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Preface

This book provides a comprehensive overview of type 1 diabetes, ranging from its 
bleak history to contemporary practices and targets for the future. It includes nine 
chapters organized into two sections. The first section includes five chapters that 
address the management of type 1 diabetes. The second section includes four chapters 
that examine the etiopathogenesis of diabetes. Written by specialists in diabetes from 
around the world, including Africa, America, Asia, Australia, and Europe, chapters 
include figures and tables to illustrate important concepts. With its comprehensive 
coverage of the state of the art in diabetes, this volume is a useful resource for family 
physicians, diabetologists, educators, nurses, students, and other interested readers. 

I would like to thank the staff at IntechOpen, especially Author Service Managers 
Ms. Silvia Sabo and Ms. Sara Debeuc, for their assistance throughout the publication 
process. 

Mission: from recent history to dawning future (Years of milestones in diabetes manage-
ment). Roman numerals at figure margins serve as reminders of important dates related 
to pancreas function [1, 2], insulin discovery [3–6], technology for insulin substitution 
[7], therapeutic exercise [8], and risk of atherosclerosis [9], which created a base for topics 
presented in chapters of this book [10].
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Chapter 1

Intensive Management of Type 1
Diabetes in Adults: One Centre
Experience 1970–2022
Rudolf Chlup, Ondřej Krystyník, Petr Mlčák,
Jana Zapletalová and Josef Bartek

Abstract

This chapter deals with clinical trials and routine management of persons with type
1 diabetes (PWD1) carried out at the Teaching Hospital and Palacký University
Olomouc since 1970 in cooperation with experts from other centres. The following
outcomes are presented: (1) physical training resulted in (a) enhancement of physical
working capacity; (b) increased insulin effectiveness (c) increased S-HDL cholesterol;
(d) improvement of neuropathy, memory, attention and general condition of PWD1.
(2) Intensive basal and prandial insulin substitution with only short-acting insulin
given seven times a day and night appeared to be the most effective approach to the
conventional insulin substitution; group education and pens motivated to the intensi-
fication of insulin therapy. (3) Continuous subcutaneous insulin infusion, conven-
tional self-monitoring, continuous/flush glucose monitoring and prolongation of time
in range opened new horizons. Intensive education, early application of hybrid insulin
pumps and specialised prevention of late diabetes complications are deemed to
improve the life expectancy and quality. Cooperation with insurance companies
should be acknowledged.

Keywords: insulin, glucose monitoring, insulin pen, insulin pump, diabetes
education, life style, food, muscular exercise

1. Introduction

Type 1 diabetes (T1D) is a chronic syndrome of disturbed metabolism of saccha-
rides, proteins and fat. This syndrome is characterised by the destruction of insulin-
producing B-cells of the pancreas which is mostly (in 80%) due to a lasting influence
of autoantibodies of uncertain origin. Multiple factors could simultaneously explain
the increasing T1D incidence [1]. Impact of HLA phenotype and previous contact with
viral antigens should be mentioned [2, 3].

Clinical signs and symptoms of insulin deficiency comprise abundant passing of
water, thirst, loss of body mass (up to several kilograms per week), hunger, overeat-
ing, weakness, loss of appetite and finally nausea, vomiting, dehydration, breathless-
ness, abdominal pain, disturbed consciousness, coma and death. These signs are
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accompanied by fasting hyperglycaemia ≥ 7 mmol/l and high or low plasma concen-
trations of minerals and lactate; acidosis, uraemia and infections may also be present
[4, 5]. The only possibility how to interrupt this deleterious chain is to recover the
homeostasis with adequate amounts of fluids, the substitution of missing insulin
combatting the acidosis.

The exciting milestones of the insulin era have already been described [6–12]. In the
year 1922, the pharma industry started production of short-acting bovine/porcine insu-
lin (Iletin, Eli Lilly, Indianapolis, USA). Long-acting Protamin Insulin was discovered by
Hagedorn in 1934 [13]. In the year 1940, NPH (Neutral Protamin Hagedorn, Nordisk,
Denmark) was discovered by Rosenberg and Krayenbühl in Hagedorn´s laboratories
and published after the war in 1946 [11]. Human insulins have been produced since
1980. Short-acting insulin analogues lispro, aspart and glulisine have been used since
2000 [14], followed by long-acting analogues (glargine, detemir), ultralong analogue
degludec and biosimilars. The pharmacokinetics of individual insulin preparations
were studied [15]. Insulin concentrations were unified from 20 IU/ml or 40 IU/ml or
80 IU/ml to the mandatory concentration of 100 IU/ml. However, in disposable pens,
there are some exceptions: glargine (Toujeo) 300 IU/ml, degludec (Tresiba) 200 IU/ml.
Faster-acting insulin (FIASP) has been used since 2017 [16].

The evolution of technologies for insulin application enhanced the flexibility of insulin
substitution which became more physiologic [17]. In the seventies, glass syringes were
replaced by plastic disposable syringes. Continuous subcutaneous insulin substitution
(CSII) using Mill Hill Infuser as a personal insulin pump was described in Guy´s Hospital
London in 1978 [18]. Convenient pocket insulin syringes appeared in England before
1980. According to personal communication, Dr. Ireland in Glasgow, following an idea of
Dr. Reith, invented an insulin pen injector produced then by Hypoguard ([17, 19],
personal communication). Development of insulin pens (later they have received the
name MADI) was supported by Palacký University Olomouc, Czech Republic. Their
production started in 1983 (Meta Ostrava, Czech Republic) [20–22] . The NOVO
Laboratories, Copenhagen, Denmark, started the production of Novopen [23, 24]. Their
technical evolution continued up to the smart pens of today [25]. Haemoglobin A1c [26],
Dextrostix and Glucometer-strips systems followed by continuous glucose monitoring
(CGM) [27–31], flash glucose monitoring (FGM) [32] and by the assessment of time in
range (TIR) [33] became prerequisites for effective metabolic control.

Primary insulin regimens were based on insulin boluses prescribed by a physician.
These “mandatory” insulin doses resulted in diabetic diets with fixed amounts of
nutrients. Then, limitations of muscular exercise were a measure for the prevention of
hypoglycaemias [34]. In contradiction, a few specialists emphasised a liberalised
approach to food consumption which was based on adaptations of frequent prandial
boluses of regular insulin [35, 36]. The vital mission of insulin and the harmful
angiopathic consequences of hyperinsulinaemia and hyperglycaemia [37–41] should
be considered. Potential risks of hypoglycaemia are always worthy of attention [42].

In healthy people, the insulin production was found to be mostly 30–40 IU per
24 h [43]. So, the daily amount of injected insulin needs to be “as high as necessary
and simultaneously as low as possible” [44]. This paradigm became the leading idea
of our therapeutic strategy.

Active individual and/or group therapeutic education was suggested in Genf and
Düsseldorf [45, 46]. A series of teaching letters was issued by the Diabetes Education
Study Group of the European Association for the Study of Diabetes (DESG/EASD).
Scheduled educational programmes of various structures were applied in diabetes
centres all over the world [47–54].
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This chapter is focused on selected clinical trials and routine management of
people with type 1 diabetes (PWD1) carried out since the year 1970 at the Teaching
Hospital and Palacký University Olomouc [55, 56], mostly in cooperation with experts
from diabetes centres in the Czech and Slovak Republics [57], Institute of Diabetes G.
Katsch Karlsburg [58–76], Heinrich Heine Universität Düsseldorf [77], Royal Infir-
mary Edinburgh [62] and St. Thomas Hospital London [62, 78].

The targets of the presented topics and single-centre “real world trials” have been
to encourage physicians and health care professionals to implement flexible insulin
substitution along with adequate exercise into routine management of PWD1. Sensor-
augmented CSII and/or recent insulin analogues are going to be the core of this
intention.

2. Influence of dynamic physical training on metabolic, hormonal and
clinical parameters in adolescents and men with Type 1 diabetes
mellitus (1978 to 1982)

A prospective single-centre study with 19 PWD1 males (age 15–35 years, diabetes
duration from 2 months to 20 years (mean 6,8 years) improved insights on the effects
of physical training [62]. The study protocol was based on several previous studies
[79–88] At the beginning of the training period, proband was admitted to the hospital
for one week. His Physical Working Capacity (PWC 170) was investigated using the
bicycle ergometer Zimmermann [89]. At the end of the following outdoor training
period (duration 157 � 43 days), the second and third tests were performed whereas a
one-week quiet break between them without any exercise was included into the study
schedule (Figure 1). Each test was performed one hour after breakfast in the morning.
PWC 170 and other parameters at the first, second and third tests were compared
(Figures 2 and 3).

Here are the effects of the 5–6-month dynamic training (athletics, cycling and
swimming) in PWD1:

1.Increase of PWC 170. PWC 170 is the submaximal ergometer load resulting in a
heart rate of 170 beats/min which is reached at the 4th step. This load was
calculated using linear extrapolation of heart rates at previous steps. Each step
lasted 10 min (In future studies maximum oxygen capacity VO2 max. has been
used instead of PWC 170).

Figure 1.
Design of the training and quiet (klid) period with three ergometer tests.
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Figure 2.
Schedule of PWC 170 ergometer step test [89] and respective investigations.

Figure 3.
Amount of injected insulin [IU/d], quotient Q [g Carb/IU] (saccharide relation), Michaelis glycaemic control
index GCI [90] estimated energy expenditure [MJ/d], systolic blood pressure (syst TK) at the 3rd step (100 W) of
ergometer test and PWC 170 [W] over the study n = 19.

6
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2.An improvement of saccharide (carbohydrate) metabolism was demonstrated by
increased insulin effectiveness (quotient Q) without any change in blood glucose
control. Quotient Q describes how many grams of consumed carbohydrates are
metabolised due to 1 IU of injected insulin. An approximate relation between
insulin effectiveness Q and physical working capacity PWC 170 can be calculated
using a new formula derived from our observations:

Q g Carb:=IU½ � ¼ 0,03 PWC 170 W½ � � 0,5, (1)

(where PWC 170 reached values 90 W <PWC 170 <295 W).
The increase of PWC 170 depends on the amount of estimated energy expended

for the submaximal training. Following training interruption (as it may happen e.g.
after admission to the hospital) the insulin effectiveness drops in relation to the
decrease of PWC 170 due to reduced physical exercise (Figure 3).

The insulin effectiveness Q in this study reached values ranging from 2.5 to 22.4 g
Carb./IU. Its evolution appears to be related to the value of the physical working
capacity PWC 170 (Figure 4).

No influence of training either on venous blood glucose concentration (vBG) at the
beginning of ergometer test or on the speed of vBG reduction in the course of tests I, II
and III was shown. The reduction of vBG became significant (p < 0,05) as soon as at
the end of step 2 (75 W) (Figure 5).

An improvement of lipoprotein metabolism was recognised by an increase in HDL
cholesterol concentration (1.19 � 0.08 vs 1.86 � 0.22 mmol/l, p < 0.05) (Figure 6)
and by a decrease in the index of total cholesterol/HDL cholesterol. These significant
changes could also be found 7 days after the end of the training [58].

A beneficial influence on some signs of neuropathy [59], on memory, attention
and on the general condition of diabetic patients could also be demonstrated [60].

The important results of our study are comprised in the Abstract book (Figure 7).
Hence, based on this study, a submaximal dynamic physical training may be

recommended as an additive treatment of type 1 diabetic patients with no signs of

Figure 4.
Relation of insulin effectiveness QI, QII, QIII and respective PWC 170.
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catabolism. At the beginning, the insulin should be reduced or the amount of carbo-
hydrates in food increased along with the change of insulin effectiveness. Even in
patients with high physical working capacity, it is not possible to replace insulin by
physical exercise. Following the training cessation, the amount of injected insulin
should be increased or the amount of carbohydrates in food reduced along with the
decrease of insulin effectiveness.

3. Randomised cross-over clinical trial on metabolic effectiveness and
feasibility of three intensive insulin regimens with particular
consideration of night period in PWD 1 (Institute of Diabetes
Karlsburg, Germany, 1989–1990)

Subjects: A group of 36 T1D (males, age 18 to 50 years, duration of diabetes at
least 3 years, C-peptide 0,037 � 0,013 nmol/l, BMI 23,6 � 0,5 kg/m2, PWC 170 172,5
� 6,8W, retinopathy 1st grade in 7 and 2nd grade in 7 of them, traces of proteinuria in
11 of them, proteinuria > 2 g/d in one of them) completed the study.

Figure 5.
Development of vBG in the course of the bicycle ergometer test I (before training), II (end of training) and III (after
6 days of quiet) n = 19.

Figure 6.
Increase of serum HDL cholesterol concentration between the start and end of the 6-month training (n = 19).
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Study design: The suggested protocol considered our previous experience and
outcomes of other studies on dawn phenomena and pharmacokinetics of various
insulin preparations [97–105]. After admission, each of the three insulin regimens A,
B, and C (Tables 1 and 2) was randomly tested over two weeks and then replaced by
another one. At discharge (6 weeks after admission) the tested person could choose
the preferred regimen for the 8-week treatment period at home/at work. Final in-
patient examination targeted to the complex assessment of respective clinical and
laboratory parameters.

