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Abstract

BACKGROUND

It is known that under conditions of tissue tolerance to insulin, observed during
type 2 diabetes mellitus (DM2), there is an increased production of reactive
oxygen species. Moreover, the free radicals can initiate lipid peroxidation (LPO)
in lipoprotein particles. The concentration of LPO products can influence the state
of insulin receptors, repressing their hormone connection activity, which is
expressed as a reduction of the glucose consumption by cells. It is possible that
reduction in glucose concentration during administration of 10-(6-
plastoquinonyl) decyltriphenylphosphonium (SkQ1) to rats with DM2 may be
related to the antioxidant properties of this substance.

AIM
To establish the influence of SkQ1 on free-radical homeostasis in the heart and
blood serum of rats with streptozotocin-induced hyperglycemia.

METHODS

To induce hyperglycemia, rats were fed a high-fat diet for 1 mo and then
administered two intra-abdominal injections of streptozotocin with a 7-d interval
at a 30 mg/kg of animal weight dose with citrate buffer equal to pH 4.4. SkQ1
solution was administered intraperitoneally at a 1250 nmol/kg dose per day.
Tissue samples were taken from control animals, animals with experimental
hyperglycemia, rats with streptozotocin-induced glycemia that were
administered SkQ1 solution, animals housed under standard vivarium conditions
that were administered SkQ1, rats that were administered intraperitoneally
citrate buffer equal to pH 4.4 once a week during 2 wk after 1-mo high-fat diet,
and animals that were administered intraperitoneally with appropriate amount
of solution without SkQ1 (98% ethanol diluted eight times with normal saline
solution). To determine the intensity of free radical oxidation and total
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antioxidant activity, we used the biochemiluminescence method. Aconitate
hydratase (AH), superoxide dismutase, and catalase activities were estimated
using the Hitachi U-1900 spectrophotometer supplied with software. The amount
of citrate was determined by means of the Natelson method. Real-time
polymerase chain reaction was carried out using an amplifier ANK-32.

RESULTS

It was found that the mitochondrial-directed antioxidant elicits decrease of
biochemiluminescence parameter values that increase by pathology as well as the
levels of primary products of LPO, such as diene conjugates and carbonyl
compounds, which indicate intensity of free radical oxidation. At the same time,
the activity of AH, considered a crucial target of free radicals, which decreased
during experimental hyperglycemia, increased. Apparently, increasing activity of
AH influenced the speed of citrate utilization, whose concentration decreased
after administering SkQ1 by pathology. Moreover, the previously applied anti-
oxidant during hyperglycemia influenced the rate of antioxidant system
mobilization. Thus, superoxide dismutase and catalase activity, as well as the
level of gene transcript under influence of SkQ1 at pathology, were changing to
the direction of control groups values.

CONCLUSION
According to the results of performed research, SkQ1 can be considered a
promising addition to be included in antioxidant therapy of DM2.

Key words: Diabetes mellitus; Free radical oxidation; Antioxidants; 10-(6-plastoquinonyl)
decyltriphenylphosphonium

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: The results of this research suggest that the mitochondria targeted antioxidant
10-(6-plastoquinonyl) decyltriphenylphosphonium (SkQ1) might be a potential
substance for incorporation into the antioxidant therapy of type 2 diabetes mellitus. The
ability of this compound to lower the intensity of free-radical processes, acting as the key
component of the pathogenesis of the type 2 diabetes mellitus, serves as the basis for this
conclusion. Thus, after the introduction of SkQ1 to the animals with streptozotocin
induced hyperglycemia, the values of the biochemiluminescence parameters reflecting
the free-radical oxidation intensity, the concentration of diene conjugates and carbonyl
products of protein oxidation, aconitate hydratase activity, and citrate content
approached those of control values. At the same time, the activity level of the antioxidant
enzymes superoxide dismutase and catalase approached those of normal values.

Citation: Agarkov AA, Popova TN, Boltysheva YG. Influence of 10-(6-plastoquinonyl)
decyltriphenylphosphonium on free-radical homeostasis in the heart and blood serum of rats
with streptozotocin-induced hyperglycemia. World J Diabetes 2019; 10(12): 546-559

URL: https://www.wjgnet.com/1948-9358/full/v10/i12/546.htm

DOI: https://dx.doi.org/10.4239/wjd.v10.i112.546

INTRODUCTION

Type 2 diabetes mellitus (DM2) is a pandemic metabolic disease and is becoming a
serious problem for health protection due to the global increase of its prevalence.
Endocrinopathic complications, such as nephropathy, retinopathy, brain angiopathy,
myocardial angiopathy, and lower limbs angiopathy, prove to be the major reason for
incapacity, disability, or patient mortality. It is known that diabetic cardiomyopathy
develops in patients with insulin resistance and DM regardless of diagnosed coronary
heart disease or hypertension!'.

The crucial target is vascular endothelium, which is affected by a number of
metabolic, hemodynamic, and immunologic factors that characterize the development
of the diseasel”. It has been shown in DM2 that the delivery of fatty acids to the
myocardium is intensified and glycolysis is slowed down!’l. At the same time, the
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concentration of reactive oxygen species (ROS) have a damaging effect on the lipids of
cardiomyocyte membranes and contribute to the mitochondrion mechanism
malfunction and, as a result, to the inhibition of ATP elaboration. This leads to
calcium imbalance in cardiomyocytes and results in muscular relaxation and
contraction. Hyperglycemia as well contributes to the development and progression
of fibrotic degeneration of cardiomyocytes due to the increased deposition of collagen
in the interstitium/.

Taking into account the most important factors of free radical oxidation activation
in the pathogenesis of DM, as well as in the development of its complications,
antioxidant therapy should be considered among the modern medical
endocrinopathy treatment technologies. In this context, there is an urgent need for
effective substances that would protect cellular structures from oxidative stress.

Ten-(6'-plastoquinonyl) decyltriphenylphosphonium (SkQ1) is an aromatic cation
(triphenylphosphonium) conjugated with a 10-12 atom aliphatic compound as well as
plastoquinone, which is an active molecular component of this substancel.

Several Sk-compounds with modified lipophilic and antioxidant parts were
synthesized and tested by varying the length of the aliphatic linker. All these
compounds have abbreviated names derived from the surname of Russian
academician Skulachev VP (Sk), the letter to designate ubiquinone (Q), and the letter
or numerical symbol to designate the modification.

When used in nanoconcentrations, this substance participates in the ROS balance
regulation as it has the ability to neutralize free radicals (FR), including OH radicals in
aqueous solutions. This may protect cells from apoptosis and necrosis induced by
ROS!"

The goal of this study was to evaluate the influence of SkQ1 on biochem-
iluminescence (BCL) parameters, which reflect the free radical processes reactions
rate, the total activity of the antioxidant system (AOS), the level of primary lipid
peroxidation (LPO) products such as diene conjugates (DC), the activity of aconitase,
which is the sensitive target of FR action and citrate content, the degree of protein
oxidative modification, the activity of superoxide dismutase (SOD) and catalase, and
the level of their genes’ transcripts in heart and blood serum of the rats with
hyperglycemia induced by the administration of streptozotocin (STZ).

MATERIALS AND METHODS

Experimental animals

To conduct the study, laboratory rats were selected of nursery rat males from Federal
State-financed Organization of Health Service “Voronezh Hygiene and Epidemiology
Center”. The animals were divided through stratified randomization by their weight
and age. The rats used for the study weighed 200-250 g and aged 3-5 mo. The
experimental animals were kept for 14 d before the start of the study under the
following conditions: 12-h light day, temperature 21-25 °C, and food ad libitum. The
experiment was carried out in accordance with European legislation on the protection
of animals (Directive 2010/63/EC).

Hyperglycemia induction in animals

Hyperglycemia was induced by feeding rats a high-fat diet for 1 mo, followed by two
intra-abdominal injections of STZ with a 7-d interval at a 30 mg/kg of animal weight
dose with citrate buffer equal to pH 4.4,

Hyperglycemia in rats was verified by measuring glucose level in the blood serum
using a glucose oxidase test. The blood was collected twice with a day-interval from
caudal vein after the second administration of STZ and 1-d food deprivation. The
reagent kit used for the study was purchased from Vital Diagnosticum, Saint-
Petersburg, Russia.

At 2 wk after STZ administration, drugged animals were devitalized for further
research. The laboratory rats were divided into four groups: Group 1 (n = 20), animals
housed under standard vivarium conditions (control group); group 2 (n = 20), animals
with STZ injection-induced hyperglycemia; group 3 (n = 12), animals with STZ-
induced glycemia that were administered SkQ1 solution intraperitoneally at a 1250
nmol/kg dose per day, starting from the second week; and group 4 (n = 8), animals
housed under standard vivarium conditions that were administered with SkQ1 at a
1250 nmol/kg dose per day, during the second week of conducting the experiment.
Group 2 also included rats (n = 8) that were administered intraperitoneally with
appropriate aliquot quantity of citrate buffer equal to pH 4.4 once a week during 2 wk
after 1-mo high-fat diet. Group 3 included animals (n = 8) that were administered
intraperitoneally with appropriate amount of solution without SkQ1 (98% ethanol
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diluted eight times with normal saline solution).

Preparation of materials for the study

To obtain tissue homogenate, heart tissue sample was homogenized in triple amount
of cooled medium (0.1 mol/L Tris-HCI buffer (pH 7.8) containing 1 mmol/L EDTA,
1% beta-mercaptoethanol) and centrifuged for 10000 g for 15 min. The serum was
obtained from venous blood collected in test tubes without anticoagulant. For this
purpose, the blood was thermostated at a temperature of 37 °C until phase
immiscibility, and supernatant fluid was centrifuged for 4000 g for 10 min. The
obtained serum was used for further examination.

Evaluation methods of the intensity of free radical oxidation

The free-radical oxidation and total antioxidant status processes intensity was
measured by applying the Fe*"-induced biochemical luminescence method. The
principle of the method is based on catalytic degradation of peroxide by transition
valence metal ions (Fe?*) in accordance with the Fenton reaction. Catalytic
degradation leads to the formation of FR that enter free-radical oxidation initiation
process in the examined biotic substrate. Recombination of RO, radicals results in
unstable tetroxide formation that causes liberation of light quantum when it degrades.
Biochemicoluminescence kinetic curve was recorded for 30 seconds using BCL-07
with software (Medozons OOO, Nizhny Novgorod, Russia), and the following
parameters were measured: Chemicoluminescence light sum (S) and flash intensity
(L. that characterized free-radical oxidation intensity and slope of curve magnitude
(tga,) depicting total antioxidant status.

