between
T1DM and CG. The higher HIF-1a level and the lower
serum IGF-1 concentrations observed in TIDM compared
to healthy subjects might suggest that these factors may
modify angiogenesis processes.

The major finding of the study is that 40 min exposure
to hypoxia significantly decreased TGF-f} concentrations
in patients with TIDM. This factor has anti-inflammatory
action, so if hypoxia in T1IDM lowers TGE-f levels, it could
suggest that hypoxia lowers the anti-inflammatory poten-
tial of these patients. However, the tendency toward higher
TGF-p and lower HIF-1a, VEGF and TNF-a observed in
response to exercise after hypoxia compared to HyRest and
lower VEGF after HyEx compared to NorEx may suggest
the beneficial effects of exercise in hypoxia on the regula-
tion of pro-angiogenic pathways and possible stabilization
of angiogenesis in physically active patients.

According to Sanchez-Elsner et al.,, HIF-1a stimulates
the secretion of TGF-B.? Interestingly, TGF-f stimulates
angiogenesis by inducing apoptosis of endothelial cells.
It has been shown that elevated glycemia activates inflam-
matory cells to the production of this factor. Excessive
secretion and activity of TGF-f3 was confirmed in diabetic
nephropathy and retinopathy, and also in other patho-
logical conditions.?® In the present study, baseline levels
of TGE-P3 were lower in Hy conditions in the TIDM group.
Since evaluation of TGF-f is a valuable tool for the diag-
nosis of diabetic complications, the study findings could
suggest a beneficial effect of hypoxia (FIO, = 15.2%) and
exercise in the prevention of these disorders. No significant
differences in post-exercise TGF-p concentrations in the
T1DM group compared to healthy subjects allows us to
assume that this factor could not contribute to cardiovas-
cular complications in response to high intensity exercise.

In our study, we also analyzed blood markers for immune
function in people with diabetes and healthy individuals.
A more pronounced increase in circulating monocytes
and neutrophils as well as higher LYM and WBC counts
immediately after exercise in response to HyEx and NorEx
in CG seemed to suggest greater immune activation — prob-
ably in response to higher sympathetic activity compared
to T1DM subjects. Type 1 diabetes mellitus is character-
ized by beta cell destruction caused by an autoimmune
process, usually leading to absolute insulin deficiency.!
Under physiological conditions, there is a balance between
pathogenic T cells that mediate disease and regulatory cells
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that control autoimmunity. However, an imbalance in the
activity between the pathogenic actions of auto-reactive
effector T cells (Teffs) and a second T cell subtype, known
as regulatory T cells (Tregs), may be crucial in the break-
down of peripheral tolerance, leading to the development
of TIDM.”

According to our study, hypoxia and exercise did not
increase cytokine concentrations. Moreover, the results
of leucocyte measurements indicated that exercise under
hypoxic conditions may induce lower immune response
in T1IDM compared to CG and allows a hypothesis that
exposure to HyEx (FIO, = 15.2%) is not a factor leading to
an increased number of diabetes complications. It is worth
pointing out that our participants with T1DM had baseline
HbA ¢ levels slightly over the reference range, suggesting
proper long-term glycemia control and the effects of dia-
betes on the immune system might not be so spectacular.

Since multiple signaling pathways may be responsible
for preventing TIDM complications, we also analyzed ex-
ercise-induced serum IGF-1 responses. The previous data
demonstrated that administration of IGF-1 and/or a com-
plex of IGF-1/IGFBP-3 effectively enhanced f-cell resis-
tance to cytokine-induced cytotoxicity and might prove an
efficacious therapy for TIDM complication prevention.°
On the other hand, the results of in vitro and in vivo studies
have demonstrated that IGF-1 activates the phosphatidyl
inositol (PI), 3-kinase/Akt and mitogen-activated protein
kinase (MAPK) signaling pathways and induces the growth
of myocytes. The pathways play a significant role in the
induction of muscle hypertrophy and an increase in IGF-1
secretion in response to hypoxic conditions accompanied
by reduced glycemia. This might constitute an important
mechanism in the prevention of skeletal muscle hypotonia
and cardiomyocyte dysfunction in T1IDM patients. Our
results allow us to assume that HyEx might constitute an
important factor leading to IGF-1 elevation. As we did not
assess differences in the levels of other hormones, we could
only hypothesize that the exercise- and hypoxia-induced
increase in IGF-1 availability in tissues might act as an
important protective factor against the aforementioned
diabetes complications.