Results: The basal and prandial insulin substitution with only purified porcine
shortacting insulin (SNC, Berlin Chemie) given seven times a day (regimen A) was the
most effective kind of the conventional insulin therapy as assessed by the mean cBG
(MBG 16) of 16-point BG profiles at the end of the respective test period (Figure 8).

The regimen A led to the best metabolic control in 21/36 (58%) of patients
(Figures 9 and 10).

The insulin regimen B with one animal intermediate insulin preparation (BS,
Berlin Chemie) at 10 p.m. or the regimen C with a long-acting insulin (Ultratard HM,
NovoNordisk) at 5.30 p.m. led to the best control in 6/36 (17 %) or in 9/36 (25%) of all
patients, respectively.

Figure 7.
Abstract book Symposium on Diabetes and exercise, 21.-23.1.1982, Olomouc, Czechoslovakia,
organised by Palacký University Olomouc and Central Institute of Diabetes G. Katsch Karlsburg; Olomouc,
1982 p 102 [63, 91–96].
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Even though the capillary FIRI concentrations (which were investigated parallel
with cBG) were significantly higher than in healthy men (Figure 11), the cBG values
in the best PWD when compared to a group of 9 healthy men remain significantly
higher.

In addition, in the last two regimens (B and C), the total daily insulin dose was
higher than in regimen A. On the other hand, the fasting BG concentrations were in
regimen A 60 of 72 BG measurements below 10 mmol/l. In regimen B, it was only in

Randomisation Hospital At home Hospital

Each PWD was randomized to 1 of 6 subgroups 12 d 14 d 14 d 8 weeks 3 days

A B C Individually selected insulin
regimen

A or B or C
A C B

B A C

B C A

C A B

C B A

Diet Free adopted diet

BG-profiles

FIRI-profil

Fruktosamin

Lipoproteins

C-peptid, IBC

STH

Psychology

PWC 170

HbA1

U-glucose,
U-aceton

Selfmonitoring Strips for capillary blood
measurements

Table 1
Schedule of PWD randomisation into six groups with different sequences of insulin regimens; hospital and home
study periods; clinical and laboratory check-ups.

Time 6,30 9,00 11,30 15,00 17,30 22,00 2,30

Regimen A R R R R R R R

Regimen B R R R R R B intermediate

Regimen C R R R R R + Ultratard

Table 2.
Tested insulin regimens: A (regular insulin R only), B (R in the course of day plus intermediate insulin at
10 p.m.), C (R in the course of day combined with Ultratard insulin at 5.30 p.m.).

10

Type 1 Diabetes in 2023 - From Real Practice to Open Questions



14 of 72 measurements and in regimen C in 19 of 70 measurements (2 values were
missing) (Figure 12).

The group education and an insulin pen motivated the diabetic patients to an
intensification of insulin therapy including injections of insulin at 2.30 a.m. [73].
The feasibility (acceptance) of night injections (insulin regimen A) increased from
2/36 (6 %) at the beginning to 15/36 (42 %) at the end of the study. On the contrary,
the optimistic patients´ hopes expecting the best effects from the long-acting insulin
preparation Ultratard declined from 26/36 (72 %) on recruitment to 12/36 (33 %) on
the final assessment at the end (Figure 13).

Neither the intensive insulin treatment enabled a long-lasting normalisation of
B-glucose and B-FIRI concentrations.

A significant impact of regimen A on MBG 16 was only seen in a subgroup of 19
PWD who on discharge preferred regimen A for their future treatment.

No metabolic differences were seen when using the MADI 7/2ml needle pen
(Figure 14) or catheter pen [78, 106]. The needle pen was preferred in 54 % of all
patient days.

4. Continuous subcutaneous insulin infusion (CSII)

Since the year 1978 CSII by means of an external insulin pump became the best
near-physiological way of insulin substitution [18, 107–115].

CSII supported by intensive self-monitoring mostly resulted in improved
metabolic control as well as in increased satisfaction and quality of life in thousands of
PWD1.

In our diabetes centre the first pump (Promedos E 1, Siemens, Germany) was
introduced in December 1981 (Figure 15) [115]. From 2003 to 2012, DAHEDI
Elektronics (Figure 16), H tron (Figure 17), Minimed (Figure 18) and Animas IR
1000, 1200 and 2020 (Figure 19) were inserted and regularly upgraded beyond the
date of their 4-year expiry period. There were two pumps produced in Czechoslova-
kia: Insulin Injektor Kovo Brno developed by Hirš, Institute of Physiology, Academy

Figure 8.
MBG 16 in the group with the best regimen A (n=21)—left, in the group with the best regimen B (n = 6) —
middle, and in the group with the best regimen C (n = 9)—right, in comparison with MBG 16 of other two
regimens in the respective group.
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of Sciences, Prague (Figure 20) [108–112] and programmable pump DI2 PC, devel-
oped by Vojtek, MEDIPO Brno. Thirty prototypes of this pump were produced, seven
of them successfully tested in 1991–1993 in Olomouc (Figure 21) [53].

Paradigm 712, 722, 522, VEO 754 and 554 enabled the “low glucose suspend” if
connected to CGM (Figure 22).

4.1 Single centre pilot study on metabolic effectiveness of CSII in PWD1
(1993–1998)

Subjects: Thirteen PWD1 males and females were put on an insulin pump (Dahedi,
H-Tron, Minimed) in the period of years 1993–1998 demonstrated that the continuous
subcutaneous insulin infusion resulted as soon as in 72 days in a decrease of concen-
trations of HbA1c in blood (NGSP scale 9.3 � 0.46 vs 7.6 � 0.28 %, p < 0.05)

Figure 9.
Comparison of insulin doses, 16-point cBG profiles and 16-point free immunoreactive insulin (FIRI) profiles at
the end of respective insulin regimen period. See Figures 9 and 10 for further details.
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(Figure 23), of total serum cholesterol (5.47 � 0.29 vs 4.85 � 0.19 mmol/l, p < 0.05)
(Figure 24) and triacylglycerols (1.58 � 0.24 vs 1.13 � 0.15 mmol/l, p < 0.05). The
total daily dose of insulin was reduced (47.8 � 2.75 vs 41.3 � 2.3 IU/d, p < 0.05) and
the body mass did not change. An improved metabolic control was also found in a
check-up 554 days later. There were no serious complications resulting from the usage
of a pump.

In the third milenium, insulin pumps enable adaptation of basal rate up to
48 times per 24 h. Based on the biorhythm of insulin sensitivity and

Figure 10.
The 16-point cBG profiles at the end of insulin regimen A in 36 PWD (A) and in 21 of them who reached the best
BG values with regimen A (A-best). cBG values in the group A-best remain significantly higher than in a control
group of 9 healthy men. See also Figure 11.

Figure 11.
The 16-point FIRI profiles at the end of insulin regimen A in 36 men (A-all) and in a control group of 9 healthy
men. * p < 0.05.
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Figure 12.
Frequency of fasting cBG concentrations at BG profiles in the course of respective regimen.

Figure 13.
Preference of regimens A, B, C at the beginning, at the end of the in-patient period and after 8-week home therapy
with self-selected regimen.

Figure 14.
First insulin pens MADI (MAnual Device for Insulin) developed at Palacký University Olomouc in 1983–1990
[20, 21, 78] MADI 5/5 ml (above), MADI 7/2 ml—used in this study (middle), MADI 8/3 ml (below). Photo
V. Kupčík, www.diabetesmuseum.cz.
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Figure 15.
Promedos E 1, Siemens, Germany [115].

Figure 16.
Dahedi Elektroniks, Netherlands.

Figure 17.
H tron, Disetronic, Switzerland.

Figure 18.
Medtronic-Minimed 506, CA, USA.
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carbohydrate ratio and on our clinical experience with CGM-augmented CSII
(Figure 25) [65, 98, 100, 103, 116], we have introduced a dynamic schedule of
basal rates (Figure 26). This schedule we have used in PWD1 at the beginning
of CSII therapy, to be adopted individually. Intensive conventional self-
monitoring or CGM or FGM are prerequisites for an effective CSII.

Figure 19.
Animas IR.

Figure 20.
Osobní Injektor, Institute of Physiology Prague, Kovo Brno, CR. Hundreds of pumps were widely used in Prague, Brno
and Hradec Králové in the period of years 1984–1991 [108–112]. Photo V. Kupčík, www.diabetesmuseum.cz

Figure 21.
DI2 PC, MEDIPO Brno, CR.
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4.2 Retrospective single centre study on feasibility of CSII in PWD1 and PWD2
(1981–2013)

In a period of 31 years we summarised our observations (Figures 27 and 28) [117]:

• a total of 185 PWDs (113 type 1, 72 type 2), aged 18–78 years, duration of diabetes
from 0 to 56 years, were put on insulin pumps;

Figure 22.
Paradigm 722, Sensor and transmitter, Minimed-Medtronic, CA, USA. These sensor-augmented pumps [116]
opened the door for the effective application of CGM or FGM in metabolic control and prevention of late
complications in PWD1.

Figure 24.
Total cholesterol (mmol/l) at baseline and after 72 d on CSII n = 13.

Figure 23.
HbA1c (NGSP %) at baseline, after 72 d and 554 d on CSII n = 13.
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• six PWDs (3%) rejected the pump within 6 years after the commencement of use
due to stress related to new technologies.

• seven PWDs (4%) were switched to other treatments (pancreas transplantation
2, liraglutide 2, multiple daily insulin 3).

• twenty pump-treated PWDs (11 %) died (heart failure 12, stroke 2, renal failure
2, pneumonia 2, M. Alzheimer 2).

• in the year 2013, 152 of 185 (82 %) CSII-treated PWDs registered in our working
group PARASEN (since 1981) have been profiting from insulin pumps.

Insulin pumps are the optimum available and safe means for insulin substitution in
PWD1 [117, 118]. From insulin pumps may also profit some PWD 2 [106, 119].

Figure 25.
Continuous glucose monitoring (CGM) using a transcutaneous sensor in the course of 7 days. Each day has a
different colour. Up to 288 sensor values per day.

Figure 26.
CSII start: suggested distribution of basal rates over 24 h; to be individually adopted according to glycaemic profiles
and clinical experience.
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However, in PWD2 incretins and gliflozins recently appear to offer better
cardioprotective and nephroprotective perspectives.

4.3 Retrospective single centre study on the safety and microbial hazards of
prolonged transcutaneous sensor insertion (2004–2007)

Inflammation is a potential adverse event at the site of sensor insertion. In eight
studies, there were 364 transcutaneous sensors used in 169 men and women with
diabetes and in 40 healthy persons. The skin was sprayed with an antiseptic before
sensor insertion. In the course of 2117 sensor days, there was only one serious compli-
cation: an abscess in the gluteal region. We demonstrate this case report [120].

History: A man born in 1972 with T1D from 1981, on insulin pump since 2002,
from 2003 he used 15 sensors without any complication except occasional slight
redness and increased sensitivity at the site of insertion. On 14.3.07, the patient
inserted a sensor in the middle of the right gluteal area 14 cm below spina illiaca
posterior superior. Before insertion, the site was sprayed by antiseptic. The third day

Figure 27.
Distribution of PWD (PARASEN Group) with accepted or rejected insulin pump or switched to other treatments
or decreased over the period of 31 y.

Figure 28.
Summary of outcomes from insulin pump treatment of PWD (PARASEN Group) over the 31-year period 1981–
2012.
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after insertion pain and aedema appeared, the fourth day the sensor was removed, the
pain became more severe so 5 days later (23.3.07) he contacted the diabetes centre.

On examination: Redness and infiltration 5 cm of diameter. Small incision in local
anaesthesia (Mesocain 1%) was performed, 10–20 ml of purulent fluid was evacuated.
The wound rinsed using physiological solution and drained. New sensor was inserted
(Figure 29).

Microbial culture: Streptococcus pyogenes. No antibiotics were given. Within 14
days after surgical intervention, the local redness and pain disappeared and no signs of
secretion or retention were seen. A small scar remains.

Conclusions: In the course of the FDA-approved period for sensor insertion only
one serious adverse event occurred. There were no other serious adverse events in
sensors used for up to 9 days. Hence, from the point of view of potential microbial
hazards prolonged insertion of sensors appears to be safe. These conclusions are
supported by other studies [72].

4.4 Interests in long-term continuous glucose monitoring in persons on insulin
pumps-one centre experience (2006–2012)

The purpose of this prospective study [57] was to assess the real patient´s interest
in routine use of transcutaneous sensors related to hypothetic optimum state of
“always on CGM”.

Methods and results: In the course of 7 years (from 2006 to 2012), the sensor
augmentation of Continuous Subcutaneous Insulin Infusion (CSII) was repeatedly
offered free of charge to all PWD on pumps (n=123) attending the regular check-ups
supported by Carelink Personal software. The CGM was accepted for a variable
number of days by 63 (51%) of them. The real percentage of time spent on CGM
shows the present study (Table 3).