The medium for estimating BCL intensity contained 0.4 mL of 0.02 mol/L
potassium phosphate buffer (pH 7.5); 0.4 mL of 0.01 mol/L FeSO,, and 0.2 mL of 2%
H,0, solution that had been added immediately prior to measurement. The test
material had been added in an amount of 0.1 mL prior to measurement.

The amount of DC was measured by means of spectrophotometric method at 233
nm",

The oxidative modification of proteins valuation method is based on the interaction
between oxidized amino acid residues and 2.4-dinitrophenylhydrazine (2.4-DNPH)
that forms 2.4-DNPHs!"". Protein load was identified by the biuret test.

The concentration of DC was analyzed spectrophotometrically at 233 nm!“.

For the analysis of protein oxidative modification (POM), we used the method
based on the interaction between oxidized amino acid residues and 2.4-DNPH using
the Hitachi U-1900 spectrophotometer (Hitachi High-Technologies, Tokyo, Japan)®.

Enzyme analysis

Aconitate hydratase (AH) activity was estimated using the Hitachi U-1900
spectrophotometer supplied with software at 233 nm in the medium that contained
0.05 mmol/L of Tris-HC1-buffer (pH 7.8) and 4 mmol/L of sodium citrate (PanReac,
Barcelona, Spain)!’l.

The amount of citrate was determined by means of the Natelson method!".

SOD activity was determined by the nitroblue tetrazolium recovery rate inhibition
in the non-enzymatic system of phenazine methosulfate (PMS) and NADH.

The incubation medium, with a total volume of 3 mL, contained 0.1 M phosphate
buffer (pH 7.8), 0.33 mmol/L EDTA, 0.41 mmol/L NBT, 0.01 mmol/L PMS, and 0.8
mmol/L NADH. The activity was measured spectrophotometrically according to the
extinction augmentation after 5 min using the Hitachi U-1900 spectrophotometer at
540 nm!.

Catalase activity was determined at a wavelength of 410 nm using the method
based on the ability of hydrogen peroxide to form stable colored complex with
ammonium molybdatel'’].

The amount of the enzyme that was required for the conversion of 1 mM of
substrate per min at 25 °C was defined as the enzyme unit (E). Biuret method was
used to determine the protein content.

Total RNA extraction

Total RNA was isolated from heart tissues and blood cells of experimental animals
using Extran RNA reagent kit (Syntol Company, Moscow, Russia). The severity of
RNA degradation was determined via 1% denaturing agarose gel electrophoresis. The
amount of RNA was determined by measuring the absorption at a wavelength of 260
nm using a Hitachi U-1900 spectrophotometer.

A process of reverse transcription

M-MuLV Reverse Transcriptase (Fermentas, Vilnius, Lithuania) was used to carry out
reverse transcription. DNA, or complementary mRNA, was obtained via Oligo(dT) 18
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Primer. The reaction was carried out at 40 °C for 1 h with the following inactivation of
reverse transcriptase at 70 °C per 15 min. Ready-to-use cDNA was used for real-time
amplification.

A real-time PCR amplification

The primers selected via a database of a web-based system Universal Probe Library
(Universal Probe Library Assay Design Center) were applied to amplify the region of
a gene.

PCR amplification was based on reagent kits containing the SYBR Green I (Syntol
Company). Real-time PCR was carried out using an amplifier ANK-32 (Syntol
Company) according to the following pattern: Per 5 min at 95 °C, then 40 cycles: 95 °C
155, 60 °C 15 s, 72 °C 30 s. The next step was to analyze the threshold cycle value
obtained by PCR amplification. Among other scientific experiments, there was also a
negative control for: (1) An impurity of foreign DNA set components; and (2) A purity
level of sample preparation for the amplification. Negative control consisted of a
separate test tube at each process of amplification with an equal amount of water
instead of DNA test sample.

Reagents used in the research

During the study, the following chemicals were applied: STZ, Tris-HCI, citrate,
nitroblue tetrazolium, PMS, NADH (Sigma, St Louis, MO, United States), SkQ1
synthesized according to the following method®, EDTA (Reanal, Budapest, Hungary),
and other chemicals of “chemically pure” or “analytically pure” grade purchased
from Russian manufacturers.

Outcome analysis

Experiments were done in at least 8-20 biological and two analytical replicates. The
results were compared with the control. The data were statistically analyzed using a
software package STATISTICA 6.0 with numerical variables - arithmetical mean (M),
mean error (m), and statistical significance level (P). Normal distribution data were
compared by applying Student's f-test for Bonferroni correction in independent
samples!'!l. Significance level was set at *P < 0.0167 and *P < 0.0167.

RESULTS

The study showed that SkQ1 administration lowered glycemic level by 2.5 times,
which was initially upregulated 2.7 times relative to the control (Table 1). The glucose
level of the animals of the fourth experimental group was not significantly different
from the stated value. Moreover, glucose concentration was within the stated value in
rats of the second experimental group having been administered citrate buffer and of
the third group having been administered an aliquot of 12% ethanol.

It is also established that S of BCL value increased by 2.2 times in rats” hearts under
pathological conditions and in blood serum by 2.1 times. I, BCL increased by 2.5 and
2.0, respectively, compared to the control group, demonstrating increased intensity of
free radical oxidation. It is known that the processes of glucose autoxidation and its
metabolic intermediates, glycosylation of protein and end-product accumulation of its
modification, sorbitol exchange mobilization, glucose utilization via hexosamine
pathway, and protein kinase C (PKC) activation may be free radical oxidation sources
in DM20L

The values of BCL tga, increased in rats” hearts with pathology by 2.1 times and in
blood serum by 2.3 times (Table 2), indicating compensatory mechanisms
implementation and general antioxidant potential organism mobilization during the
development of experimental hyperglycemia.

The administration of SkQ1 led to the S of BCL values decrease in rats” hearts by 1.3
times and in blood serum by 1.6 times and I ,, BCL by 1.5 and 1.6, respectively (Table
2). BCL tga, parameter decreased in rats’ hearts by 1.5 times and in blood serum by
1.4 times (Table 2).

No statistically significant BCL parameters changes in rats of the fourth
experimental group and the animals belonging to the second experimental group that
have been administered citrate buffer and to the third group that have been
administered aliquot of 12% ethanol compared with control have been observed
(Table 2).

The data received as a result of a research conducted upon the mitochondrial-
directed antioxidant and its effect on biochemical luminescence parameters
correspond with the results of the assessment of DC level and POM products. It has
been shown that the level of DC in the heart and blood serum of animals of the third
group has declined 1.4 and 1.7 times, correspondingly, in comparison with the
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Table 1 Glucose concentration in rats’ blood

Glucose concentration in rats’ blood, mmol/L

The 9" d after STZ administration  The 11" d after STZ administration

Control group 5.09 +0.081 5.41 +0.088
Animals with experimental hyperglycemia induced by streptozotocin 10.01 + 0.166" 14.6 £ 0.241°
SkQ1 is administered to animals with pathology 6.04 +0.099" 5.87 +0.096"
SkQ1 is administered to animals at control group 5.1+0.083 5.30 £ 0.086

2P <0.0167 compared with control;

PP <0.0167 compared with pathology. SkQ1: 10-(6-plastoquinonyl) decyltriphenylphosphonium; STZ: Streptozotocin.

pathology (Table 2). It was found that the concentration of primary products of LPO
in the heart and blood serum of rats from the second group increased 2.4 and 3.3
times, correspondingly (Table 2). The progression of hyperglycemia with animals
injected with STZ went along with the increase in POM products content: 2.7 times in
the heart and 6.3 times in blood serum in comparison with the control group. After
the injection of rats with pathology with SkQ1 carbonyl compounds, the level
decreased 1.5 times in the heart and 2.0 times in blood serum in contrast with the
pathology (Table 2).

DC and carbonyl compounds content in the heart and blood serum of rats under
the standard mode of the vivarium and injected with SkQ1 and of animals from the
second experimental group injected with citrate buffer and the third group that were
administered with aliquot of ethanol with mass fraction of 12% did not change
significantly in comparison with the control level (Table 2).

It is known that FR may have aconitase as a target of action. Decline in activity of
aconitase is interrelated with the accumulation of citrate that, in turn, is an effective
low molecular weight antioxidant due to its chelating properties in relation to ions
Fe2+[lh].

It has been established that in case of hyperglycemia, specific activity of aconitase
declines 1.9 times in the heart and 2.3 times in blood serum of rats in comparison with
the control level (Figure 1). The slowdown in activity of aconitase within the
pathology is clearly connected with intensification of ROS formation and the
induction in the development of oxidative stress. It was found that FR participate
directly in the oxidation and inactivation of the aconitase iron-sulfur cluster. The long-
term exposure of FR leads to the dismantlement of [4Fe-4S] cluster, carbonylation, and
degradation of the enzyme.

As a result of SkQ1 exposure, the specific activity of the given enzyme increased 1.4
times in the heart and 1.8 times in blood serum in comparison with the data received
from experimental hyperglycemia (Figure 1). It appears that the administration of
protector in the bodies of animals with pathology facilitated a decline in the level of
ROS and, as a result, a decrease in the damage degree of the molecule of the enzyme
and a change in aconitase activity towards control.

Along with the development of the examined pathology, citrate content increased
2.1 times in the heart and 2.5 times in blood serum (Table 2). Presumably, it was
mediated by the inhibition of aconitase. In turn, citrate accumulation could be an
adaptive process with the development of oxidative stress at pathology, due to the
fact that citric acid chelates iron ions and decreases the Fenton’s reaction rate. As a
result, the possibility of hydroxyl radical formation declines.

It was found that the injection of SkQ1 leads to the decline of citrate content by 1.5
times in the heart and by 1.3 times in blood serum (Table 2). Presumably, the
antioxidant effect provided by SkQ1 was manifested by the decline in the level of
oxidative stress and by damage degree of the aconitase molecule. As a result, the
activity of the given enzyme increased and led to the increase in citrate utilization
rate.