Another important result presented in our study is the
significant effect of Hy on the levels of proangiogenic fac-
tors. Diabetes has a significant impact on both resting and
post-exercise HIF-1a levels, but not on the main angiogenic
factor, i.e.,, VEGF. In this study, lower VEGF levels were
observed after HyEx compared to NorEx. Importantly,
lower serum concentrations of TGF-f3 and a tendency to-
ward higher IGF-1 were seen in response to exercise in
hypoxia compared to normoxia in T1IDM. However, no
significant effect of exogenous insulin dose was observed
in serum INS concentrations in Hy compared to NorRest
and NorEx in both T1DM groups.

Diabetes mellitus is a generally accepted risk factor for
vascular dysfunction, contributing to the development
of serious complications.''>2° The coexistence of
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enhanced angiogenesis, such as in proliferative retinopa-
thy or atherosclerotic plaque angiogenesis, and impaired
neovascularization in diabetes is defined as “the angiogenic
paradox”.?! Diabetes related vascular complications can be
caused by micro- and macroangiopathy depending on the
increase in glycemia, inflammatory and oxidative stress,
and is associated with deregulation of cellular and tissue
response to ischemia. VEGF is a potent angiogenic fac-
tor. It stimulates the proliferation and differentiation of
endothelial cells, prevents apoptosis of muscle and endo-
thelial cells, and regulates vasodilatation. VEGF expression
has been evidenced to increase under hypoxic conditions
largely due to HIF-1a.1%2° Hence, HIF-1a mediates VEGF
expression and stimulates inflammatory cells to secrete
adirect stimulator of angiogenesis (TGF-f3, TNF-a), which
has a pro- and antiangiogenic effect. The results of several
studies on HIF-1a expression in diabetes show both its
inhibition and enhancement. Xiao et al. emphasized the
stimulating effect of high BG on HIF-1a synthesis and
transcriptional activity in human epithelial cells.3? Than-
garajah et al. reached the opposite conclusions, suggesting
an inhibiting effect of hyperglycemia on HIF-1a secretion
in diabetes.!” The results of the present study revealed
significantly higher baseline levels of HIF-1la in T1IDM
subjects associated with hyperglycemia. Hypoxia increased
the concentration of HIF-1a probably in response to the
effects of inhibition of its degradation. It could be sug-
gested that hypoxia is much more challenging to patients
with diabetes than to healthy subjects. Higher baseline
HIF-1a concentration during a hypoxic state could lead to
the conclusion that hypoxia is not as beneficial for TIDM
patients as for healthy individuals. However, it might be
hypothesized that reduced hyperglycemia in response to
hypoxia with exercise contributes to lower local stimula-
tion of endothelial cells to express HIF-1a and VEGF. Poor
glycemic control causes higher serum HIF-la concentra-
tion and could be associated with marked serum VEGF
increase. Hence, the improvement of glycemic control with
the significant reduction in proangiogenic factors observed
in our study in response to hypoxia and exercise helps
decrease the risk of severe microvascular complications
in TIDM. A revision of the recent findings published in
the literature regarding the angiogenic paradox will be
performed. Apparently, endothelial dysfunction, as well
as molecules such as VEGF and HIF-1q, play a major role
in vascular complications. In addition, the monocytes/
macrophages are important in endothelium activation for
arteriogenesis and its arteriogenic response is reduced,
leading to impaired collateral artery growth. Moreover,
the molecular mechanisms involved will be addressed,
including abnormalities in growth factor, cytokines and
metabolic derangements.?
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Conclusions

In summary, our results show that short-time hypoxia
combined with graded exercise increases cardiorespiratory
adaptation to exercise and allows more effective control
of glucose homeostasis in patients with type 1 diabetes.
The pattern of observed changes in pro- to anti-angiogenic
factors suggests that hypoxia may provide benefits in the
prevention and management of diabetes complications,
even in patients participating in high intensity physical
training. Whether this therapy might result in a long-term
clinical benefit needs further investigation.

Limitations

Intensive insulin therapy impedes the interpretation
of the effects of different study protocols on glycemic con-
trolin the group of patients. In addition, the concentrations
of angiogenic and inflammatory factors in blood serum
were assessed only immediately after exercise, which lim-
its the ability to draw conclusions about the long-term
therapeutic effects.
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