SPSS v 15.0, SPSS Inc., Chicago, IL, was used for statistical analysis. P < 0.05 was
considered significant. Fisher´s exact test and Mann–Whitney U test revealed no
significant differences in number of PWD, duration of diabetes, duration of CSII,
duration of offer of CGM, total number of days with real use of CGM and rates of real
use of CGM compared between PWD1 vs. PWD2 and men vs. women, except the age
of PWD1 vs. PWD2 at start of CSII (P = 0.0001). The interests of PWD on CGM
augmented CSII and their real-life conditions resulted in median of up to 14.1 % time

Figure 29.
Healing serious adverse events after sensor insertion. Scar after the abscess drain (left lower corner). New sensor
and transmitter (right upper corner).
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of CGM use. So, having made available sensors and CGM education for unlimited time
for all 123 PWD on insulin pumps in our centre, their attitudes and motivation
remained to be adopted.

5. Prevention, early diagnosis and treatment of gestational diabetes, T1D and
late complications in PWD1 at Teaching Hospital Olomouc (2014–2022)

5.1 Gestational diabetes mellitus (GDM)

GDM is transient glucose intolerance first detected during pregnancy. Manifestation
usually occurs in the second and third trimesters. After delivery, the impaired glucose
metabolism is corrected, and the glucose level moves within the normal range.

At the beginning of pregnancy, the main goal of the mother’s metabolism is to
build up sufficient reserves of energy to be used for foetal growth [121]. With the end
of the first trimester, insulin resistance of muscle and adipose tissue gradually begins
to develop, reaching its peak during the third trimester. The volume of adipose tissue
decreases and the supply of free fatty acids increases, which newly become the main
source of energy for the maternal organism. Glucose is redirected by the placenta to
the foetus. Despite significant insulin resistance development of diabetes in pregnancy
usually does not occur.

The HAPO study in 2008 demonstrated a strong association between glycaemia
values and the perinatal complications which was almost linear and already evident at
the level of glycaemia, which until then was considered completely physiological
[122]. This study led to the development of a new guideline for screening and diag-
nosis of gestational diabetes [123]. Our centre, like others in the Czech Republic,
adopted these criteria in 2015 (Table 4).

The primary treatment of GDM consists of dietary control, adequate physical
activity and weight management remain the cornerstones of GDM treatment.

Parameter Unit PWD1
Men

PWD1 Women PWD1
M+W

PWD2
M+W

N # 26 27 53 10

Age at the start of CSII y 30.5
(23.2, 52.2)

31.7
(23.8, 45.2)

31.0
(24, 48)

57.7
(52, 66)

Duration of DM at CSII start y 18.5
(5.8, 29.0)

9.0
(3.0, 20.0)

12.0
(3.5, 25.0)

7.0
(3.8, 21.5)

Duration of CSII y 4.1
(2.4, 10.3)

6.3
(2.4, 12.1)

5,8
(2.4, 10.9)

3.2
(2.5, 4.5)

Unlimited offer of CGM d 1491
(868, 2147)

1491
(883, 2252)

1491
(883, 2221)

1123
(746, 1499)

Real use of CGM d 154
(72, 339)

189
(27, 337)

175
(56, 333)

66
(6, 137)

Days on CGM/ Days of offer % 10.9
(5,1, 26.9)

14.1
(4.1, 28.0)

12.1
(5, 26.1)

7.7
(0.4, 12.2)

Table 3.
Characteristics of PWD on insulin pumps and their interest in sensor-augmented CSII (median, percentile 25 and 75).

21

Intensive Management of Type 1 Diabetes in Adults: One Centre Experience 1970–2022
DOI: http://dx.doi.org/10.5772/intechopen.108032



Pharmacological (mainly insulin) treatment of GDM is considered in cases where we
are unable to achieve the treatment goals through dietary modification and lifestyle
management. Insulin is indicated when glycaemia exceeds the recommended range
(Table 5).

In GDM, the reason for insulin preference dominance is good efficacy in glycaemic
control and the low risk of foetal harm with the negligible transplacental transfer.
Metformin has the most experience worldwide. However, in our centre, metformin is
not currently recommended in the management of GDM. It is known to cross placenta
and a long-term safety for offspring is still of some concern [124].

The relationship between hyperglycaemia at 24–28 weeks of pregnancy and the inci-
dence of perinatal complications is well established. This is not entirely true for the
detection of hyperglycaemia in early pregnancy. We have insufficient data to establish
target glycaemic values for the diagnosis and treatment of early onset gestational diabetes.
However, increased fasting glycaemia in early pregnancy has shown to be closely associ-
atedwith higher bodymass and BMI in the initial weeks of pregnancy [125].Womenwith
GDM had more pronounced features of metabolic syndrome than pregnant women
without GDM in terms of lipid profiles (triglycerides) and increased insulin production
(C-peptide) [126]. Women with early onset GDM also showed altered adipokine pro-
duction. Increased A-FABP and decreased adiponectin levels are correlating with visceral
adiposity and glucose control and may be affected by treatment later in pregnancy [127].

It turns out that gestational diabetes is a heterogeneous condition. Further research
is now focusing on finding potential different screening strategies and diagnostic
criteria in early and late pregnancy. At the same time, it is necessary to look for
appropriate treatment approaches for women with hyperglycaemia at different stages
of pregnancy in terms of efficacy and safety [128].

5.2 Sensor-augmented insulin pumps

Continuous subcutaneous insulin infusion (CSII) represents the most physiological
substitution of insulin in PWD1. However, without frequent glycaemic control

First antenatal visit 24– 28 week of gestation
(75g oGTT)

FPG ≥5,1mmol/l1 PG ≥ 5,1mmol/l (fasting)
PG ≥ 10,0mmol/l (1h)
PG ≥ 8,5 mmol/l (2h)

FPG=fasting plasma glucose; PG=plasma glucose; 75g oGTT=oral glucose tolerance test with 75g of glucose. 1 At least 2
measurements on separate days.

Table 4.
Diagnostic criteria for GDM (adopted from IADPSG).

FPG <5,3 mmol/l

PPG (1h) <7,8 mmol/l

PPG (2h) <6,7 mmol/l

FPG=fasting plasma glucose; PPG=postprandial plasma glucose.

Table 5.
Glucose targets recommended for GDM treatment [124].
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and insulin dose correction, it fails to keep glycaemia within the recommended
range. Real-time continuous glycaemic monitoring system (rtCGM) on the other
hand improves the metabolic outcomes regardless of insulin delivery method [31].
Sensor-augmented pump therapy (SAP) integrates these two technologies into one
functional system. In the course of the last few years, it has been further improved by
a mathematical algorithm that allows semi-autonomous adjustments of subcutaneous
insulin infusion according to the current glycaemia (hybrid close loop system—HCL).
For the last 2 years, we have been using the Minimed™ 780G system (Medtronic)
with the SmartGuard™ and also t:slim X2™ (Tandem) with the Control-IQ™. Those
systems have been certified and fully approved for the treatment of T1DM in the
Czech Republic. Our experience with the HCL system shows that it is possible to
achieve very good results, surprisingly not only in well-cooperating and trained
PWD1. Figure 30 shows the increase of the TIR (Time In Range) and the enormous
improvement of daily glucose pattern in a woman, who has been using Control-IQ
hybrid close loop function of t:slim X2 inuslin pump for 6 months.

5.3 Prospective uncontrolled single-centre study ROXINEGLYD (Contribution of
Retinal OXimetry to the assessment of impact of INternal Environment,
GLYcaemia and Diabetes control on retinal vessel oxygen saturation in PWD)
(2016–2020)

Retinal oximetry is a method for measuring retinal oxygen saturation (SatO2).
Changes of retinal oxygen saturation were described in various clinical conditions such
as retinal vein occlusion, retinitis pigmentosa, glaucoma, cataract, after pars plana
vitrectomy, Alzheimer’s disease and also in diabetic retinopathy [129, 130]. An increase
in venous oxygen saturation was shown to be related to the severity of retinopathy
[131–133]. Lower arteriovenous difference of oxygen saturation reflects reduced oxygen
delivery to tissues [134]. The question is whether early regular investigations of retinal
oxygen saturation might help to assess the risk and progress of diabetic retinopathy.

Purpose of the pilot study [135] was to find an association of retinal oxygen
saturation with acid-base balance, carboxyhaemoglobin concentration, current

Figure 30.
A—Ambulatory glucose profile (AGP) on multiple-dose injection regiment (MDI) with real-time glucose
monitoring. B—Ambulatory glucose profile (AGP) after 6 months of sensor-augmented pump therapy with a
hybrid close loop system (Control-IQ ™; t:slim X2™).
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plasma glucose concentration (PG), mean PG and PG variability over the last 72 hrs,
HbA1c. and other conditions.

Methods: Forty-one adults (17 men) with T1D (n=14) or T2D (n=27), age
48.6�13.5 years, diabetes duration 9 (0.1–36) years, BMI 29.4�6.3 kg/m2, HbA1c

52�12.7 mmol/mol completed the study. The 4-day study comprised two visits (Day l,
Day 4) including 72 hrs of CGM by iPro®2 Professional CGM (Medtronic, MiniMed,
Inc., Northridge, CA, USA). Retinal oximeter Oxymap T1 (Oxymap ehf., Reykjavik,
Iceland) was used to assess retinal oxygen saturation.

Results:Wilcoxon signed-rank test showed no SatO2 difference between eyes and
visits. A significant correlation between arterial SatO2 and PG variability in T2D, a
positive correlation of venous SatO2 with HbA1c and with finger pulse oximetry was
found. No correlation of retinal oxygen saturation with acid-base balance,
carboxyhaemoglobin, current PG, mean PG over the 72 hrs, age, diabetes duration,
BMI, lipoproteinaemia, body temperature, systolic and diastolic blood pressure, heart
rate, central retinal thickness and retinal nerve fibre layer thickness was shown.

Conclusion: This study confirmed the association of venous retinal oxygen satura-
tion with long-term but not with short-term diabetes control and not with acid-base
balance or other conditions. The increased oxygen saturation and questionable impact
of PG variability should be clarified further on.

6. Conclusions

This chapter summarises the authors´experience along with outcomes of respected
trials and inventions from the insulin era. It became clear that the intensive manage-
ment of T1D comprising insulin, diet, exercise and control of therapeutic effectiveness
may recover the balance between energy intake and expenditure. Active approach to
the diagnosis of diabetes and to prevention of retinopathy, nephropathy, diabetic foot
and other cardiovascular complications may reduce their potential risks. Adequate
education focused on knowledge, skills, attitudes and communication has created a

Figure 31.
Journey from the known past to perspectives of unknown future.
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reliable base for effective approach. Recent technologies including smart insulin pens,
hybrid insulin pumps, CGM, FGM and glucometer-strips systems as well as new
insulin analogues, and transplantation of Langerhans islets and stem cells are offerring
great perspectives (Figure 31).

Shall we always be strong enough to transfer the practice-related research out-
comes to our daily routine?

7. Dedication

This chapter is dedicated to the memory of Leslie James Park Duncan (*Sumatra,
1922 � + Scotland 2005), unforgetable diabetologist who created a centre of excel-
lence at the Royal Infirmary of Edinburgh [42, 136–140], for his empathy with
patients, students and colleagues, as it was recognized by one of the authors of this
Chapter in the course of his postgraduate training in Edinburgh in 1980.
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Abstract

This chapter will talk about diabetes in African children living in Africa. It will 
cover diabetes, the classification in general, and the gray areas of diabetes in Africa. 
It will also cover part of the genetics of diabetes around Africa and its shortfall. The 
chapter will also look at the management of diabetes in an African setting, where 
insulin is stored in pots, and the challenges that a child with diabetes goes through 
in Africa. This chapter will be useful for pediatric endocrinologists, pediatricians, 
adult diabetologists, doctors, nurses, and everyone in the health sector dealing with 
children with diabetes.

Keywords: diabetes mellitus, sub-Saharan Africa, malnutrition, health care systems, 
type 1 diabetes mellitus

1. Introduction

Diabetes mellitus is a biochemical disorder caused by the defect in insulin 
secretion, action, or both, resulting in hyperglycemia [1]. Reduced insulin leads to 
abnormal metabolism of carbohydrates, fats, and proteins. There are different types 
of diabetes known globally, namely, type 1 diabetes mellitus (T1DM), type 2 diabetes 
mellitus (T2DM), gestation diabetes mellitus, and other forms of specific diabetes 
(e.g., maturity-onset diabetes of the young (MODY), neonatal diabetes, etc.) [2]. 
However, this classification may be difficult to locate in Africa due to challenges 
of diagnosis as well as other forms of diabetes that do not follow the global trend 
like malnutrition-related diabetes, [3] ketosis prone diabetes [4], and fibrocalculus 
pancreatic diabetes [5]. T1DM is an immune-mediated condition; however, in African 
people living in Africa, the picture might look different. Apart from the immune-
mediated T1DM, which is attributed to most of the patients with type 1 diabetes in 
sub-Saharan Africa, other patients have diverse forms of type 1 diabetes, which are 
non-immune-mediated. Few studies done on autoimmunity in T1DM in sub-Saharan 
Africa showed less than 50% immunogenicity ranging from 30 to 40%. Most of them 
have a single autoantibody, mainly GAD65. Other forms also fall in the category of 
T1DM but are not immune mediated.
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1.1 Sub-Saharan Africa and diabetes

Sub-Saharan is the term used to describe the area in the continent of Africa that is 
below the southern border of the Sahara Desert. It is a savanna grassland with some 
trees. Sub-Saharan Africa has about 42 countries and 5 islands, which are different 
geographically and culturally. It has a landmass of 23,890,896.1 sqm as o 2020 with 
1.17 billion people. The annual population growth is 2.6%, and the GDP per capita is 
1.92 (World Bank 2020). The number of prevalent (existing) cases of type 1 diabe-
tes is 1,211,900. The number of incident (new) cases of type 1 diabetes per year is 
149,500.