The administration of SkQ1 to the animals of the fourth experimental group did not
cause any statistically significant changes in aconitase activity and in heart and blood
serum citrate levels in comparison with the control group. The administration of
citrate buffer to the animals of the second group and of 12% ethyl solution to the third
group did not cause such changes either.

The experiments showed that pathological conditions caused the increase in SOD
and catalase specific activities in comparison with the control group of the animals.
They were increased by 2.5 times in the heart and by 2.2 and 2.3 times in the blood
serum, respectively (Figure 2 and Figure 3 respectively). It was noted that SOD gene
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Table 2 Parameters reflecting the level of free radical processes and general antioxidant system activity

Parameters

Experiment conditions

Animals with

experimental SkQ1 is administered SkQ1 is administered
Control group hyperglycemia to animals with to animals at control

induced by pathology group

streptozotocin

Biochemicoluminescence measurements
Light sum, mV x ¢ Heart
Blood serum

Maximum flash Heart

Sty Ty Blood serum

Angle tangent of slope Heart
of kinetic curve of
N N R Blood serum
biochemicoluminescen
ce pathway

Content of conjugated Heart

dienes, pmol/mL Blood serum

Level of carbonyl Heart
compounds, . Blood serum
nmol/L/mg of protein

Citrate content, Heart
nmol/L

Blood serum

485.01 £7.912 1062.76 +£17.124a 818.76 £ 13.611b 478.33 £7.971
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0.201 + 0.003 0.43 £ 0.007a 0.28 £ 0.004b 0.204 £ 0.003
0.57 £ 0.0097 1.45 £0.021 1.07 £ 0.016b 0.59 £ 0.0093

2P £0.0167 compared with control;

PP £0.0167 compared with pathology. SkQ1: 10-(6-plastoquinonyl) decyltriphenylphosphonium.

transcript and catalase gene transcript blood cell levels increased by 2.5 and by 1.6
times, respectively, and their heart levels increased by 2.3 and by 4.0 times,
respectively (Figure 4). These enzyme activity changes in the case of hyperglycemia
can probably be considered as a compensatory reaction to intensifying free-radical
processes.

The administration of SkQ1 to the animals caused a decrease in SOD and catalase
activities in comparison with pathological conditions. It was found that the impact of
SkQ1 leads to the decrease in SOD and catalase heart and blood serum specific
activities in comparison with the second group of animals. Thus, SOD heart and blood
serum specific activities were decreased by 1.4 times and by 1.6 times, respectively
(Figure 2), and catalase heart and blood serum activities were decreased by 1.5 and 1.4
times, respectively (Figure 3).

The identified studied enzyme activity is connected with the decrease in the
number of their gene transcripts. Thus, the concentration of SOD1 and CAT gene
products decreased by 1.5 and 1.3 times in the blood cells and by 1.4 and 1.3 times in
the heart (Figure 4). Apparently, the reduction of free radical formation and,
consequently, the reduction of oxidative stress, caused indirectly by SkQ1 antioxidant
effect, were accompanied by decreased pressure on AOS, which was reflected in the
approximation of SOD and catalase activities to the control values.

In comparison with the first group, the rats of the fourth experimental group, the
rats of the second experimental group, to which citrate buffer was administered, and
the rats of the third group, to which the aliquot of 12% ethyl alcohol solution was
administered, did not have any statistically significant changes in SOD and catalase
activities as well as in SOD and CAT gene transcript levels.

DISCUSSION

It is known that the inclusion of high fat content in rat diet contributes to the
occurrence of animal tolerance to insulin!'”l, Small dose administration of STZ leads to
the moderate decline in insulin production, which is similar to a later stage of DM20'".
Thus, the administration of STZ causes a significant basal increase in the blood
glucose level. It also causes glucose tolerance, increase in the glycated hemoglobin
level, significant reduction of insulin concentration, and resistance.

It should be noted that under conditions of tissue tolerance to insulin, observed
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Figure 1 The aconitatehydratase specific activity, E/mg protein in the rats' hearts and the blood serum during the development of experimental
hyperglycemia. A: The aconitatehydratase specific activity, E/mg protein in the rats' hearts during the development of experimental hyperglycemia; B: The
aconitatehydratase specific activity, E/mg protein in the blood serum during the development of experimental hyperglycemia. 1: Control group; 2: Animals with
experimental hyperglycemia induced by streptozotocin; 3: 10-(6-plastoquinonyl) decyltriphenylphosphonium (SkQ1) is administered to animals at pathology; 4: SkQ1
is administered to animals at control group. *P < 0.0167 compared with control; °P < 0.0167 compared with pathology. SkQ1: 10-(6-plastoguinonyl)

decyltriphenylphosphonium.
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during DM2, there is an increase in superoxide production by mitochondrial'”},
cytochrome P450, xanthine oxidase, and PKC-dependent NADPH oxidase activation.
Moreover, the FR, which are generated during glucose autoxidation or glycosylation
end products, can initiate LPO in lipoprotein particles””.. The concentration of LPO
products through an increase in hydrophilic hydrocarbon tails contents, in turn, can
lead to formation of membrane pores and membrane stiffening through
downregulation of unsaturated fatty acids, and thus it can influence state of insulin
receptors, repressing their hormone connection activity, which is expressed as a
reduction of the glucose consumption by cells?”!l. It is possible that reduction in
glucose concentration during administration of SkQ1 to rats with DM2 may be related
to the realization of antioxidant properties of this substance””.

It is well known that during several pathological states, including DM, LPO
activation occurs and can lead to a number of defects, structural changes in
membranes, and cell metabolic disturbance in particular. At the same time, ROS,
including LPO products, act as the main POM inducers?.

The use of SkQ1 may contribute to an inhibition of accumulation of LPO molecular
products and a normalization of the structural condition of lymphocytes' membranes
and their apoptosis level during oxidative stress?l.

Reviewing past literature, it is well known that through administration of SkQ1, the
rate of development of such diseases as cataract, retinopathy, glaucoma, osteoporosis,
hypothermia, and renal ischemia decreases™). Furthermore, in animal experiments,
SkQ1 efficiency of correction of the several neurodegenerative states was shown™l.
The effect of SkQ1 led to acceleration of the end of the inflammatory phase, the
formation of granulation tissue, vascularization, and epithelization of a wounded
areal”’l. Moreover, it was shown that in OXYS rats of an experimental model of
accelerated aging, which is a famous animal model of human age-related macular
degeneration, SkQ1 reduces clinical features of retinopathyl.

According to the results obtained, it was found that administration of the
antioxidant compound is accompanied by reduction in concentration of primary LPO
products in both blood serum and heart closer to its control values.

During the experiment, it was found that an increase in activity of SOD and
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Figure 2 The superoxide dismutase specific activity, E/mg protein in the rats' hearts, and the blood serum during the development of experimental
hyperglycemia. A: The superoxide dismutase (SOD) specific activity, E/mg protein in the rats' hearts during the development of experimental hyperglycemia; B: The
SOD specific activity, E/mg protein in the blood serum during the development of experimental hyperglycemia. 1: Control group; 2: Animals with experimental
hyperglycemia mellitus induced by streptozotocin; 3: 10-(6-plastoquinonyl) decyltriphenylphosphonium (SkQ1) is administered to animals at pathology; 4: SkQ1 is
administered to animals at control group. 2P < 0.0167 compared with control; ®P < 0.0167 compared with pathology. SkQ1: 10-(6-plastoquinonyl)
decyltriphenylphosphonium.
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catalase in rats of the DM2 group may be related to induction of the synthesis of these
enzymes under conditions of the oxidative stress formed in pathology.

Thus, according to the data provided by the literature, the regions reacting with
nuclear factor kappa B (NF-kB) were discovered in the coding regions of all three SOD
genest’. NF-kB is a redox-sensitive transcription factor and acts as a regulator of
genes, playing a role of the actual defendant to injurious effects on a cell. It should be
noted that H,0,, generated in the reaction that is catalyzed by Cu, Zn-SOD on the
endosomal surface, can cause oxidation-reduction NF-xB activation. NF-«xB activation
leads to an increase in Cu, Zn-SOD expressiont™.

It is evident that an increase in the dismutation rate of a superoxide anion radical
leads to the accumulation of hydrogen peroxide. It is known that the amount of
catalase is controlled by the presence of substratel*!l.

It is stated that superoxide anion radicals activate various signaling systems. It
includes Keapl - Nrf2, which is responsible for the induction of a significant number
of genes, including antioxidant enzyme genesl*’l. Besides, c-jun N-terminal kinase,
which is the main inducer activity of forkhead homeobox type O (FOXO)
transcription factors, can be activated during hyperglycemia that contributes to the
development of oxidative stress. FOXO can also be considered as messengers during
the development of oxidative stress, since their activity is regulated by H,0O, and
depends on the state of the cell™.

It is known that protection against oxidative stress of human cardiac fibroblasts
after myocardial infarction is mediated by expression of antioxidant enzymes
regulated by FOXO, such as SOD, catalase, and peroxidasel”l. In addition, FOXO3a, a
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Figure 3 The catalase specific activity, E/mg protein in the rats' hearts, and the blood serum during the development of experimental hyperglycemia. A:
The catalase specific activity, E/mg protein in the rats' hearts during the development of experimental hyperglycemia; B: The catalase specific activity, E/mg protein in
the blood serum during the development of experimental hyperglycemia. 1: Control group; 2: Animals with experimental hyperglycemia induced by streptozotocin; 3:
10-(6-plastoquinonyl) decyltriphenylphosphonium (SkQ1) is administered to animals at pathology; 4: SkQ1 is administered to animals at control group. P < 0.0167
compared with control; ®P < 0.0167 compared with pathology. SkQ1: 10-(6-plastoquinonyl) decyltriphenylphosphonium.

member of the FOXO family, induces catalase gene expression in human cells"l.
Moreover, it activates the expression of Mn-SOD by regulating the SOD2 gene after
exposure to resting cells with hydrogen peroxide™!.

The increase in the activity and level of transcripts of the studied antioxidant
enzymes in pathology probably could be related to the considered molecular genetic
mechanisms of the redox regulation of gene expression activity under conditions of
excessive generation of ROS. A decrease in the intensity of free radical oxidation
under the influence of SkQ1 led to a change in the studied parameters towards control
values.