Diabetes mellitus used to be a disease of the developed countries, more so in 
children. However, the recent global data shows that about 536.6 million adult 
people with diabetes live in Africa, with the projection of 783.2 million people 
in 2045. In children up to 19 years, the number is at 1.2 million, with 184,100 
new diagnoses each year (IDF Atlas). Among these, 1,211,900 are children aged 
0–19 years with type 1 diabetes and 149,500 are those diagnosed yearly with type 
1 diabetes. All of these are affected by missed diagnosis, which reaches to about 
53.6% of the population in Africa, which is 72 million people (IDF). Few stud-
ies have been done on the prevalence and incidences of diabetes in children in 
Africa, and most of the prevalence studies are hospital based. The few incidence 
studies that have been carried out range from 1.9 to 11.2/100,000 population 
(Table 1) [6, 7].

There is variation in the incidence of diabetes in children in sub-Saharan Africa by 
region, with the population in the horn of Africa (e.g., Eritrea 11.2/100,000 popula-
tion and Sudan 10.3/100,000) [6, 8] more affected compared to western regions (e.g., 
Nigeria 3.1% and Cote devoir 0.4%) [10, 11]. Probably, these are the regions that have 
more of missed diagnosis and early deaths, or it is true that there is less incidence of 
diabetes in those areas.

1.2 The healthcare systems in sub-Saharan Africa

Most of the sub-Saharan African health systems are designed in such a way 
that they are able to tackle the infectious diseases and their acute patterns. HIV 
has been a challenging situation, because of its chronicity nature, hence forc-
ing the system to deal with chronic diseases and meeting the global sustainable 
development goals. The system has not been planned to tackle the NCD (diabetes 
in sub-Saharan Africa, from clinical care to policy). There is a move by the UN 
to reduce premature deaths from NCDs by 2030, in which case it requires a lot of 
co-ordinations that are difficult to achieve right now. As it has been studied, to 

Country Incidence /100,000 population

Sudan 10.3

Eritrea 11.2

Rwanda 2.7

Tanzania 1.8–1.9

Table 1. 
Incidence studies of diabetes in children in sub-Saharan Africa [6–9].
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manage diabetes, a broad-based health system is needed, which more often than 
not is not present there. Because of the way sub-Saharan Africa health systems are, 
most patients with diabetes will likely drop off the system, because the system can-
not cater to their needs, including facilities to manage micro- and macrovascular 
complications; adding it to the present infectious disease program like HIV has not 
been successful yet.

1.3 Care of children and adults with diabetes

Diabetes care in Africa has been a subject of many challenges especially after 
being hit by triple burden of HIV, diabetes, and tuberculosis, among other infectious 
diseases [12]. To add to the fire, the COVID-19 pandemic brought in more challenges 
to the governments and the healthcare system that was already fragile. The system has 
been used to cater to acute and infectious conditions rather than chronic infections, 
which has a different model and high costs.

1.3.1 Types of diabetes in Africa

For the most part, the types of diabetes in sub-Sahara Africa are no more dif-
ferent from the global types. However, very few studies have investigated in detail 
on diabetes occurring in Africa. Apart from the classical global forms of diabetes, 
that is, type 1 diabetes, type 2 diabetes, gestational diabetes, and specific genetic 
types, there have been studies indicating other forms of diabetes that occur in 
Africa, such as atypical African diabetes, ketosis prone atypical diabetes mellitus, 
and malnutrition-related diabetes of tropical diabetes [13, 14]. This is a significant 
challenge in which intervention needs to be set and prevalence of complications 
observed.

1.3.2 Type 1 diabetes mellitus

T1DM is characterized by deficiency in insulin secretion. Its cause is unknown; 
however, genetic susceptibility, environmental factors, immune system, and β-cells 
are implicated. The interaction of these causes immune-mediated beta cell destruc-
tion and hence partial/absolute insulin deficiency. There are four stages toward the 
development of T1DM symptoms: 1. multiple islet antibodies and normal glucose; 
2. multiple islet antibodies, raised blood glucose, but no symptoms; 3. islet autoim-
munity, raised blood glucose, and symptoms (when the islet cells have diminished 
to about 90% lost); and 4. long-standing T1DM. However, in sub-Saharan Africa, 
some patients do not have auto-antibodies, and so it can be confused with other types 
of diabetes. Management of T1DM can be challenging in Africa because of lack of 
laboratory support and access to insulin.

1.3.3 Genetics of T1DM

Despite the great leap in technologies and advances in genetic studies in T1DM, 
numerous gaps in knowledge remain, especially in sub-Saharan Africa. More data and 
genetic studies from non-European ancestry population are needed to identify novel 
risk genes and novel variants in known genes. It has to be noted that environmental 
factors play a major role as the triggering stimulus to develop diabetes even in people 
with low genetic risk to develop T1DM.
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1.3.4 Evidence of the role of genetics in diabetes

The overall risk of T1DM in the general population is 0.4%, but it is higher in 
relatives of patients. For example, siblings of patients have on average a 6–7% lifetime 
risk; the risk of T1DM is 1.3–4% in children of a female patient and 6–9% in children 
of a male patient. While the risk in identical twins with one positive autoantibody 
reaches up to 60% in some populations and is prone to development of diabetes 
within three years from detection, accumulated data showed that those with more 
than two positive autoantibodies will eventually develop diabetes. T1DM in non-
identical twins is similar to that in siblings, which is about 6%.

Over the past 40 years, histocompatibility leukocyte antigen (HLA) regions, on 
chromosome 6p21, have been the first and largest loci that are linked to T1DM suscep-
tibility, namely, class II HLA DR (especially DR3 and DR4) and DQ (mainly DQ2 and 
DQ8). These genes are felt to alter type 1 diabetes risk by affecting the ability of these 
class II molecules to bind to and present β-cell protein peptide fragments to T-cells 
and therefore to activate an autoimmune reaction. Up to 90% of individuals with type 
1 diabetes carry either the DR3/DQ2 halotype, which is associated with glutamic acid 
decarboxylase autoantibody (GADA), or the DR4/DQ8 haplotype, which is associated 
with insulin autoantibodies (IAA) (both DQ2 and DQ8 are non-Asp alleles). In con-
trast, while 20% of the population carries the DQ6.2 alleles (with aspartate at position 
57), this allele is rare in individuals with type 1 diabetes, marking this as a dominantly 
protective allele.

1.3.5 Genetics of T1 diabetes mellitus from sub-Saharan Africa

Data from certain areas in the world are very limited including sub-Saharan 
Africa. A recent study from Sudan by Tamador et al. has concluded that young 
Sudanese individuals with T1DM generally have similar characteristics as reported 
from European-origin T1DM populations. However, they have higher rates of DKA 
and slightly lower autoantibody rates than those reported from European-origin pop-
ulations and a particularly strong association with HLA-DRB1*03:01. Another study 
from Ethiopia by Shitaye et al., which has studied specifically the Amhara genomes, 
has concluded that Amhara genomes were distinct from modern European and other 
African genomes. HLA-DRB1*03:01 (p = 0.0014) and HLA-DRB1*04 (p = 0.0001) 
were positively associated with this form of diabetes, while HLA-DRB1*15 was 
protective (p < 0.0001). This means type 1 diabetes genetic risk score (derived from 
European data) was higher in patients than in control participants (p = 1.60 × 10–7). 
Interestingly, despite the modest sample size, autoantibody-positive patients revealed 
evidence of association with SNPs in the well-characterized MHC region, already 
known to explain half of type 1 diabetes heritability in Europeans.

1.3.6 Pathogenesis of type 1 diabetes

Type 1 diabetes is an insulin-dependent type of diabetes with an onset in child-
hood extending to early adulthood (≤ 30 years old); however, any age group can be 
affected.

Its pathogenesis involves three interlinked mechanisms:
Genetic susceptibility, immune system regulation abnormalities, and environ-

mental factors; however, for type 1 b, the pathogenesis is idiopathic. The HLA locus 
on chromosome P21 contributes about 50% of susceptible genes. The HLA molecules 
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are located close to peptide-binding pockets that are related to disease code alleles 
(HLA-DR3 or HLA-DR4) with features of antigen display. Then, there are environ-
mental factors that have been associated with triggering the islet cell destructions; 
this includes some viral infections, for example, cytomegalovirus, which will either 
induce the destruction of islet cells releasing β-cells antigen that will cause activation 
of T-cell-mediated reactivation of antibodies, or virus release proteins that resemble 
β-cell antigen and the immune system cross-reacts with the self-tissue.

Therefore, the autoantibody produced against the islet cell antigens as a result 
of environmental exposure cause injury to the pancreases of people with genetic 
susceptibility.

1.3.7 Non-Type 1 diabetes mellitus

Because of lack of fancy laboratory support in sub-Saharan Africa like islet cell 
autoantibodies and molecular testing, it is sensible to know when to suspect a mono-
genic form of diabetes or non-type 1 diabetes. Symptoms of diabetes in the first six 
months of life are defined as neonatal diabetes, which is a rare type of monogenic 
diabetes due to single gene mutation. Symptoms are usually vague but physicians 
should be aware of the problem with high suspicion rate. A neonate with unexplained 
growth failure, dehydration, and irritability with frequent nappy changes (poly-
uria) although good appetite and frequent breast feeding should be subjected to a 
simple blood sugar measurement and urine ketones. Blood sugars levels more than 
35 mmol/L are not usually a presentation of stress hyperglycemia. Communities with 
high consanguinity rate are prone to have this kind of gene mutations since most of 

Figure 1. 
Neonatal diabetes in sub-Saharan Africa.
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the cases are recessive. For example, in Sudan, a country with 45% consanguinity 
rate, 56% of neonatal diabetes were found to be caused by EIF2AK3 recessive variants 
causing the Wolcott–Rallison syndrome, which usually presents with skeletal abnor-
malities and liver dysfunction, while only 8.1% and 5.4% were caused by mutations 
in KCNJ11 and ABCC8 genes, respectively (local unpublished data). This is completely 
different from what has been reported from Western and Asian populations, where 
ABCC8 was the commonest cause of neonatal diabetes (Figure 1).

Figure 2. 
Fibrocalcular pancreatitis causing diabetes and malnutrition.

Figure 3. 
Diabetes and malnutrition.
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Other monogenic diabetes forms like MODY should be suspected clinically 
even when there is lack of laboratory facilities. A family history of diabetes in 
three subsequent generations, minimum or no requirements to insulin to maintain 
euglycemia, and bouts of unexplained hypoglycemia outside the honeymoon 
period should raise the suspicion of monogenic diabetes. Other clinical sup-
portive findings of monogenic diabetes are presence of megaloblastic anemia 
that is responsive to thiamin (TRMA), deafness with diabetes insipidus and optic 
atrophy (DIDMOAD), deafness with renal anomalies in Roger’s syndrome, and 
liver dysfunction and skeletal malformation (WRS). Early detection and correct 
diagnosis are crucial for a better outcome. Molecular testing is very helpful in such 
cases whenever feasible.

In a recent study from South Africa, 1643 diabetic adults who were diagnosed 
to have either type 1 or type 2 diabetes were subjected to molecular testing. A total 
of 6.6% were found to have monogenic diabetes caused by two genes mutations: 
HNF41A and GCK polymorphism [15]. This indicates that monogenic diabetes is 
underdiagnosed in our community, which might result in inappropriate treatment 
and exacerbation of related illnesses. Awareness should be increased among health-
care professional about when to suspect a non-type 1 diabetes mellitus.

1.3.8 Ketosis prone diabetes

Ketosis prone diabetes is a form of diabetes that is characterized by severe beta cell 
dysfunction presenting with DKA or unjustified diabetes.

It is a syndrome classified by four systems that are based on: immunological 
criteria; immunological criteria and insulin requirements; BMI and immunological 
criteria, or beta cell function. They are all non-autoimmune diabetes with severe 
insulin deficiency [4]. The classes are non-autoimmune diabetes with DKA, [16] the 
ketosis-prone insulin-dependent (clinical features of type 1 diabetes) and ketosis-
prone non-insulin-dependent clinical characteristics of type 2 diabetes, [17] lean 
ketosis-prone features of Type 1. and obese Ketosis-prone features with features of 
type 2 diabetes [18, 19].

However, in Africa, these conditions were present in the past 4–5 decades 
[20–22]; with the usual characteristics of absence of autoimmunity and beta-cell 
function reduction in this category, there are those who may need insulin for a short 
time and those that may need insulin permanently. These patients present with 
DKA (Figures 2 and 3).

2. Presentation and diagnosis

Suspicion of the diagnosis of diabetes mellitus begins with the presence of clini-
cal features, then doing random capillary blood glucose to confirm the diagnosis. 
Glycated hemoglobin supports the diagnosis. Urine glucose is important for diagno-
sis, especially in settings where laboratory support and glucometers are a challenge. 
However, the criteria involve having the symptoms of hyperglycemia and high levels 
of blood glucose.