In conclusion, the results of this research suggest that the mitochondria targeted
antioxidant SkQ1 might be a perspective substance for incorporation into the
antioxidant therapy of DM2. The experimentally revealed ability of this compound to
lower the intensity of free-radical processes, acting as the key component of the
pathogenesis of the DM2, may serve as the reason for this conclusion. Thus, after the
introduction of SkQ1 to the animals with STZ induced hyperglycemia, the values of
the BCL parameters reflecting the free radical oxidation intensity, the concentration of
DC and carbonyl products of protein oxidation, AH activity, and citrate content
changed towards the control values. At the same time, the activity level of the
antioxidant enzymes SOD and catalase changed to the direction of normal values.
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Figure 4 The relative level of the superoxide dismutase and catalase genes transcripts in the rats' hearts and the blood cells during the development of
experimental hyperglycemia. A: The relative level of the superoxide dismutase genes transcripts in the rats' hearts and the blood cells during the development of
experimental hyperglycemia; B: The relative level of the catalase genes transcripts in the rats' hearts and the blood cells during the development of experimental
hyperglycemia. 1: Control group; 2: Animals with experimental hyperglycemia induced by streptozotocin; 3: 10-(6-plastoquinonyl) decyltriphenylphosphonium (SkQ1)
is administered to animals at pathology; 4: SkQ1 is administered to animals at control group. P < 0.0167 compared with control; ®P < 0.0167 compared with
pathology. SkQ1: 10-(6-plastoquinonyl) decyltriphenylphosphonium.

ARTICLE HIGHLIGHTS

Research methods
All treatments of the experiment were consistent with the requirements of the European
legislation on the protection of animals (Directive 2010/63/EU).

The laboratory rats were divided into four groups: Group 1 (n = 20), animals housed under
standard vivarium conditions (control group); group 2 (n = 20), animals with streptozotocin
(STZ) injection-induced hyperglycemia; group 3 (1 = 12), animals with STZ-induced glycemia
that were administered with 10-(6-plastoquinonyl) decyltriphenylphosphonium (SkQ1) solution
intraperitoneally at a 1250 nmol/kg dose per day, starting from the second week; and group 4 (n
= 8), animals housed under standard vivarium conditions that were administered with SkQ1 at a
1250 nmol/kg dose per day, during the second week of conducting the experiment. Group 2 also
included rats (n = 8) that were administered intraperitoneally with appropriate aliquot quantity
of citrate buffer equal to pH 4.4 once a week during 2 wk after 1-mo high-fat diet. Group 3
included animals (n = 8) that were administered intraperitoneally with appropriate amount of
solution without SkQ1 (98% ethanol diluted eight times with normal saline solution). The
experimental unit was a single animal. Rats were kept in laboratory, and they were divided
through stratified randomization by their weight and age.

Hyperglycemia was induced by feeding rats a high-fat diet for 1 mo. STZ was administered
intra-abdominally at a 30 mg/kg of animal weight dose with citrate buffer equal to pH 4.4.
Hyperglycemia was verified by measuring the glucose level in the blood serum with a glucose
oxidase test. SkQ1 solution was administered intraperitoneally at a 1250 nmol/kg dose per day.
Appropriate aliquot quantity of citrate buffer equal to pH 4.4 was administered
intraperitoneally.
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To conduct the study, laboratory rats were selected of nursery rat males from Federal State-
financed Organization of Health Service “Voronezh Hygiene and Epidemiology Center”. The
rats used for the study weighed 200-250 g and aged 3-5 mo. Rats were kept at 12-h light day,
room temperature, and access to water and food ad libitum for 2 wk before the study. Type of
housing - plastic. Bedding material - sawdust. Number of cage companions - two rats per cage.
The total number of animals used in experiment - 76 rats. The number of animals in each
experimental group: Group 1 (n = 20 + 8); group 2 (n = 20 + 8); group 3 (n = 12); and group 4 (n =
8).

The number of animals was necessary for obtaining statistically significant results. The
animals were divided through stratified randomization by their weight and age. The rats used
for the study weighed 200-250 g and aged 3-5 mo.

The order in which the animals in the different experimental groups were treated and
assessed: Group 2 compared with group 1; group 3 compared with group 2; and group 4
compared with group 1. Weight gain, increased water intake, and slowness in rats of the second
group were seen. SkQ1 administration lowered glycemic level by 2.5 times, which was initially
upregulated 2.7 times relative to the control. The glucose level of the animals of the fourth
experimental group was not significantly different from the stated value. Moreover, glucose
concentration was within the stated value in rats of the second experimental group, having been
administered citrate buffer and of the third group, having been administered aliquot of 12%
ethanol. The unit of analysis was group of animals.

Experiments were done at least in 8-20 biological and two analytical replicates. The results
were compared with the control. The data were statistically analyzed using software package
STATISTICA 6.0 with numerical variables - arithmetical mean (M), mean error (m), and
statistical significance level (P). Normal distribution data were compared by applying Student's
t-test for Bonferroni correction in independent samples. Significance level was set at *P < 0.0167
and °P < 0.0167.

Research results

It was found that influence of the mitochondrial-directed antioxidant elicits decrease of
biochemiluminescence (BCL) parameters values that increase by pathology as well as the level of
primary products of lipid peroxidation such as diene conjugates and carbonyl compounds,
which indicate intensity of free radical oxidation. At the same time, the activity of aconitate
hydratase (AH), considered as a crucial target of FR, which was decreasing during experimental
hyperglycemia, increased. Apparently, increasing activity of AH influenced the speed of citrate
utilization, whose concentration was decreasing after administering SkQ1 by pathology.
Moreover, the previously applied anti-oxidant administration during hyperglycemia influenced
the rate of antioxidant system mobilization. Thus, superoxide dismutase and catalase activity as
well as the level of gene transcript under influence of SkQ1 at pathology were changing towards
control groups values.

Research conclusions

The results of this research suggest that the mitochondria targeted antioxidant SkQ1 might be a
perspective substance for incorporation into the antioxidant therapy of type 2 diabetes mellitus
(DM2). The experimentally revealed ability of this compound to lower the intensity of free-
radical processes, acting as the key component of the pathogenesis of the DM2, may serve as the
reason for this conclusion. Thus, after the introduction of SkQ1 to the animals with STZ induced
hyperglycemia, the values of the BCL parameters reflecting the free radical oxidation intensity,
the concentration of diene conjugates and carbonyl products of protein oxidation, the AH
activity, and citrate content changed towards the control values. At the same time, the activity
level of the antioxidant enzyme SOD and catalase changed to the direction of normal values.

Research perspectives
The effects of SkQ1 on the stage of compensatory response occurrence in pathology may
contribute to decrease of the degree of oxidative stress, normalization of antioxidant system
functioning, and blocking of the development of decompensation, characterized by the inhibition
of protective systems.

Thus, the mitochondria targeted antioxidant SkQ1 might be considered a perspective
substance for incorporation into the antioxidant therapy of DM2.
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Abstract

BACKGROUND

The global epidemiology of type 1 diabetes (T1D) is not yet well known, as no
precise data are available from many countries. T1D is, however, characterized
by an important variation in incidences among countries and a dramatic increase
of these incidences during the last decades, predominantly in younger children.
In the United States and Europe, the increase has been associated with the gross
domestic product (GDP) per capita. In our previous systematic review,
geographical variation of incidence was correlated with socio-economic factors.

AIM
To investigate variation in the incidence of T1D in age categories and search to
what extent these variations correlated with the GDP per capita.

METHODS

A systematic review was performed to retrieve information about the global
incidence of T1D among those younger than 14 years of age. The study was
carried out according to the PRISMA recommendations. For the analysis, the
incidence was organized in the periods: 1975-1999 and 2000-2017. We searched
the incidence of T1D in the age-groups 0-4, 5-9 and 10-14. We compared the
incidences in countries for which information was available for the two periods.
We obtained the GDP from the World Bank. We analysed the relationship
between the incidence of T1D with the GDP in countries reporting data at the
national level.

RESULTS
We retrieved information for 84 out of 194 countries around the world. We found
a wide geographic variation in the incidence of T1D and a worldwide increase
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during the two periods. The largest contribution to this increase was observed in
the youngest group of children with T1D, with a relative increase of almost
double when comparing the two periods (P value = 2.5 x e®). Twenty-six
countries had information on the incidence of T1D at the national level for the
two periods. There was a positive correlation between GDP and the incidence of
T1D in both periods (Spearman correlation = 0.52 from 1975-1999 and Spearman
correlation = 0.53 from 2000-2017).

CONCLUSION
The incidence increase was higher in the youngest group (0-4 years of age), and
the highest incidences of T1D were found in wealthier countries.

Key words: Type 1 diabetes; Incidence; Children; Age categories; Gross domestic product
per capita

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Currently, there is information on the incidence of T1D of 43.3% of the 194
countries of the world, of which only 44 countries have national coverage information.
We found a wide geographic variation in the incidence of T1D and a worldwide increase
in the two periods (1975-1999 and 2000-2017). Comparing the two periods, the relative
increase in the incidence occurred in the 0-4 group (1.9 times), followed by the 5-9
group (1.8 times) and 10-14 group (1.4 times). There was a positive correlation between
GDP per capita, and the incidence of T1D, where wealthier countries have higher values
of incidence.
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INTRODUCTION

Type 1 diabetes (T1D) is one of the most common endocrine diseases in childhood
and adolescence. Additionally, the diagnosis of T1D has increased considerably in
adults!'. According to the International Diabetes Federation (IDF), it was estimated
that more than 86000 children were living with T1D in 2015 around the world". There
is a wide geographic variation in the incidence of T1D, both among countries and
within the different regions in these countries. In North America and Europe, the
incidence varies between 4 and 41 per 100000. The countries that report the highest
rates are Switzerland, Finland, Norway, the United Kingdom and Sardinia, with
values > 20 per 100000 per year. In contrast, T1D is rare in Asian countries, such as
China, where the incidence is approximately 0.1 case per 100000 people each yearl™ .
In Latin America, according to IDF, it is estimated that 45100 children younger than 15
years have T1DU.(Table 1)

There are differences in the incidence rates among age categories (0-4, 5-9, 10-14) in
almost all countries. According to DIAMONDL), for the period between 1991-1996, it
was noted that the incidence increased with age; children between 5 and 9 years had
1.62 times the risk of children 0-4 years, i.e., a 62% excess risk, and the 10-14 age group
had 1.93 times the risk of the 0-4 age group. Recently, there have been signs
suggesting that this trend is changing. Records of the Patterson et all’! between 1999
and 2008, showed that the incidence was highest in the youngest age group (0 to 4
years), with an increase of 5.4% compared to 4.3% in the 5-9 age group and 2.9% in the
10-14 age group.

In addition, the IDF has suggested the existence of a relationship between income
level and the incidence of T1DP. In the United States, where the incidence of T1D in
different socio-economic groups was studied, it was found that there was a higher
incidence of T1D in the highest income groups!’l. The same pattern occurs in Europe,
where it was shown that the incidence of T1D correlates strongly with the gross
domestic product (GDP). GDP is most commonly used to measure the size of a
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Table 1 Incidence of type 1 diabetes in individuals aged 0-14 years

Country Area Study period  Inc Asce % InfoSource Datacollection Ref.
Algeria
Oran 1990-1999 8.60 NA PBDR PorH DIAMOND et all®]
Argentina
Cordoba 1991-1992 7.00 90.0 PBDR PorH DIAMOND et all®]
Avellaneda 1990-1996 6.30 94.0 PBDR PorH DIAMOND et all’]
Tierra del Fuego  1993-1996 10.30 100.0 PBDR PorH DIAMOND et all®]
Corrientes 1992-1999 6.60 95.0 PBDR PorH DIAMOND et all®]
Australia
NW* 2000-2011 23.6 97 PBDR H Hayne et al'*!
Austria
NW 2004-2008 17.50 97.2 PBDR P Patterson et all"’!
Bahamas
NW 2001-2002 10.10 NA MBR P Peter et al”"]
Barbados
NW 1990-1993 2.00 NA PBDR PorH DIAMOND et all’]
Belarus
Gomel, Minsk ~ 1997-2002 5.60 100.0 PBDR NA Zalutskaya et all*!]
Belgium
Antwerp 2004-2008 15.90 94.9 PBDR P Patterson et all")
Bosnia and Herzegovina
Tuzla Canton 1995-2004 6.93 100.0 PBDR P Tahirovic et all*’}
Republic of 1998-2010 8.13 100.0 PBDR P Radosevic et all*’!
Srpska
Brazil
Sao Paulo® 1986-2015 128 97.7 PBDR P Negrato et all**]
(Bauru)
Rio Grandedo  1996-1999 7.00 825 PBDR PorH DIAMOND et all’]
Sul (Passo Fundo)
Bulgaria
Eastern 1989-1994 6.80 99.9 PBDR P Patterson et all”)
Varna 1990-1999 8.10 100.0 PBDR PorH DIAMOND et all®]
Western 1990-1999 10.70 995 PBDR PorH DIAMOND et all’]
Canada
Toronto 1976-1978 9.00 97.2 PBDR P, H Ehrlich et al*”!
Manitoba 1985-1993 20.65 95.0 PBDR P Blanchard et all*’]
Prince Edward ~ 1990-1993 24.50 100.0 PBDR PorH DIAMOND et all’!
Island
Alberta 1990-1996 23.30 85.5 PBDR PorH DIAMOND et all®]
(Edmonton)
Calgary 1990-1999 20.60 100.0 PBDR PorH DIAMOND et all’!
Québec 1989-2000 15.34 NA PBDR P Legault et al*’]
Newfoundland ~ 1987-2010 38.68 NA PBDR P, H Newhook et all*’]
and Labrador
Chile
IX Region 1980-1993 1.37 97.0 PBDR P Larenas et all*’]
Santiago of Chile 2000-2005 6.30 100.0 PBDR P Torres-Avilés et
(Communes of al®!
Metropolitan
region)
China
NW 1988-1994 0.47 93.0 PBDR P, H Yang et all*'!
Zhejiang” 2007-2013 2,02 94,6 PBDR H Wu et all*]
Beijing’ 1995-2010 17 NA PBDR H Gong et all*’]
Shanghai® 1997-2011 3.1 90 PBDR H Zhao et alt**!
Colombia
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Bogoté 1990-1990 3.80 97.0 PBDR PorH DIAMOND et all’]

Cali 1995-1999 0.50 NA PBDR PorH DIAMOND et all®!
Croatia

Nw* 2004-2012 17.2 96.69 PBDR H Rojnic Putarek et

a1l

Cuba

NW 1990-1999 2.30 62.5 PBDR PorH DIAMOND et all°!
Cyprus

NW 1990-2009 12.34 50.0 PBDR NA Skordis et all*"]
Czech Republic

NW 2004-2008 19.30 97.4 PBDR P Patterson et all"’!

Dem. People's Republic of Korea

NW* 2012-2014 3.1 NA PBDR PorH Kim et /"]
Denmark

NW 2004-2008 25.10 99.2 PBDR P Patterson et all’!

Dominican Republic

NW 1995-1999 0.50 53.0 PBDR PorH DIAMOND et all°!
Egypt

Alexandria, 1992-1992 8.00 NA OPD NA Arab et al**]

Damanhour

Northern® 1996-2011 1.93 NA MBR H El-Ziny et all™!
Estonia

NW 1983-2006 13.09 98.0 PBDR P, H Teedr et all*’)
Ethiopia

Gondar 1995-2008 0.33 NA MBR P Alemu S et all*!!

Jimma 2002-2008 0.33 NA MBR P Alemu S et al*!!
Fiji

NwW* 2001-2012 0.93 NA PBDR H Ogle et all*]
Finland

NW 2006-2011 62.42 NS OPD NA Harjutsalo et all*”!
France

Franche-Comté  1980-1998 7.01 80.6 PBDR H Mauny et alt*!

Aquitanie, 1990-1994 8.50 97.0 PBDR PorH DIAMOND et all’]

Lorraine,

Normandia Basse,

Normandia Haut

Aquitaine 1998-2004 12.20 NA OPD NA Barat et all*"!

Languedoc- 2000-2010 16.2 NA PBDR NA Trellu et alt*‘!

Roussillon”
Georgia

NW 1998-1999 4.60 NA OPD NA Arab et al*™*]
Germany

Nw? 2004-2008 229 97 PBDR H Bendas et all*”]
Greece

NW 1992-1992 6.03 NA PBDR P Dacou-Voutetakis

et all*]

Hungary

18 of 19 countries  2004-2008 18.30 98.7 PBDR P Patterson et all"’!

(All, less

Budapest)
Iceland

NW 1989-1994 13.50 100.0 PBDR P Patterson et al’]
India

Madras 1991-1994 11.00 90.0 PBDR H R#Jr]lachandran et

al

Iran (Islamic Republic of)
Fars 1991-1996 3.68 100.0 PBDR P Pishdad!™!
Ireland

NW? 2008-2013 283 9,8 PBDR P Roche et al”!]
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Israel
NW?*: Population: 2004-2010 9.14 NA PBDR P Blumenfeld et
Arabs all>)
NW?: Population: 2004-2010 13 NA PBDR P Blumenfeld et
Jews all>’]
Italy
Apulia® 2001-2013 17.99 NA PBDR P Di Ciaulal™!
Friuli-Venezia 2010-2013 17.55 NA MBR H Valent et all**]
Giulia®
Abruzzo® 1999-2008 14.30 95 PBDR H Altobelli et al*!
Veneto® 2006-2013 17.00 NA PBDR H Marigliano et all*’]
NW-39.7% 1990-2003 12.55 NA PBDR P Bruno et all”’]
population
Japan
Nw? 2005-2012 2.14 NA PBDR H Onda et al*!
Jordan
NW 1992-1996 3.33 95.0 NS P, H Ajlouni et al®}
Kuwait
NW* 2011-2013 41.7 96.7 PBDR H Shaltout et all*’]
Latvia
NW 1990-1999 7.40 NA PBDR PorH DIAMOND et all°!
Libyan Arab Jamahiriya
Benghazi 1991-1999 9.00 NA PBDR PorH DIAMOND et all’]
Lithuania
NW 2004-2008 14.20 NA PBDR P Patterson et all’!
Luxembourg
NW 2004-2008 19.00 100.0 PBDR P Patterson et all’!
Malta
NW 2006-2010 23.87 100.0 PBDR P Formosa et all!]
Mauritius
NW 1990-1994 1.30 67.5 PBDR PorH DIAMOND et all°!
Mexico
NW 2000-2010 5.93 NA PBDR H Goémez-Diaz et
all?]
Montenegro
NW* 1997-2011 18.6 100 PBDR H Samardyzié et all®!
Netherlands
NW* 1999-2011 25.2 NA PBDR H Fazeli et all*’]
New Zealand
NW 1999-2000 18.00 95.0 PBDR NA Campbell-Stokes
et all®!
Norway
Nw? 2004-2012 32.7 NA PBDR H Skrivarhaug et
all®!
Oman
NW 1993-1995 2.59 96.0 PBDR P Soliman et all*’]
Pakistan
Karachi 1990-1999 0.50 51.0 PBDR PorH DIAMOND et all°]
Papua New Guinea
NW 1996-2000 0.08 NA MBR P Ogle et all*’]
Paraguay
NW 1990-1999 0.90 NA PBDR PorH DIAMOND et all°!
Peru
Lima 1990-1994 0.50 67.5 PBDR PorH DIAMOND et all’]
Poland
NW 1989-2004 11.23 NA PBDR P ]a[r?]sz-Chobot et
all®
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Krakow and the ~ 2004-2011 15.87 NA PBDR H Wojcik et al”"!
Lesser Poland”
Podlasie, Silesia,  2005-2012 20.22 NA PBDR H Chobot et all”!l
Lodzkie,
Pomorskie,
Bydgoszcz®
Portugal
Algarve 1990-1994 14.60 87.0 PBDR PorH DIAMOND et all’]
Portoalegre 1990-1994 2130 93.0 PBDR PorH DIAMOND et all’]
Coimbra 1990-1999 9.60 100.0 PBDR PorH DIAMOND et all®!
Madeira Island ~ 1990-1999 6.90 100.0 PBDR PorH DIAMOND et ail°!
Qatar
NW 1992-1996 11.40 NA OPD NA Al-Zyoud et all”!
Republic of China (Taiwan)
Nw? 2003-2010 545 NA PBDR H Lin et al”!
Romania
NWw* 2002-2011 9.6 96,2 PBDR H Serban et all’*]
Russian Federation
Novosibirsk 1990-1999 6.90 935 PBDR PorH DIAMOND et all°!
Moscow 1996-2005 12.07 94.0 PBDR P Pronina et all””!
Rwanda
capital and 6 2004-2011 2.7 NA MBR H Marshal et all”!
regions®
Saudi Arabia
Eastern Province  1986-1997 12.30 100.0 PBDR NA Kulaylat et all’’]
Al-Madinah 2004-2009 30.88 NA PBDR P Habeb et all”"!
(North West)
Serbia
Belgrade 2000-2004 12.90 NA OPD NA Vlajinac et alt””!
Singapore
NW 1992-1994 242 922 PBDR P Lee et all®"!
Slovakia
NW 1999-2003 13.60 100.0 PBDR P Patterson et all'’!
Slovenia
NW 1998-2010 13.83 100.0 PBDR P Radosevic et all*’!
Spain
Madrid 1985-1988 10.60 90.0 PBDR H Serrano Rios et
allé1l
Caceres 1988-1999 16.67 99.2 PBDR H Lora-Goémez et
al®’!
Badajoz 1992-1996 17.23 95.0 PBDR P Morales-Pérez et
all®!
Navarre® 1975-2011 13.2 NA PBDR H Forga et all®!]
Catalonia 2004-2008 12.10 97.6 PBDR P Patterson et all"’!
Castillay Le6n®  2000-2013 10.8 NA PBDR H Vega et all*]
Biscay* 1990-2013 10.7 99,1 PBDR HorP Fernandez-Ramos
et all®]
Sudan
Gezira 1990-1990 5.00 100.0 PBDR PorH DIAMOND et all’]
Khartoum 1991-1995 10.10 97.0 PBDR NA Elamin et al*’]
Sweden
NW* 2007-2011 42 99 PBDR N Rawshani ef all*"]
Switzerland
NW 2004-2008 13.10 913 PBDR P Patterson et all"’]
TFYR Macedonia
NW 2004-2008 5.80 100.0 PBDR P Patterson et all"!
Thailand
North-eastern 1996-2005 0.58 NA MBR H Pe[i{}]eimonta et
all™
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Tunisia
Beja, Monastir, 1990-1994 6.69 96.0 PBDR P Ben Khalifa et
Gafsa al™
Kairoan 1991-1993 7.60 NA PBDR PorH DIAMOND et all°!
Beja 1990-1999 7.70 NA PBDR PorH DIAMOND et all®!
Gafsa 1990-1999 8.50 NA PBDR PorH DIAMOND et all’]
Monastir 1990-1999 5.80 NA PBDR PorH DIAMOND et all°!
Turkey
NW* 2011-2013 10.8 99 PBDR H Yesilkaya et al”']
Ukraine
NW 1985-1992 8.10 NA OPD NA Timchenko et
all”’]
United Kingdom
NW 1991-2008 19.32 NA PBDR P Imkampe et all”’!