The commonest symptoms are tiredness, polyuria, polydipsia, and weight loss 
despite polyphagia; however, there are other subtle symptoms that may indicate dia-
betes mellitus, including skin infections such as boils and recurrent fungal infections. 
Most of the occasions for diagnosis within the context of an acute illness.



Type 1 Diabetes in 2023 - From Real Practice to Open Questions

44

It is common to measure random blood glucose either by using capillary blood 
(using glucometers) or venous blood where laboratory facilities are available. In 
settings where there are in the diagnosis, the most common form is the severe form 
of diabetes, where a patient presents with diabetes ketoacidosis (hyperglycemia, 
acidosis, and ketonemia/ketonuria). At this point, the diagnosis will involve random 
blood glucose for hyperglycemia greater than 11.1 mmol/L and urine dipstick to look 
for ketonuria of 2+ or more, weakness, unclear poor growth for children, neglects, 
and anger of youth.

The finger prick at any time should be the same or exceed 11.1 mmol/L along with 
clinical symptoms of short duration of loss of weight, polyuria, and polydipsia. This can 
be done in sick patients or outpatients. Thus, the diagnosis of diabetes is confirmed when:

1. Classical symptoms and signs of diabetes or hyperglycemia crisis and a plasma 
glucose of ≥11.1 mmol/L or

2. Fasting plasma glucose of ≥7 mmol/L on more than one occasion or

3. Two hours post-glucose load/standard ≥11.1 mmol/L (OGTT)

4. HbA1c > 6.5% two hours post-glucose load ≥11.1 mmol/L (OGTT)

Note: If there are no symptoms, there should be two blood glucose readings tested 
at different times.
At initial diagnosis, glycated hemoglobin (HbA1c) is an important parameter, but 

a normal value does not rule out the diagnosis of diabetes. HbA1c is used for monitor-
ing hyperglycemia in 3 monthly checks because of its variation in availability.

Since type 1 diabetes is an autoimmune condition, the likelihood of other auto-
immune conditions is high; hence, screening for other autoimmune conditions is 
important. These include: thyroid profile (TSH, FT4, and FT3) ± coeliac disease. Most 
of the times, patients in sub-Saharan Africa delay the diagnosis, resulting in a lot of 
loss in follow-up; therefore, there is need for screening for complications of diabetes, 
that is, urine examination for micro-albumin, lipid profile—triglycerides and lipo-
proteins, and renal function tests (serum creatinine, blood urea nitrogen) as well as 
the assessment for neuropathy using filament touch for sensation.

3. Management

Management of diabetes involves diagnosis of diabetes, which consists of taking 
history, conducting a physical examination and testing blood to confirm the high 
level of blood glucose.

Clinical features suggestive of diabetes with random blood glucose (RBG) of 
11.1 mmol/L or more confirm diabetes. If there are suggestive clinical features but 
RBG is less than 11.1 mmol/L, fasting blood glucose test or oral glucose tolerance 
test (OGTT) and HbA1C are done. Fasting blood glucose of 7 mmol/L or more 
confirms diabetes. OGTT of 11.1 mmol/L or more after 2 hours confirms diabetes. 
It is important to do urine routine examination to look for ketone because in Africa 
many children with diabetes may present for the first time to hospital in diabetic 
ketoacidosis.
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For first-time diagnosis, admit the patient to the ward and stabilize blood 
glucose with 0.1 units/kg of short-acting insulin until blood glucose level falls to 
10 mmol/L or less. Then, put the patient on a multiple dose injection regimen; the 
total dose is divided over long-acting and short-acting insulin in a ratio of 1:1, that 
is, 50% each. The short-acting portion is divided into three portions and given at 
breakfast, lunch, and supper, 30 minutes before meals. The long-acting portion is 
usually given once a day usually at bedtime. Where an intermediate-acting insulin 
is given as long acting, the dose is divided into two, and each portion is given in 
the morning and evening. If there is no food, the patient should skip the short-
acting insulin at that specific time. Patients and families are usually taught how to 
draw the dose, give injection, and adjust the insulin dosage. They are also taught 
about injection sites and how to rotate the injection sites to prevent ulcers and 
lipodystrophy.

3.1 Different regimens that are feasible in sub-Saharan Africa

3.1.1 Insulin access and storage

Due to the cost and availability of food, the insulin injection most of the times is 
not constant; there are different regimen being used, the commonest being multiple 
dosing regimen and twice daily dose regimen (Figure 4). With all these, the storage 
of insulin is a challenge with many families who store in a pot (Figure 5).

3.1.2 Multiple dosing regimen (MDI)

The multiple dose injection regimen is more physiological and usually gives better 
glycemic control. It involves giving 1–2 injections of basal insulin (long acting) and 
three or more times of prandial blood glucose. The total dose is divided over long 
acting and short acting in a ratio of 1:1. It is the recommended dose globally and 

Figure 4. 
Improvised container for transportation (courtesy of EADSG-guidelines).
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gives better control; however, in sub-Saharan Africa, it has different challenges from 
no food to the time of getting food, the insulin access itself, etc.

3.1.3 Twice dosing regimen

This uses pre-mixed insulin, which is a combination of short-acting and NPH 
insulin insulin in a fixed proportion or a free mixture of regular insulin and interme-
diate-acting insulin. It is given two times a day. Two-thirds (2/3) of the total dose is 
given in the morning and 1/3 is given in the evening.

Patients should be educated on insulin use, storage dosage, and Side effects in 
simple terms and in a dialect they understand; this includes knowledge about insulin 
injections, injection sites and how to rotate, doses and dose adjustment, how to take 
care of injection sites, signs of hypoglycemia and its management, and short-term 
and long-term complications. And in both the regimen, the gadget for delivering 
insulin is mostly syringes; a few times there are pens, and rarely do they use pumps.

In Africa, a very sensible regimen of insulin use is the premixed Twice-daily dose. 
It is Cost-effective and available, and patients and their families love it because of 
the infrequent injections. With the progress of diabetes services in the continent, 
healthcare professionals (HCPs) started to modify this regimen by adding a fixed 
pre-lunch dose of short-acting insulin (since it is the biggest meal in most countries). 
In addition to that, the concept of the basal bolus regimen started to emerge espe-
cially among patients coming from the developed side of the world. Endocrinologists 
in the recent years have seen the benefits of the basal bolus regimen of delivering 
insulin in the form of a better glycemic control and fewer hypoglycemic bouts. What 
is currently observed from the developed world is the impact of continuous glucose 
monitoring on the time one spends in target blood glucose when using pumps and 
flash glucose monitoring [23–25].

As sweet as it sounds, continuous glucose monitoring goes hand in hand with 
carb counting, which has many challenges in Africa. Carb counting is a bit difficult 
in Africa since families eat in one plate, and it is difficult to know the exact amount 
of food the child is going to eat. To overcome that, a scale system is used based on 
the blood glucose readings (pre/post meals over a week or so). The daily pattern of 
the patient is figured out, and a fixed short- or rapid-acting insulin is given before 
each meal. The second challenge of using a basal bolus regimen is the resistance to 
regularly and frequently check blood glucose at home even if strips are given for 
free.

Regarding the insulin pumps, the number of patients who use them started to 
escalate, specifically among prosperous and highly educated people. The decision 
to shift a patient to use an insulin pump is not easy. It is highly recommended in 

Figure 5. 
Local pot for insulin storage.
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Africa that one should have experienced the use of insulin syringes and a basal 
bolus or premixed regimen prior to using a pump so as to adapt to the whole 
concept and learn how to use a syringe in case of any pump breakdown. The 
cost is still high, although it is subsidized and supported by the Governments of 
some sub-Saharan countries like Sudan. In spite of that, it still needs a high-class 
category of people who are dedicated and educated and can afford the pump 
expenses.

In a mini-survey done at the last African Society of Pediatric and Adolescent 
Endocrinology’s (ASPAE) virtual conference in February 2022, 74% of the endocri-
nologists from sub-Saharan Africa have never used a pump for their patients. More 
than 50% of the endocrinologists have never educated their patients about carb-
counting because they either do not know how to do it, or they think patients would 
not understand it, or because of the lack of local food exchange tables. From that 
survey, 44% of the patients could check their blood glucose twice daily, while about 
20% would do it about 4–5 times a day, and these are the patients on the basal-bolus 
regime. In that survey, it was clear that training should be intensified among doctors 
about the benefits of basal bolus regimen and insulin pumps whenever feasible. Even 
for basal bolus regimen, NPH insulin can be used with short-acting insulin since these 
are much cheaper than insulin analogues.

Premixed insulin regimen, which has been widely used in sub-Saharan Africa, 
is associated with early diabetes complications like nephropathy and neuropathy in 
addition to Mauriac syndrome, which is rarely seen nowadays in Western countries. 
In a recent study from Sudan by Hana Ahmed et al., frequency of nephropathy and 
retinopathy has been found in 36% and 33% of the patients in the age category 
10–18 years, respectively [26]. In another study from Sudan, 88% of the studied 
population had evidence of peripheral neuropathy [27]. All patients from the two 
studies were on premixed or modified premixed insulin regimen. Although the 
sample size was small in the two studies, it still rings a bell that early complications 
are common among premixed insulin users.

Figure 6. 
Readily available foods (Mostly starch).
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3.1.4 Diet

Diabetes diet is a balanced diet. It involves a dietician. Highly concentrated sugar 
drinks such as fizzy soft drinks should be avoided except in periods of hypoglycemia. 
In the hospital setting, food rich in starch are staple food and readily available; thus, 
education on portions and limiting consumption of these food types is insisted. 
Various food types are recommended in all Type 1 diabetes clinics in this setting; this 
includes proteins such as diaries along with vegetables and fruits.

Difficulties in carb counting are faced because in most of the foods, the carbohy-
drate content is not estimated (Figure 6).

3.1.5 Exercise

Exercise is important for all children with diabetes. Exercise improves insulin 
sensitivity, cardiac strength, and glucose absorption. Children may not comply with 
exercise. Involve the whole family because it is good for everyone, and it gives motiva-
tion to the patient.

3.1.6 Monitoring and appointments

Diabetic children are asked to monitor and document their blood glucose levels, 
two to three times a day, at home. Blood glucose logbook is reviewed each visit to the 
clinic. Based on blood glucose values, the insulin dose can be adjusted to make sure 
they attain the blood glucose target values.

HbA1C is checked every three months. The HbA1C is used to monitor blood 
glucose control in patients with diabetes. With good glycemic control, most blood 
glucose values will be within target ranges and HbA1C will come down to the normal 
range or closer. For children and adolescents, the desired value is less than 7.5%. 
In order to achieve better control, target values should be in place. Before meals: 
4–7 mmol/L, after meals: 5–10 mmol/L, bed time: 5–10 mmol/L, 3 am: 5–8 mmol/L. 
The insulin dose is adjusted until most of the blood glucose levels are within the target 
range.

3.1.7 Screening for complications

It has been shown by different studies that complications start either after a 
duration of 5 years if a child is pre-pubertal or after 2 years if the patient is diagnosed 
within/after puberty. This is different from studies done in Africa, where achieving 
a good control is challenging, screening must be done much earlier after the initial 
diagnosis and then 1-2 yearly. Hence, every year, the following screening tests should 
be done:

1. Microalbuminuria. This screens for early kidney damage

2. Eye examination. Fundoscopy should be done by an ophthalmologist to rule  
out eye diseases

3. Lipid profile

4. Microfilament examination of the limbs to rule out neuropathy



49

The African Face of Childhood Diabetes
DOI: http://dx.doi.org/10.5772/intechopen.108723

5. ECG, Echoccardiography, etc

In the current century, a very rare diabetes complication is still seen in sub-
Saharan Africa, which is Mauriac syndrome. It is a constellation of hepatomegaly, 
delayed growth, and puberty with cushingoid features in a poorly controlled diabetic. 
In addition to that, contracted small joints creating what is known as “a prayer sign” 
is a common clinical sign that junior staff are trained to look for when taking care of 
patients in the outpatient setting. No recent publication from the region has estimated 
its prevalence.

Other complications that are seen in the transitional clinics are problems related 
to final adult height, puberty delay, and infertility. At the same time, adolescents, 
commonly females, refuse to take frequent insulin injections so as not to gain weight. 
Learning difficulties like dyslexia and memory disturbances as well as psychological 
instabilities of poorly controlled diabetic children and adolescents are other serious 
complications that are not always discovered.

To prevent such complications in the coming future, more epidemiological studies 
are needed from the region to identify the burden of the disease. Continuous training 
to the HCP and Enhancing the awareness among the community about diabetes could 
play a role in improving the delivery and efficiency of diabetes services through better 
glycemic control, early complications detection, and timely intervention whenever 
needed. Intensive insulin therapy should always be the practice, targeting better 
glycemic control and less complications.

4. Challenges: in management of diabetes in Sub-Saharan Africa

Despite the improvement that is taking place, Africa still has a long way to go 
before realizing the standard of care. There are different challenges affecting the 
management of diabetes in Africa, including the following:

4.1 Education/awareness

Diabetes mellitus has been termed as a disease of the affluent, so there is a gap of 
knowledge on diabetes in the society as well as with the healthcare providers. Food 
security is poor, since majority of the rural clients are dependent and either work in 

Figure 7. 
Local Acanthosis Nigricans at insulin injection site.
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seasons in a year as well as are from same families who earn annually. Thus, the food 
stored is limited and with inadequate distribution interfamily and within the family. 
At lease every client is able to feed unrefined food but is limited in terms of other 
sources of food like proteins, minerals, and vitamins.

The independents are either spending time outside to hang with friends with 
unstandardized meal or skip both meals and take insulin on trial to adjust his or 
her day.

Fuels may be a problem in early morning; thus, leftovers may be used if well kept. 
And majority do not have cooling methods to keep big share of raw foods, and the 
distance to the market or butchers is long (Figure 7).

4.2 Healthcare providers

There is inadequate number of healthcare providers for comprehensive 
management of type 1 diabetes patients in Africa. It is known that in Africa the 
doctor–patient ratio is low as compared to the Western countries, and the ratio is 
unacceptably low for the number of pediatric endocrinologists in Africa. So, the avail-
able healthcare providers are overwhelmed with work. The few available healthcare 
providers lack/have less knowledge about the management of diabetes, specifically 
type 1 diabetes.

An infectious disease burden is still on the rise; hence, there is the double burden 
of communicable and non-communicable diseases. Unworthy to some workers as a 
rare disease or unclear management brings a message of difficulty to learn and retain 
the knowledge. This is comparable to the emergency and outpatient conditions.

4.3 Guidelines

The continent lacks adequate guidelines with local evidence to run diabetes care. 
Hence, most of the guidelines used are European oriented and hence difficult to 
adopt and apply to the African environment. The continent still uses the acute care 
model; however, the chronic care model is still difficult in a setting where most of 
the conditions are infectious. The existing models are childhood oriented but not for 
adolescents, and they focus on children’s pictures. The young medics prefer electronic 
ones, which are difficult to use when there is no electricity, and limited digital office 
infrastructure deploys the use.

Figure 8. 
Challenges in reaching out diabetic children in remote areas.
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4.4 Diagnostic tools and medication

There is lack of diagnostic tools to diagnose, manage, and follow up patients with 
diabetes, as well as tools to screen for complications; hence, patients are managed 
poorly. There is generally poor laboratory support especially at the secondary and 
primary care levels coupled with high cost of supplies such as glucometers, strips, 
lancets, and insulin.

Despite all these challenges, there are efforts being taken in different countries 
to manage T1DM, including establishment of clinics specific for T1DM, training of 
healthcare providers in management of T1DM even if they are not diabetologists, 
improvement of public–private partnership in order to get support from different 
organizations, and public awareness campaigns.

Glycated hemoglobin test performed when the supporting programmes deliver of 
supplies and medicines and few clients are health insured to have this done.

4.5 Distance to healthcare facility

Most African villages are very far from the services, so it takes a long time for a 
client to reach hospital; they may take two or three days to reach a clinic. Some of the 
countries have managed to assist with mobile clinic, but most of the countries cannot 
afford this (Figure 8).

4.6 Storage challenges

Lack of fridges and electricity have forced people to use local pots, which is a chal-
lenge in temperature control (Figure 9).

5. Poor glycemic control

Despite the provision of insulin for those who are being supported by different 
organizations, their HbA1C is still very high (Figure 10a and 10b).

Figure 9. 
Clay pot Olympics in Sudan 2016.
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6. Conclusion

Diagnosis and management of type 1 diabetes has improved over the past decade, 
but there are still challenges. More than a hundred pediatric endocrinologist have 
been trained from Nairobi, Lagos and Khartoum for the African sub-region, but the 
continent needs more pediatric endocrinologists for comprehensive care of type 1 
diabetes mellitus. More education about type 1 diabetes is needed to improve aware-
ness so that early diagnosis and management can be made.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 

Figure 10. 
(a) Mauriac syndrome and coeliac disease, (b) Mucormycosis of the eyes in a poorly controlled diabetic.
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Chapter 3

Medical Nutrition Therapy
for Type I Diabetes Mellitus
Om Prakash Sah

Abstract

Diabetes mellitus is described by high blood glucose level resulting from deficien-
cies in insulin secretion, insulin action, or both. Type 1 diabetes is a condition in which
pancreatic beta-cell get destructed and leads to absolute insulin deficiency. Lack of
insulin causes hyperglycemia, polyuria, polydipsia, polyphagia, body mass loss, dehy-
dration, electrolyte disturbance, and ketoacidosis. MNT necessitates an individualized
tactic and effective nutrition self-management education, recommendation, and sup-
port. A key component of MNT is the provision of adequate calories for normal
growth and development for children and adolescents with T1DM. The patient should
monitor their saccharide intake either through saccharide counting or meal planning
exchange lists for flexibility and variety in meals. Saccharide intake from whole
grains, vegetables, fruits, legumes, and dairy products, with an emphasis on foods
higher in fiber and lower in glycaemic load, should be advised over other sources,
especially those containing sugars. Saccharide counting is helpful for people with
diabetes in managing blood glucose level by tracking the grams of saccharide con-
sumed at meals. All persons with T1DM need a substitute of insulin that mimics
normal insulin action. An insulin-to-saccharide ratio can be established for an indi-
vidual that will guide determinations on the amount of mealtime insulin to infuse.

Keywords: type 1 Diabetes, medical nutrition therapy, carbohydrates counting,
glycemic index, glycemic load, insulin, insulin regimens, exchange lists, serving sizes

1. Introduction

Diabetes mellitus is described by high blood glucose level resulting from deficien-
cies in insulin secretion, insulin action, or both. Insulin is a hormone that is essential
for the use or storage of body fuels that are Saccharide, protein, and fat. Beta-cells of
the pancreas produce insulin. Persons with diabetes do not produce sufficient insulin;
hyperglycemia (elevated blood glucose) occurs with insulin shortage [1] This chapter
provides nutritional information regarding nutrients requirement, glycemic content
of several foods, adjusting food’s saccharide according to the insulin doses, medical
nutrition therapy, idea about saccharide count for type 1 diabetic persons, manage-
ment of blood glucose during exercise, and management of type 1 patient during
sick days. This chapter would be helpful for type 1 patients and their caretaker,
nutritionist, nurses, and doctors.
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1.1 Type 1 diabetes

Type 1 diabetes is a condition in which pancreatic beta-cell get destructed and
leads to absolute insulin deficiency. Lack of insulin causes hyperglycemia, polyuria,
polydipsia, polyphagia, body mass loss, dehydration, electrolyte disturbance, and
ketoacidosis [1].

T1DM has two varieties: immune-mediated and idiopathic.

1. Immune-mediated diabetes mellitus is outcome from an autoimmune
devastation of the beta-cells of the pancreas.

2. Idiopathic T1DM states to forms of the disease that have no recognized etiology.
Although only a marginal of individuals with T1DM fall into this category. Most
of them are of African or Asian origin [2].

At this time there are no known means to thwart T1DM. Persons with T1DM are
reliant on exogenous insulin to inhibit ketoacidosis and death. T1DM can develop at
any age. Although more cases are diagnosed in people earlier than the age of 30 years,
it also occurs in older individuals [1].

Around 17–30% of persons with T1DM have autoimmune thyroid disease., and
celiac disease happens in 1–16% of persons contrasted with 0.3–1% in the common
population [2]. Children with T1DM should be screened for celiac disease soon after
diagnosis. If celiac disease is biopsy-confirmed, children should be placed on a gluten-
free diet by a registered dietitian nutritionist (RDN) experienced in managing diabe-
tes and celiac disease [1].

There are two types of normal physiological insulin secretion: continuous basal
insulin secretion and incremental prandial insulin secretion, controlling meal-related
glucose excursions. Individuals with type 1 and insulin-requiring type 2 diabetes lack
both basal and meal-related prandial secretion. Historically, conventional treatment
included predetermined or “fixed” insulin doses and following a rigid calorie- and
saccharide-controlled meal plan based on the insulin regimen. Some individuals with
type 1 and insulin-requiring diabetes still use this method for a variety of reasons, such
as age, cost, fewer required injections, lack of access to insulin analogs, personal
preference, or prescribing habits of the health care provider [3].

2. Medical nutrition therapy (MNT)

MNT necessitates an individualized tactic and effective nutrition self-management
education, recommendation, and support. It is essential for total diabetes care and
management. Supervising glucose, HbA1C and lipid level, blood pressure, body mass,
and quality-of-life issues is essential in assessing the success of nutrition-related rec-
ommendations [1].

The goals of MNT are usually stated as:

• Stabilizing specific dietary suggestions with the limits of insulin therapy

• Minimizing hypoglycemia

• Conforming to ideal growth and development in young people
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• Decreasing adverse metabolic and cardiovascular effects of acquired insulin
resistance

• Diminish the risks of microvascular problems by maintaining the lowest
practicable and safe HbA1C and glucose level.

• Empowering the person having diabetes along with their family members with
the right food choices and options to maintain the pleasure of eating.

• Providing practical tools for developing healthy eating patterns rather than
focusing on individual macronutrients, micronutrients, or single foods and
emphasizing nutrient-dense foods rather than calorie-dense foods.

• Emphasizing the importance of chew count, saccharide count, and portion
control to achieve good glycemic control.

• Developing meal planning with patients and sharing plan with the medical team
so an insulin regimen could be integrated into the patient’s usual lifestyle.

2.1 Energy requirements for T1DM

A key component of MNT is the provision of adequate energy for normal growth
and development for children and adolescents with T1DM. Therefore it is important
to screen growth by assessing height and body mass every 3 months and recording it
on growth charts. Usual energy intake can be adjusted to accommodate growth or to
prevent excessive body mass (Table 1) [4].

3. Macronutrients distribution and eating patterns

The macronutrients distribution should be based on individualized assessment of
current eating patterns and preferences, while keeping total calorie and metabolic
goals in mind.

3.1 Saccharide

Evidence is inconclusive for an ideal amount of saccharide intake for an individual
with diabetes. The type and amount of saccharide are both important. The patient
should monitor their saccharide intake either through saccharide counting or meal
planning exchange lists for flexibility and variety in meals.

Guidelines for daily Energy Requirement in Children

4184 KJ + 418.4KJ/year age (for 0–12 years old)

6276–8368 KJ + 418.4KJ/year age > 12 (for females 12–15)

8368–10,460 KJ + 8368KJ/year age > 12 (for males 12–15)

source: [5].

Table 1.
Calculation of energy requirements in T1DM.
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Saccharide intake from whole grains, vegetables, fruits, legumes, and dairy prod-
ucts, with an emphasis on foods higher in fiber and lower in glycaemic load, should be
advised over other sources, especially those containing sugars. Regulated saccharide at
each meal and snack should be provided, with set doses of insulin in diabetics receiv-
ing insulin. Visible sugar can be restricted to <10% of total energy intake [5].

Evidence exists that the amount and type of saccharide eaten affect blood glucose
level; however, the total amount of saccharide eaten is the primary interpreter of
glycemic response. Day-to-day steadiness in the number of saccharide eaten at meals is
reported to improve glycemic control, especially in persons on fixed insulin regimens.
Whereas in persons with T1DM who adjust their mealtime insulin doses or who are on
insulin therapy, insulin doses should be regulated to match saccharide intake [3].

Saccharide counting is an eating plan technique based on the theory that all types
of saccharide (except fiber) are digested with the majority being absorbed into the
bloodstream and that the total amount of saccharide consumed has a greater outcome
on blood glucose elevations than the specific type. Saccharide counting is helpful for
people with diabetes in managing blood glucose level by tracking the grams of sac-
charide consumed at meals. Persons are encouraged to keep protein and fat food
sources as steady as possible because they do not importantly disturb blood glucose
level even though they require insulin for metabolism.

One saccharide count=choice or serving ¼ Approx: 10 ¼ –15 grams of saccharide

(1)

Counting saccharide servings provides an accurate ‘guess’ of how the blood glucose
will rise after ameal or a snack. Monitoring total grams of Saccharide by use of saccharide
counting remains the key strategy in achieving glycemic control for people with T1DM.

Choice and quality of saccharide depends on Glycemic index (GI) and Glycemic
Load (GL) of the food.

3.1.1 Glycemic index and glycemic load

The glycemic index (GI) of food was developed to compare the physiologic influ-
ences of Saccharide on glucose. The GI is a method used to categorize food based on
how they impact blood glucose. The GI measures the relative area under the post-
prandial glucose curve of 50 g of digestible Saccharide compared with 50 g of a
reference food, either glucose or white bread. The GI does not measure how rapidly
blood g lucose level increase. The peak glucose response for individual foods and
meals, either high or low GI, occurs at approximately the same [6]. It is the ranking of
foods from 0 to 100 based on their immediate effect on blood glucose level (Table 2).

Glycemic load (GL) is a ranking system that corrects the glycemic index for the
number of saccharide in a typical serving size. We cannot deliberate a food’s glycemic

High (70 and above)

Medium (56–69)

Low (55 and under)

source: [5].