United Republic of Tanzania
Dar es Salaam 1982-1991 0.92 NA MBR P Swai et all”*]

United States of America

Olmsted, 1994-2010 19.9 NA MBR H Cartee et all”’]
Minnesota®
Five areas” 2002-2013 19.5 98,9 PBDR H Mayer-Davis et
ul[‘)h]
Uruguay
Montevideo 1992-1992 8.30 97.0 PBDR PorH DIAMOND et all¥]
Uzbekistan
NW* 1998-2014 248 100 PBDR H Rakhimova et
ul[‘),’]

Venezuela (Bolivarian Republic of)

Caracas 1990-1994 0.10 NA PBDR PorH DIAMOND et all®!

Update of the publications that report the incidence of type 1 diabetes from population-based studies.

?Updated studies. Area and NW: Study at the national level. ASCE%: Percentage of completeness between primary and secondary sources of registers.
PBDR: Registration of population-based data; MBR: Medical-based record; OPD: Other population denominators; NS: Non-specified; P: Prospective -
incident cases collected prospectively-; H: Historical -incident cases collected retrospectively-; NA: Information not available.

country’s economy. However, there have been conflicting results. For example, an
ecological study carried out in North Rhine-Westphalia, Germany showed that the
risk of T1D was higher in children living in socially disadvantaged areasl’..

In a previous systematic review, we identified T1D incidence in 80 out of 194
countries and found significant associations between the geographical variation of
incidence and a series of economic, climatic and environmental, and health conditions
factors!'”l. Among these factors, GPD per capita was highly correlated with the 0-14-
year incidence of T1D (Spearman Correlation = 0.72, P value = 9.05 x e™).

Here, we focus on three age categories (0-4, 5-9, 10-14) and two periods (1975-1999
and 2000-2017). We searched, through a systematic review of the literature, the global
variation in the incidence of T1D in these age categories and periods. We then
searched to what extent these variations correlated with the GDP per capita in these
countries.

MATERIALS AND METHODS

In this study, we updated the review on the global T1D incidence published by Diaz-
Valencia et al"! with new papers. Once the incidence data were obtained through the
systematic review, we conducted an exploratory ecological analysis. Following the
procedures mentioned by Morgenstern!"!! for ecological studies, we analysed the
relations of population rates of T1D incidence and the average GDP of these countries,
retrieved from the World Bank database. This analysis was divided into two periods
(1975-1999 and 2000-2017).

We extracted information on the incidence of T1D in children under 14 years from
population-based studies conducted in clearly defined geographical areas at the local,
regional or national level, published in original articles in English, Spanish or French,
following the PRISMA recommendations. The databases used for the literature search
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were Medline and Thomson Reuters (Web of Knowledge). Additionally, we explored
Google Scholar. This study followed the protocol search deposited in the International
Prospective of Systematic Reviews with the Registration Number: CRD42012002369.
Figure 1 presents the flow diagram of the bibliographic search.

During this systematic review, several procedures were standardized to minimize
the possibility of incurring biases in the identification of literature, selection and the
interpretation of evidence. To reduce potential biases during the design and execution
of the systematic review, a team was created; initially, this team was formed by a
senior expert researcher (AJV) and a researcher (PAD). During the update of this
systematic review, the team consisted of two researchers (NGL and PAD). The initial
search was undertaken between November 2011 and January 2014 and the update
between January and June 2017. For this systematic review a query equation was
used, which implemented the same strategy as that validated by Diaz-Valencia et all'!
(Supplementary material).To build the original query equation, we performed an
exploratory search, from which 92 references were selected that reported on the
incidence of T1D. From these 92 references, we analysed the MeSH terms and
incorporated them into a preliminary search equation. Using this equation, we
excluded the MeSH terms of references that did not report the incidence of T1D in the
search equation. We repeated this process until the search equation included the 92
references used initially.

For all query equations, studies were excluded if (1) The main objective was not to
study the incidence of T1D (e.g., genetic factors, complications, treatments); (2) The
study was not population-based and instead it was performed in selected groups,
such as studies based on volunteer subjects or people belonging to a specific health
insurance organization; (3) The study did not report using the World Health
Organization (1985 or 1999) or American Diabetes Association (1997 or 2011)
diagnosis criteria; (4) The study described the incidence of T1D as a general topic,
with no description by year and age at diagnosis; (5) We could not translate the
article; or (6) The full text of the article was unavailable.

Quality assessment

The quality of the included studies was evaluated independently by 2 reviewers
(NGL-PAD) using the evaluation criteria proposed by Loney et all'”! as an external
validation. We also implemented an internal quality assessment. The external
validation consisted of eight criteria, (1) Was the target population clearly described?
(2) Were cases ascertained either by survey of the entire population or by probability
sampling? (3) Was the response rate > 70%? (4) Were the non-responders clearly
described? (5) Was the sample representative of the population? (6) Were data
collection methods standardized? (7) Were validated diagnostic criteria or approaches
used to assess the presence/absence of disease? and (8) Were the estimates of
incidence given with confidence intervals? An article’s score was obtained by adding
up the number of criteria it satisfied. Every satisfied criterion was given 1 point. There
was no cut-off score for rating low-quality studies; we arbitrarily considered 0-4, 5-6
and 7-8 points as high, medium and low risk of bias, respectively.

The internal validation was based on 5 criteria. (1) The percentage of completeness
between primary and secondary sources of registers. A percentage greater than 90
scored a 1, less than 90 scored a 0.5 and unavailable information scored a 0; (2)
Information source: If the data came from the registration of population-based data, it
was assigned a 1; if the data came from medical-based records or population
denominators it was assigned a 0.5; and if the source was non-specified, it scored a 0;
(3) Data collection: If the cases were collected prospectively (P) or retrospectively (H)
was assigned a 1; and if the information was not available, it scored a 0; (4) Clear
criterion for diagnosis scored a 1; And (5) if the study was population-based, it scored
a 1. We arbitrarily considered 0-3, 3.5 and 4-5 as high, medium and low risk of bias,
respectively.

Data collection

Two reviewers (Diaz-Valencia PA and Gomez-Lopera N) extracted and reached
agreement on the data from included articles using a standard data collection form.
We included in this systematic review the most updated and comprehensive data. In
each of the articles analysed, we extracted the following information: (1) Identification
of the study: Authors, title, journal, year of publication; (2) Period and country of
study: Countries were categorized by region according to the United Nations!"’; (3)
Geographical coverage of the study: Nationwide (when the study was conducted
across the whole nation) or local (when it was restricted to a region, city or
geographically defined population); (4) Incidence rates expressed as new cases per
100000 people (both sexes) per year in the age categories 0-4, 5-9, 10-14, and 0-14. The
rates were retrieved from either tables or graphs. If we found incidence values in the
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S Bibliographic search using PubMed:
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n =35

Figure 1 Flow diagram of the bibliographic search strategy. T1D: Type 1 diabetes; T2D: Type 2 diabetes; LADA: Latent autoimmune diabetes in adults.

graphics, we extracted them using GraphClick!“. This program allows the user to
automatically retrieve the original data from the x and y coordinates of images. Efforts
were made to obtain the value of incidence of T1D for each country at the national
level. When no information was retrieved at the national level, local studies were
considered. In the database, we identified the level of coverage as national or local; (5)
The incidence information from two periods was searched: The first was between
1975-1999, and the second was between 2000-2017. We based this separation on a
bimodal trend observed in the years of the publications identified in the previous
systematic review!'’]; And (6) We collected the percentage of completeness/
ascertainment when available.

GPD per capita

The GDP per capita was used to carry out an exploratory ecologic analysis of the
relationship between the change in the incidence of T1D and the differences in socio-
economic levels during two periods (1975-1999 and 2000-2017). The World Bank
database!"”! was used to extract the information for GDP per capita that indicated the
relationship between the total value of all the goods and services generated during a
year by the economy of a nation or state and the number of its inhabitants in that year.
For each study period, we calculated the average of the values of the T1D incidence.
In addition, for homogeneity in our analysis, we only chose countries with data at the
national level.

Statistical analysis

We presented all the collected data graphically on maps that contain the information
obtained from countries at the national level, in two timeframes (1975-1999 and 2000-
2017) using the software Tableau*). We compared the incidence of T1D for countries
that have information from 1975-1999 and 2000-2017 at the national level in the
categories of ages 0-4, 5-9 and 10-14, comparing the means of paired samples.

We performed a correlation to analyse the relationship between the change in
incidence of T1D and the change in GDP per capita using the Spearman test and
linear regression models to predict the change in the incidence of T1D according to
change in the GDP per capita by countries at the national level. Model assumptions
for linear models were checked by visual inspection of the residuals. We used the
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program R version 3.3.3['"! to perform the statistical analysis and create graphics
related to the study. In all cases, we considered that a P value less than 0.05 was
statistically significant.

RESULTS

This systematic review of the literature presented information available at the global
level on the incidence of T1D and retrieved data for 84 countries, representing 43.3%
of the 194 countries of the world. We included 35 additional studies from the previous
systematic review!"’l. Among these 35 new papers, we retrieved information for 25
countries; some of them reported data at the national and others at the local level
(Figure 1). Updated studies were identified by superscript letters (a) in Table 1. It was
possible to update the information published by Diaz-Valencia et all'! for 21 countries
and obtain data for 4 additional countries: Fiji, Turkey, Rwanda and Republic of
China (Taiwan). Of the 84 countries, data were collected at the national level for 44
and the local level for 40.

The median study quality score for studies reporting on the incidence of T1D was
high in both cases, with a mean quality score of 7.18 of 8 possible [standard deviation
(SD): 0.80] using the external validation, and with a mean quality score of 4.37 of 5
possible [standard deviation (SD): 0.71] using the internal validation. All studies
described the target population in detail and used validated diagnostic criteria to
assess the presence of disease. Most studies used standardized data collection
methods and reported estimates with their accompanying confidence intervals. We
found 93.94% concordance between the internal and external validation.

We observed a wide geographical variation in the incidence of T1D at the global
level (Table 1). In general, the incidence of T1D was highest in Europe (> 15 per
100000 per year), followed by North America, Australia, Asia, Central and South
America. In children from 0-14 years-old, the lowest incidence at the national level (<
1 per 100000 per year) occurred in Thailand; Papua, New Guinea; Fiji; the Dominican
Republic; and Paraguay. In contrast, the highest incidence at the national level
occurred in Finland, Sweden, Norway and Kuwait, with 62.42, 42, 32.7 and 41.7 per
100000 inhabitants per year, respectively.

We retrieved and compared 26 countries that had information at the national level
regarding the incidence of T1D for the periods 1975-1999 and 2000-2017 in individuals
from 0-14 years (Figures 2 and 3). In general, an increase in the incidence of T1D is
noted at the global level. In the 26 countries, these values were almost double. For
example, in Kuwait, the incidence value was 22.3 for the period of 1992-1997"*1 and
41.7 for the period of 2011-20131"! (equivalent to a ratio of 1.86).

Additionally, we analysed three distinct categories for age in 15 countries that had
information at the national level in the two periods considered in this study (Table 2).
We observed an increased in the incidence. In absolute numbers, the period 1975-1999
showed that the incidence increased with age, where the lowest incidence was found
in children under the age of 5 years and the highest in children older than 10 years. In
the period 2000-2017, there was a higher incidence in the category of 5-9 years,
followed by 10-14, and the lowest was found in 0-4. However, comparing the two
periods, the relative increase in the incidence of T1D occurred in the 0-4 group (1.9
times), followed by the 5-9 group (1.8 times) and 10-14 group (1.4 times). We
performed an extra analysis of all countries reporting incidence values for each age
category without taking into account whether they reported the incidence at the local
or national level, finding equivalent results (data not shown).

GDP per capita

In general, there was a positive correlation between GDP per capita and the incidence
of T1D. A positive correlation was found for the relation between the relative change
in T1D incidence and the relative change in GDP for the countries reporting data at
national level (Spearman correlation 0.35) (Figure 4).

Analysing the two periods, we found a positive correlation between incidence of
T1D and GPD per capita among 26 countries (Spearman correlation = 0.52 between
1975-1999 and Spearman correlation = 0.53 between 2000-2017). Excluding Finland
and Switzerland because of their extreme values in T1D incidence and GDP per
capita, respectively, we retrieved a Spearman correlation = 0.69 between 1975-1999
and Spearman correlation = 0.62 between 2000-2017 (Figure 5). From the linear
regression model, including the 26 countries, it was suggested that for 1991 the
country-to-country variation in GDP explained 9% of the country-to-country variation
in incidence (adjusted R? of the model 0.09), while, for the year 2006, it was 17%
(adjusted R? of 0.17) (Table 3). We performed the same analysis excluding Finland and
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Figure 2 Map showing the mean incidence of type 1 diabetes in 26 countries from 1975-1999. The colour scale
represents the level of incidence ranging from 1.20 in blue to 60 per 100000 individuals in red aged 0-14 years.

Switzerland. We found for 1991 that the change in the GDP explained 44% the change
in incidence of T1D (adjusted R? of the model 0.44), while, for 2006, it was 22%
(adjusted R? of 0.22) (Table 4).

DISCUSSION

In this study, we updated our previous results on the global incidence of T1D in
individuals aged 0-14 years and its variation over time. We analysed the trend in two
periods for age categories and GDP per capita. In general, there was a wide
geographic variation in the 84 countries for which the incidence of T1D was reported.
This variability could be explained to some extent by ethnic differences in allele and
haplotype frequencies of risk alleles between populations, for example, in the HLA
region, which explains almost 50% of the genetic component of the diseasel”’l. There
has been a strong association between a high frequency of pre-disposition for HLA
haplotypes and a high incidence of T1D. For example, research in the United States,
based on the presence of two high-risk haplotypes of HLA-DR3/DR4, revealed that
Caucasians have a higher risk of developing T1D than other ethnic groups!. It has
been demonstrated that unlike Europeans, DR susceptibility alleles in Asian
populations (whose incidence is lower) are in strong linkage disequilibrium with DQ
neutral alleles or even protectors, and it is believed that these effects contribute to the
low incidence of T1D in these populations!'’'"?l.

Although there is a consensus on the effect of the genetic susceptibility to T1D
between different ethnic groups, these differences cannot fully explain the global
variability and the increase in incidence. In this study, we observed an increase in the
incidence of T1D worldwide when comparing the periods 1975-1999 and 2000-2017
(Figures 2 and 3). The mechanisms behind the enigma in the increase in the incidence
are unknown. However, the mechanism have been attributed to external factors, such
as those related to the environment and lifestyle, which may be involved in the
epidemiology of the disease!"”l.

We also observed an increase in the incidence of T1D in all age categories (0-4, 5-9
and 10-14). In the period 1975-1999, the incidence increased with age, with a peak in
children aged 10-14 years. This pattern could be attributed to the onset of puberty
with resistance to insulin; therefore, the demand for insulin secretion increases!'”. In
contrast, for the period 2000-2017, there appeared to be an increasing number of
patients in the 5-9 age group and a greater relative rise in the 0-4 age group. The
mechanisms underlying the increased incidence of T1D in the youngest children are
unknown but have largely been attributed to environmental influences®™.

The environment may act in diverse ways, either by enhancing autoimmunity or
modulating normal mechanisms of protection against the development of the
diseasel'l. It can be speculated that the plausible causes of temporal changes in the
incidence of T1D are attributed to environmental factors, such as social, economic,
dietary and health-related factors, which have changed rapidly over the last century.

An example of these changes is socio-economic factors. This study analysed the
relationship between one socio-economic indicator (GDP per capita) and the incidence
of T1D and found that the highest incidences of the disease were reported in wealthier
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Figure 3 Map showing the mean incidence of type 1 diabetes in 26 countries from 2000-2017. The colour scale
represents the level of incidence ranging from 1.20 in blue to 60 per 100000 individuals in red aged 0-14 years.

countries. This same pattern was found by Patterson et al'*! in a study conducted
throughout Europe. Similarly, studies conducted at the country level in Sweden!""”,
United Kingdom!"*, and Italy""" described similar associations between T1D and the
socio-economic variables. The influence of changes in GDP per capita on the incidence
of the disease was higher for the average year 1991 than that after 2006. We wonder if
this behaviour could be explained because 2006 was before the financial crisis of 2008
that provoked a fall in the economies of all regions!"”l.

The geographical associations between the socio-economic situation and the
incidence of T1D could be attributed to spatial patterns in the composition of the
population, which leads to differences in lifestyle and diet. A positive relationship has
been demonstrated between the prosperity of the nation, as measured by GDP, with
body mass index (BMI)!"'""l. Recently, the overload and accelerator hypothesis has been
proposed for the increase in body size, BMI and insulin resistance, as well as risk
factors for developing T1D!"". This hypothesis suggests that the increase in BMI and a
more sedentary lifestyle cause resistance to insulin, which leads to B-cells being
overworked. This process results in apoptosis and increased production of antigens,
which triggers an autoimmune response. Therefore, individuals with a genetic
predisposition to T1D will develop an autoimmune response, further accelerating the
loss of B-cells. Although an increase in weight contributes to insulin resistance,
another consequence of overweight is the storage of ectopic fat with glucotoxicity
associated with inflammation resulting in an inhibition of gene expression of insulin,
which is also involved in the process of apoptosis of B-cells!'?.