Table 2.
The common classification of GI of foods is as follows:
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index without taking the glycemic load into account. The GL takes the GI one step
further and quantifies the rise in blood sugar based on the number of saccharide the
food contains in a typical serving. The estimated GL of foods is calculated by multi-
plying the GI by the amount of digestible saccharide and divided by 100 in each food
(digestible saccharide = total saccharide – Dietary Fiber)

GL ¼ ðDigestible saccharide per serving � GIÞ=100 (2)

The study found that watermelon has a high GI that is 76 but it is mostly holding
water; a typical 100-gram serving of watermelon has 7-gram digestible saccharide. Now
the GL of watermelon is 5.32 (76� 7/100 = 5.32). This categorizes watermelon as a lowGL
food. So, a typical serving size will not cause a huge spike in blood glucose. Overall the GL
is a better reflection of expected blood glucose responses to foods based on howmuch we
usually eat in a serving makes it more useful than the GI (Table 3 and Figure 1).

3.1.2 Fiber and whole grains

The suggestions for fiber intake for people with diabetes are similar to the sugges-
tions for the common public. Diets containing 44 to 50 g of fiber daily improve
glycemia; It is unknown if free-living individuals can daily consume the amount of
fiber needed to improve glycemia. However, eating foods containing 25 g fiber per

High ≥ 20

Medium 11 to 19

Low ≤ 10

source: [5].

Table 3.
Classification of GL.

Figure 1.
Schematic diagram of the influence of GI or GL on blood glucose (left axis) or insulin (right axis). Low vs. medium
vs. high GI or GL and their corresponding value range are indicated [7].
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day for adult female and 38 g per day for adult male is expectant. As with the
common people, individuals with diabetes should eat at least half of all grains as
whole grains [1].

3.1.3 Saccharide distribution across meals

There are two main Eating tactics for using saccharide counting; using insulin-to-
saccharide ratios to regulate premeal insulin doses for variable saccharide intake, or
following constant saccharide eating plan when using fixed insulin regimens. Testing
pre and post-meal blood glucose level is significant for making regulations in either
food intake or medication to achieve blood glucose goals.

Depending on the type of insulin prescribed, mid-meal and bedtime snacks may or
may not be necessary. For example, if the patient is on a combination of long-acting
and rapid-acting analog insulin, a mid-meal, and a bedtime snack are not necessary.
However, if a patient is on conventional premix insulin or regular insulin before meals
and intermediate-acting insulin pre-dinner, a mid-meal and a bedtime snack are
important.

For patients on rapid-acting insulin, low saccharide-containing foods should be
prescribed at mid-meals or the patient must take rapid-acting insulin for a saccharide-
containing snack based on his insulin to saccharide ratio [5].

3.2 Protein

Protein intake goals should be individualized based on current eating patterns as
well as the presence of other comorbidities.

3.2.1 Recommendations for protein intake

The amount of protein usually consumed by persons with diabetes (15–20% of
energy intake) has the smallest acute effects on glycemic response, lipids, and
hormones, and no long-term effect on insulin supplies. For people with diabetes,
evidence is indecisive to recommend an ideal amount of protein intake for
enhancing glycemic control or improving CVD risk factors; therefore aims should
be individualized [3]. 20–25% of the total calories from protein sources is
recommended by the International Society for Pediatric and Adolescents with
diabetes [8]. Prefer 50% of protein intake from high biological value protein.
Protein intake with every meal is suggested to reduce the glycaemic response. For
those with diabetic kidney disease, dietary protein should be kept at 0.8 g/kg body
mass/day. Individualization is the key.

Although nonessential amino acids go through gluconeogenesis, in well-controlled
diabetes, the glucose generated does not appear in the general circulation; the glucose
generated is likely stored in the liver as glycogen. When glycolysis occurs, it is
unknown if the primary source of glucose was saccharide or protein. Although protein
is just as potent a stimulant of acute insulin proclamation as saccharide, it has no long-
term outcome on insulin needs. Totaling protein to the treatment of hypoglycemia
does not stop subsequent hypoglycemia and the addition of protein only adds up
unnecessary and usually annoying calories. Furthermore, protein does not lengthy the
absorption of Saccharide and should not be added to snacks (or meals) to counteract
hypoglycemia [1].
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3.3 Fats

Fats are an essential part of a healthy diet and they should not be evaded they
should be consumed daily. Evidence is uncertain for an ideal amount of total fat intake
for people with diabetes. Therefore, goals should be individualized. Fat quality
appears to be far more imperative than quantity.

The amount of dietary fat, cholesterol, and trans-fat recommended for people with
diabetes is the same as that recommended for the general population, i.e. >10% of Total
energy intake (TEI) from monounsaturated fatty acid (MUFA), of TEI from polyun-
saturated fatty acid (PUFA), of TEI from saturated fatty acid (SFA) and nil Trans-fats.
Besides glycaemic index and glycaemic load, saccharide counting does not take into
account protein or fat content but, stimulation of insulin release is multifactorial [5].

Protein and fat, if consumed in large amounts can slow down the breakdown of
Saccharide from the meal causing the blood glucose level to rise gradually. Fat delays
gastric emptying releasing glucose slowly and hence does not cause an immediate
spike in blood glucose level.

3.4 Alcohol

Risks related to alcohol intake include hypoglycemia (particularly for those using
insulin or insulin secretagogue therapies), body mass gain, and hyperglycemia (for
those consuming excessive amounts). In adults with diabetes, intake should be limited
to one drink per day or less for women and two drinks per day or less for men. One
standard drink is equal to 12 ounces of regular beer, 5 ounces of wine, and 1.5 ounces
of distilled spirits [5].

3.5 Micronutrients

There is no clear evidence of benefit from vitamin or mineral supplementation in
people with diabetes who do not have an underlying deficiency. In limited groups
such as the elderly, pregnant or lactating women, strict vegetarians, or those on
calorie-restricted diets, a multivitamin supplement may be needed. A diet that is low
in sodium (less than 2300 mg per day) can help manage blood pressure [5].

4. Insulin

Insulin is a hormone produced in the β-cells of the pancreas, which are part of the
Islets of Langerhans. β-cells release insulin, with each meal and help the body use or
store the blood glucose. In type 1 diabetes, the pancreas no longer secrets insulin. The
β-cells have been destroyed and they need insulin shots to use glucose from meals.

4.1 Types of insulin

4.1.1 Rapid-acting insulin

Insulin lispro (Humalog), insulin aspart (Novolog), and insulin glulisine (Apidra)
are rapid-acting insulins. They are used as bolus (premeal or prandial) insulins. They
are insulin analogs that contrast with human insulin in amino acid sequence. It binds
to insulin receptors and thus functions like human insulin (Table 4).
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4.1.2 Regular insulin

Short-acting insulin with a gentler onset of action and later activity peak. For the
greatest outcomes, the slow onset of regular insulin requires it to be taken 30 to
60 minutes before meals (Table 5).

4.1.3 Intermediate-acting insulin

The only available intermediate-acting insulin is NPH and is cloudy in form
(Table 6).

4.1.4 Long-acting insulins

Insulin glargine (Lantus) and insulin detemir (Levemir) are long-acting insulins.
Insulin glargine is slow dissolution at the injection site, resulting in a relatively con-
stant and peakless delivery over 24 hours. it is usually given at bedtime. However, it
can be given before any meal, but, whichever time is chosen, it must be given
constantly at that time. Insulin determir is absorbed relatively quickly from the sub-
cutaneous tissue and then binds to albumin in the bloodstream, resulting in a lengthy
action time of approximately 17 hours. Generally, it is given twice a day. It decreases
the chances of nocturnal hypoglycemia (Table 7).

Rapid-Acting Onset of Action Peak Action Usual Effective Duration

Insulin lispro (Humalog) <0.25–0.5 hr 0.5–2.5 hr 3–6.5 hr

Insulin aspart (NovoLog) <0.25 hr 0.5–1.0 hr 3–5 hr

Insulin glulisine (Apidra) <0.25 hr 1–1.5 hr 3–5 hr

Adapted from Kaufman FR editor: Medical management of type 1 diabetes, ed 6, Alexandria, Va, 2012, American
Diabetes Association.

Table 4.
Rapid-acting insulin.

Short-Acting Onset of Action Peak Action Usual Effective Duration

Regular (Humulin R and Novolin R) 0.5–1 hr 2–3 hr 3–6 hr

Adapted from Kaufman FR editor: Medical management of type 1 diabetes, ed 6, Alexandria, Va, 2012, American
Diabetes Association.

Table 5.
Regular insulin.

Intermediate-Acting Onset of Action Peak Action Usual Effective Duration

NPH 2–4 hr 4–10 hr 10–16 hr

Adapted from Kaufman FR editor: Medical management of type 1 diabetes, ed 6, Alexandria, Va, 2012, American
Diabetes Association.

Table 6.
Intermediate-acting insulin.

62

Type 1 Diabetes in 2023 - From Real Practice to Open Questions



4.1.5 Premixed insulin

Premixed insulins are fixed component preparations of rapid or short-acting and
intermediate- or long-acting insulins for both fasting and postprandial glycemic con-
trol [9]. Persons using premixed insulins must eat at specific times and be consistent
in saccharide intake to prevent hypoglycemia (Table 8).

4.1.6 Insulin regimens

All persons with T1DM need a substitute of insulin that mimics normal insulin
action. To mimic normal insulin action, rapid-acting (or short-acting) insulin is given
before meals, and this is meant as bolus insulin. Bolus insulin doses are corrected
based on the number of saccharide in the meal.

An insulin-to-saccharide ratio can be established for an individual that will guide
determinations on the amount of mealtime insulin to infuse. Basal (Long-acting)
insulin dose is the amount of insulin required in the post absorptive state to control
endogenous glucose output primarily from the liver. Basal insulin also limits lipolysis
and the surplus flux of free fatty acids to the liver. These physiologic insulin regimens
allow added flexibility in the type and timing of meals.

For normal persons with T1DM, the required insulin dosage is about 0.5 to 1 unit/kg of
body mass per day. About half percentage of the total daily insulin dose is used to provide
for basal insulin needs. The remainder (rapid-acting insulin) is divided among the meals
by giving about 1 to 1.5 units of insulin per 10 to 15 g of saccharide consumed. As a result
of the presence of higher level of counterregulatory hormones in the morning, many
individuals may require larger doses of mealtime insulin for saccharide consumed at
breakfast than for meals later in the day. The type and timing of insulin regimens should
be customized based on eating and exercise habits and blood glucose level [1].

Mixtures Onset of
Action

Peak
Action

Usual Effective
Duration

70/30 (70% NPH, 30% regular) 0.5–1 hr Dual 10–16 hr

Humalog Mix 75/25 (75% neutral protamine lispro
[NPL], 25% lispro)

<0.25 hr Dual 10–16 hr

Humalog Mix 50/50 (50% protamine lispro, 50% lispro) <0.25 hr Dual 10–16 hr

NovoLog Mix 70/30 (70% neutral protamine aspart
[NPA], 30% aspart)

<0.25 hr Dual 15–18 hr

Adapted from Kaufman FR editor: Medical management of type 1 diabetes, ed 6, Alexandria, Va, 2012, American
Diabetes Association.

Table 8.
Premixed insulin.

Long-Acting Onset of Action Peak Action Usual Effective Duration

Insulin glargine (Lantus) 2–4 hr Peakless 20–24 hr

Insulin determir (Levemir) 0.8–2 hr. (dose dependent) Peakless 12–24 hr. (dose dependent)

Adapted from Kaufman FR editor: Medical management of type 1 diabetes, ed 6, Alexandria, Va, 2012, American
Diabetes Association.

Table 7.
Long-acting insulin.

63

Medical Nutrition Therapy for Type I Diabetes Mellitus
DOI: http://dx.doi.org/10.5772/intechopen.108619



4.2 Insulin guidelines

It is often necessary to regulate insulin dosage to prevent hypoglycemia. This
occurs most often with moderate to energetic activity lasting more than 45 to
60 minutes. For most persons, a modest decrease (of about 1 to 2 units) in the rapid-
(or short-) acting insulin during the period of exercise is a suitable starting point. For
lengthy vigorous exercise, a larger decrease in the total daily insulin dosage may be
essential. After exercise, insulin dosing also may have to be reduced [1].

4.3 Insulin substitution therapy

Insulin replacement therapy, also referred to as intensive insulin therapy or basal-
bolus therapy, is a comprehensive approach to helping patients achieve optimal blood
glucose control by mimicking the physiologic delivery of insulin. This approach uses
current understanding of factors affecting glucose homeostasis to permit patients to
use flexible insulin dosing to match their lifestyles and preferences.

For Type 1 diabetes, a basal-bolus regimen with a long-acting analog and a short-
or rapid-acting insulin analog is the most physiologic insulin regimen and the best
option for optimal glycemic control [10].

4.3.1 Diabetes technology

Diabetes technology is described as the hardware, devices, and software that people
with diabetes use to help manage their condition, from lifestyle to blood glucose levels.
Traditionally, diabetes technology has been divided into two main classes: insulin
administered by syringe, pen, or pump, and continuous glucose monitor (CGM). More
recently, diabetes technology has gotten bigger to include hybrid devices that both
monitor glucose and deliver insulin, some automatically, as well as software that serves
as a medical device, providing diabetes self-management support [11].

I.Self-Monitoring of Blood Glucose (SMBG)

People who are on insulin using SMBG should be inspired to test when
appropriate based on their insulin regimen. This may include testing when
fasting, preceding meals and snacks, at bedtime, before exercise, when low
blood glucose is suspected, after treating low blood glucose until they are
normoglycemic, and earlier and while performing critical tasks.