Additionally, the relationship of the socio-economic level with the incidence of T1D
could be explained by the improvement of the standards of hygiene, low rates of
infection in childhood and low social contact in early childhood, which are possibly
experienced in wealthy countries. This theory is known as the hygiene hypothesis,
proposed by Galel'"! in 2002. This hypothesis suggests that changes in hygiene and
infection patterns in early childhood alter the development of the immune system and
the normal mechanisms of protection against autoimmunity. A study in non-obese
diabetic mice, showed that there was a 40%-50% increase in the incidence of T1D
when the animals were raised in environments free of pathogens!''*l. In general, there
has been an inverse trend between the incidence of infectious diseases and the
incidence of autoimmune and allergic diseases!'"”l.

Other environmental factors potentially related to national economic prosperity
must be mentioned. One of these is the nutritional component that has undergone
major changes in many developed countries. Early nutrition seems to modulate the
development of T1D, for example, the absence or short duration of breastfeeding and
early introduction of cow’s milk formulae are thought to be risk factors for this
diseasel''"l. Also, rapid weight gain in infancy, associated with improper feeding,
increases the risk of developing T1D!"""). Other possible factors that experiment in
wealthier countries are a higher degree of urbanization, which are associated with an
increased incidence of T1D, supporting the hygiene hypothesis!'’l. In addition, there
are differences in caesarean deliveries between low- and high-income countries,
where wealthier countries have high levels of caesarean use without medical
indication!"'?l. Delivered by caesarean section are at slightly increased risk of T1D, and
it has been postulated that differences in the gut microbiota of these children
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Table 2 Summary values for the comparison of the incidence of type 1 diabetes for countries

with nationwide data by age category in the periods analysed in the study

0-4 yr 59 yr 10-14 yr
Period 1975-1999  2000-2017 1975-1999 2000-2017 1975-1999 2000-2017
Mean 6.68 12.59 11.92 21.99 14.04 19.54
95%CI (449,887)  (9.23,15.96) (7.95,15.96)  (14.80,29.18)  (9.72,18.38)  (15.09, 23.99)
T student -6.31 -4.58 -3.22
P value 0.00002 0.00043 0.006
Ratio periods 1.9 1.8 14

CI: Confidence Interval.

compared with those born by normal vaginally delivery!'”l. Also, the wealth of
countries is associated with environmental pollution. An association between air
pollution and T1D incidence has been described. Researchers proposed that chemical
and air pollutant exposures have multiple effects that may directly affect the risk of
T1DM L,

However, a single environmental factor or interaction between factors, has not been
identified that could explain these changes in the incidence of T1D. Moreover, there
are complex interactions between genetic and environmental factors that remain to be
discovered. More epidemiological studies of T1D are needed to develop new
hypotheses about the genetic and environmental factors that trigger the disease,
which should be further tested.

Currently, there is information on the incidence of 43.3% of the 194 countries of the
world, of which only 44 countries have national coverage information; most of them
are European. Despite the efforts of the DIAMOND project!”! to describe the incidence
of T1D at a global level, there is little information for countries in Africa, Central and
South America. Moreover, the data are not entirely representative for some countries.
To extrapolate this information for the whole country, there would be a substantial
bias, as there may be variability within large nations in both the genetic component
and environmental exposures that trigger the disease.

Another aspect to consider is the lack of continuity of the epidemiological studies.
Only 21 countries have updated incidence rates in the systematic review conducted
between 2014 and 2017. Moreover, this lack of continuity implies a limitation for our
study since we retrieved available information to conduct comparisons in two
periods, 1975-1999 and 2000-2017; only 26 countries had data at the national level, and
age category data are even less available. These 26 countries are mainly from Europe
(n = 23), and Asia (n = 3). Regrettably, we do not have information to conduct
comparison in the two periods for countries in Africa, Oceania, and America. It is very
important to generate more studies on the epidemiology of T1D. This approach will
contribute to understanding the dynamic changes in the disease, which, together with
studies in basic sciences such as genetics, could identify the factors that modify the
risk to the disease and could probably slow down the current increase in the incidence
of T1D.

Limitations of this study are worth noting. Although several procedures were
standardized during this systematic review to minimize the possibilities of incurring
biases in the identification of literature, selection and interpretation of evidence, we
cannot rule out having missed relevant studies also due to publication bias. For
example, studies that were published in languages other than English, Spanish or
French were not included. An important limitation that is shared by all ecological
studies is the possibility of making an ecological fallacy. The implication is that the
associations we found are only at the group level, and we cannot assume that they are
inferred to each individual in these groups. For example, our results do not
necessarily imply that all wealthy countries have a higher incidence of T1D, and our
findings only reveal potential associations between GPD and population rates of T1D
incidence at the group level. Another limitation of our study is the heterogeneity of
the different countries included in the statistical analysis. In addition, available
secondary sources of GPD data may not have the same accuracy for all countries,
leading to imprecise correlation with the incidence of T1D.

We found a wide geographic variation in the incidence of T1D and a worldwide
increase in the two periods considered in this study. The greatest increase was
observed in the youngest group of children with T1D (0-4 years), with a relative
increase of almost double (P value = 2.47 x e?®%). Finally, there was a positive
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Figure 4 Observed relation between the ratios of the increase in incidence and gross domestic product in 26
countries.

correlation between the socio-economic level, as measured by GDP per capita, and the
incidence of T1D, where wealthier countries have higher values of incidence.
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Table 3 Models of change in the incidence of type 1 diabetes for 26 countries with nationwide data according to the change in gross

domestic product

Model GDP per

. Coefficient Est Cl 2.5% Cl197.5% SE tvalue P value
capita

Year 1991: Intercept 8.99 4.63 13.36 21 4.28 0.0003
Weic ol GDP per capita  0.0002 0.0000 0.0005 0.0001 1.8000 0.0830
standard error:
6.63 Adjusted
R 0.09509; F-
statistic: 3.312 on
1and 21 DF; P
value: 0.08307
Year 2006: Intercept 135 734 19.66 2.96 456 0.0002
Weic ol GDP per capita  0.0000 0.0000 0.0000 0.0000 2.39 0.0260
standard error:
8.6; Adjusted R%
0.176; F-statistic:
5.698 on 1 and
21 DF. P value:
0.02647

Est: Estimator; CI: Confidence Interval; SE: Standard Error; Df: Degree freedom; GDP: Gross domestic product.

Table 4 Models of change in the incidence of type 1 diabetes for countries with nationwide data according to the change in gross

domestic product, excluding Finland and Switzerland

Model GDP per

. Coefficient Est. Cl 2.5% Cl197.5% SE t value P value
capita

Year 1991: Intercept 5.82 2.27 9.36 1.71 3.40 0.002
S el GDP Per capita  0.0005 0.0003 0.0008 0.0001 41220 0.0002
residual error:
5.08; adjusted R%
0.44. F statistic:
19.37.22 DF. P
value: 0.0002
Year 2006: Intercept 13,57 8.16 18.98 261 5.21 0.00003
Sizmelrizd GDP Per capita  0.0002 0.00004 0.0003 0.0001 276 0.01
residual error:
8.08; adjusted R%:
0.22; F statistic:
7.62.22 DF. P
value: 0.01

Est: Estimator; CI: Confidence Interval; SE: Standard Error; Df: Degree freedom; GDP: Gross domestic product.
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Figure 5 Correlation between incidence of type 1 diabetes and gross domestic product per capita for countries with information at the national level in two
periods. A: Analysis for 26 countries period from 1975 to 1999; B: Analysis for 26 countries, period from 2000 to 2017; C: Analysis excluding Finland and Switzerland,
period from 1975 to 1999; D: Analysis excluding Finland and Switzerland, period from 2000 to 2017.
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ARTICLE HIGHLIGHTS

Research background

Type 1 Diabetes (T1D) is a complex disease resulting from the interplay of genetic, epigenetic,
and environmental factors. There is a dramatic increase in the incidence of T1D, predominantly
in younger children (0-4 years old) worldwide. The cause of this increase is still under study.

Research motivation

This work updates the current knowledge on the global incidence of T1D across age categories
and its variation over time. The increase of incidence of T1D has been associated with
socioeconomic factors, such as gross domestic product (GDP). However, there have been
conflicting results about the relationship between income level and the incidence of T1D.

Research objectives

We searched the global variation in the incidence of T1D in the age categories and two periods
(1975-1990 and 2000-2017). We then searched to what extent these variations correlated with the
GDP per capita in these countries.

Research methods

We updated through a systematic review, our previous results on the global incidence of T1D in
individuals aged 0-14 years. We first retrieved the incidence of T1D data in different age
categories (0-4, 5-9, 10-14, 0-14) and divided the incidence information into two periods (1975-
1999 and 2000-2017). Then, we conducted an exploratory ecological analysis about the relations
of population rates of T1D incidence and the average GDP of these countries. Comparisons of
means, correlations, linear regression were made.

Research results

We retrieved incidence data for 84 countries, most of them are European. We observed an
increase in the incidence of T1D worldwide when comparing the periods 1975-1999 and 2000-
2017. We also observed an increase in the incidence of T1D in all age categories (0-4, 5-9 and 10-
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14). In the period 1975-1999, the incidence increased with age, with a peak in children aged 10-14
years. For the period 2000-2017, there appeared to be an increasing number of patients in the 5-9
age group and a greater relative rise in the 0-4 age group. Also, we found that the highest
incidences of the disease were reported in wealthier countries.

Research conclusions

We found a wide geographic variation in the incidence of T1D and a worldwide increase in the
two periods considered in this study, especially in younger children (0-4 years old); showing an
early age at onset. Also, we confirmed that there was a positive correlation between the socio-
economic level and the incidence of T1D. More studies are required to elucidate the interaction
between environmental, immunological and genetic factor.

Research perspectives

This study showed the enormous differences in surveillance and epidemiological reports of T1D
worldwide. Most of the countries retrieved from the systematic review are European and few
studies were carried out in Central and Latin America, Central Asia and Sub-Saharan Africa. It is
very important that the scientific community generates more studies on the epidemiology of T1D
that contribute to understanding the changes in the dynamics of the disease.
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