When suggesting SMBG, ensure that patients gather ongoing instruction and
regular evaluation of technique, results, and their ability to use data, including
uploading/sharing data (if applicable), from SMBG devices to adjust therapy.
SMBG is especially significant for insulin-treated patients to monitor for and avoid
hypoglycemia and hyperglycemia. A database study on children and adolescents
with type 1 diabetes presented that, after adjustment for multiple confounders,
increased daily frequency of SMBGwas significantly associated with lower A1 [11].

II.Continuous Glucose Monitoring Devices (CGM)

People using CGM devices need to have the ability to perform self-monitoring of
blood glucose to calibrate their monitor and/or verify readings if discordant with
their symptoms. For optimal CGM device operation and ongoing use, robust
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diabetes education, training, and support are required. There are two basic types of
CGM devices: those that are owned by the user, un-blinded, and intended for
frequent/continuous use, and those that are owned and applied in/by the clinic,
which provides data that is blinded or unblended for a discrete period (professional
CGM). Table 9 provides the definitions for the types of CGM devices [11].

When used properly, real-time continuous glucose monitors in conjunction with
multiple daily injections and continuous subcutaneous insulin infusion, and other
forms of insulin therapy is a valuable tools to lower and/or retain A1C levels and/or
reduce hypoglycemia in adults and youth with diabetes.

When used properly, intermittently scanned continuous glucose monitors in con-
junction with multiple daily injections and continuous subcutaneous insulin infusion
and other forms of insulin therapy can be useful and may drop A1C levels and/or
decrease hypoglycemia in adults and youth with diabetes to replace self-monitoring of
blood glucose.

The use of professional CGM and/or intermittent real-time or intermittently
scanned CGM can be helpful in identifying and correcting patterns of hyper- and
hypoglycemia and improving A1C levels in people with diabetes on noninsulin as well
as basal insulin regimens [11].

5. Diet-planning strategies

Dietitians offer several diet planning stratagems to help diabetic people for
maintaining glycemic control. These stratagems emphasize control of saccharide
intake and portion sizes. People using intensive insulin therapy must learn
to match insulin injections with meals and to match insulin dosages to saccharide
intake.

The first step is to determine an appropriate saccharide intake and suitable
distribution pattern; an example is shown in Table 9. With the help of nutrition
assessment, a person’s usual energy and saccharide intake are estimated. Frequent
monitoring of blood glucose levels can help determine whether additional saccharide
restriction would be helpful [12]. We cannot consider a food’s glycemic index without
taking the glycemic load into account (Table 10).

The sample given in Table 9 illustrates a meal pattern for a person consuming
8373.6 KJ (2000 Kcal) daily with a saccharide allowance of 50% of KJ.

Type of CGM Description

Real-time CGM (rtCGM) CGM systems that measure and display glucose levels continuously

Intermittently scanned
CGM (isCGM)

CGM systems that measure glucose levels continuously but only display
glucose values when swiped by a reader or a smartphone

Professional CGM CGM devices that are placed on the patient in the provider’s office (or
with remote instruction) and worn for a discrete period of time (generally
7–14 days). Data may be blinded or visible to the person wearing the device.
The data are used to assess glycemic patterns and trends. These devices are
not fully owned by the patient - they are a clinic-based device, as opposed to
the patient-owned rtCGM/isCGM devices.

Table 9.
Continuous glucose monitoring (CGM) devices.
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Calculation : 50%� 2000 Kcal ¼ 250g saccharide per day

1000Kcal of saccharide÷4kcal=g saccharide ¼ 250g saccharide per day

250g saccharide÷15g 1 saccharide portion ¼ 16:7 saccharide portions per day
� �

Secondly, in type 1 diabetes, the insulin regimen must manage with the individual’s
dietary and lifestyle choices. People using conventional insulin treatment must main-
tain a consistent saccharide intake from day to day to tally their particular insulin
prescription, whereas those using intensive therapy can adjust insulin dosages when
carbohydrate intakes change.

Saccharide counting can be done either by counting the grams of saccharide pro-
vided by foods or by counting saccharide portions, expressed in terms of servings that
contain approximately 15gm each. Appendix 1 shows the serving size of different
foods group containing 15gm saccharide, which is one saccharide count. One person

Meals Saccharide Allowance

Grams Portions(15 g carbohydrate)

Breakfast 60 4

Lunch 60 4

Afternoon snack 30 2

Evening snack 30 2

Dinner 75 5

Totals 255 g 17

Table 10.
Sample saccharide distribution for 8373.6 KJ.

Sample menu

Foods Carbohydrate
Portions

Breakfast:
Carbohydrate goal = 4 portions or 60 g

3/4c unsweetened, ready-to-eat cereal 1

1/2 c low-fat milk ½

1 scrambled egg _

1 slice whole-wheat toast (with margarine or butter) 1

170 g orange juice 1 ½

Lunch:
Carbohydrate goal = 4 portions or 60 g

2/3 c cooked rice 2

Red gram, dal (raw wt. 30 g) 1

vegetables combination (including carrots, broccoli, and/or dark green leafy)
cooked, made with oil; 125 g

1/2

Cucumber salad; 100 g 1/2
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learned the basic saccharide counting method, individuals can select whatever foods
they wish as long as they do not exceed their saccharide goals.

Sample menu for type 1 diabetic people done by translating saccharide portions
into day’s meals (Table 11).

6. Sick day guidelines/enteral feeds

It is extremely important to educate individuals with type 1 diabetes and their
caretakers about the signs and symptoms of a sick day and its management. If sick days
are neglected or not managed well it can result in hyperglycemia, hypoglycemia, dia-
betic ketoacidosis (DKA), hyperosmolar hyperglycaemic state (HHS), or any adverse
effect leading to hospital admission. More than hypoglycemia, hyperglycemia and
diabetic ketoacidosis are the major causes of hospital admissions during acute illness.

6.1 Principles for sick day management for individuals with type 1 diabetes

• Diabetes medications (insulin/oral agents) must never be stopped. However, it
needs to be adjusted based on blood glucose level.

• It is advisable to frequently monitor blood glucose level every two or three hours
including at night.

• If blood glucose is >14 mmol/L, check ketones.

Sample menu

Foods Carbohydrate
Portions

Afternoon snack:
Carbohydrate goal = 2 portions or 30 g

2 sandwich cookies 1

1 medium apple 1

Dinner:
Carbohydrate goal = 5 portions or 75 g

3 chapati (Raw weight flour = 70 g) 3

Palak-paneer (Paneer-50 g; Spinach-100 g) ½

Red gram, dal (raw wt. 30 g) 1

½ small baked potato (with margarine or butter) ½

Bed-time snack:
Carbohydrate goal = 2 portions or 30 g

1 c low-fat millk 1

1 slice whole-wheat toast 1

Table 11.
Translating saccharide portions into a Day’s meals.
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• If blood glucose is 15–20 mmol/L with or without ketosis, it is advisable to give 10–
20% of the total daily insulin dose (or 0.1 units/kg body mass) as short-or rapid-
acting insulin analogue every 2 to 4 hours until blood glucose falls to <15 mmol/L.

• Eating and drinking can be a challenge during sick days. Include food that is easy
on the stomach such as rice and curd, and khichdi. If these foods are also difficult
to digest, include liquids that contain Saccharide. Aim for 15 grams of saccharide
every three to four hours. This may include food containing saccharide like fruit
juice, pudding, and fruit-flavored yogurt to prevent hypoglycemia and also
maintain some caloric intake.

• In case of hypoglycemia i.e. blood glucose <3.88 mmol/L, reduce insulin dosage
by 20 to 50%. In case of severe hypoglycemia where a child is also unconscious or
having fits or completely incapable of taking glucose orally, glucagon injection
may be useful in reversing the symptoms of hypoglycemia.

• A standard enteral formula (50% saccharide) or a lower-saccharide (33—40%
saccharide) formula may be used in individuals with diabetes. At least 30% of
total energy should be given as lipid. Drinking adequate amounts of fluids and
ingesting saccharide are important [5].

7. Non-nutritive sweeteners

Lowered calorie sweeteners permitted by the Food and Drug Administration
(FDA) include sugar alcohols (erythritol, sorbitol, mannitol, xylitol, isomalt, lactitol,
and hydrogenated starch hydrolysates) and tagatose. They deliver a lower glycemic
response and contain, on average, 2 calories per gram. Sugar alcohols produce a
decreased postprandial glucose response than sucrose or glucose and have lower
accessible energy but need to be used with carefulness in TIDM children since they
can lead to osmotic diarrhea. Sugar alcohols are partly absorbed, hence only half of the
Saccharide from sugar alcohols contributes to total saccharide intake [5]. FDA
approved sweeteners list is listed in Table 12.

FDA approved Sweeteners Accepted daily intake (ADI) (mg/kg body mass)

Sucralose 5 mg/kg body mass/day

Aspartame 50 mg/kg body mass/day

Acesulfame K
(Contraindicated in hyperkalemia)

15 mg/kg body mass/day

Saccharin
(Contraindicated in Pregnancy)

5 mg/kg body mass/day

Steviol glycosides 4 mg/kg body mass/day

Siraitia grosvenorii Swingle (Luo Han Guo) fruit
extracts (SGFE)

Not Specified

Advantame 32.8 mg/kg body mass/day

Neotame 0.3 mg/kg body mass/day

Source: Adapted from U. S Department of Health and Human Services (2015).

Table 12.
Common artificial sweeteners.
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8. Physical activity/exercise

The physical activity comprises bodily movement fabricated by the tightening of
skeletal muscles that requires energy expenditure in surplus of resting energy expen-
diture. Exercise is a subsection of physical activity: planned, structured, and repetitive
bodily movement executed to improve or maintain one or more components of
physical fitness.

Physical activity should be a vital part of the treatment plan for persons with
diabetes. Exercise aids all persons with diabetes improve insulin sensitivity, diminishing
cardiovascular risk factors, controlling body mass, and improving well-being.

In persons with T1DM, the glycemic response to exercise varies, contingent on
overall diabetes control, plasma glucose, and insulin level at the start of exercise;
timing, intensity, and duration of the exercise; previous food intake; and previous
conditioning. A significant variable is the level of plasma insulin during and after
exercise. Hypoglycemia can arise because of insulin-enhanced muscle glucose uptake
by the exercising muscle.

Hypoglycemia is a possible problem associated with exercise in persons taking insu-
lin or insulin secretagogues. Hypoglycemia can ensue during, immediately after, or
many hours after exercise. This is because of increased insulin sensitivity after exercise
and the need to supply liver and muscle glycogen, which can take up to 24 to 30 hours.

Hyperglycemia also can consequence from the exercise of high intensity, likely
because of the effects of counterregulatory hormones. When a person exercises at
what for him or her is a high level of exercise strength, there is a greater-than-normal
increase in counterregulatory hormones. As a result, hepatic glucose release beats the
rise in glucose use. The raised glucose level also may spread into the post-exercise
state. Hyperglycemia and worsening ketosis also can consequence in persons with
T1DM who are deprived of insulin for 12 to 48 hours and are ketotic. Vigorous activity
should be escaped in the presence of ketosis [2]. It is not, however, necessary to delay
exercise based simply on hyperglycemia, provided the individual senses well and
urine and/or blood ketones are negative. High-intensity exercise is more likely to be
the reason for hyperglycemia than insulin deficiency.

8.1 Exercise guidelines

8.2 Saccharide for insulin or insulin Secretagogue users

Through moderate-intensity exercise, glucose uptake is increased by 8 to 13 g/hr.; this
is the basis for the suggestion to add 15 g of saccharide for every 30 to 60 minutes of
activity (depending on the intensity) over and above normal practices. Moderate exercise
for less than 30 minutes usually does not need any additional saccharide or insulin
adjustment, unless the individual is hypoglycemic earlier than the start of exercise. Added
Saccharide should be consumed if pre-exercise glucose level are less than 5.6 mmol/L.

For the exerciser with diabetes whose blood glucose level may plunge sooner and
lower than the exerciser without diabetes, feeding saccharide after 40 to 60 minutes
of exercise is significant and also may support in preventing hypoglycemia. Drinks
comprising 6% or less of saccharide empty from the stomach as quickly as water and
have the advantage of providing both needed fluids and Saccharide. Consuming
Saccharide immediately after exercise improves the repletion of muscle and liver
glycogen stores. For the exerciser with diabetes, this takes on added value because of
the increased risk for late-onset hypoglycemia [1].
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9. Exchange lists for diabetes

The exchange system sorts foods into groups by their proportions of carbohydrate,
fat, and protein. Each food list comprises foods grouped together because they have
similar nutrient content and serving sizes. Then any food on a list can be “exchanged”
for any other on that same list. Foods on the Starch list, Fruits list, Milk list, and
Sweets, Desserts, and Other Carbohydrates list are similar because they contain 12 to
15 grams of carbohydrate per serving.

9.1 Serving sizes

The serving sizes have been carefully adjusted and defined so that a serving of any
food on a given list provides roughly the same amount of carbohydrate, fat, and
protein, and, therefore, total energy. Any food on a list can thus be exchanged, or
traded, for any other food on the same list without significantly affecting the diet’s
energy-nutrient balance or total kilocalories [12]. Foods are listed with their serving
sizes, which are usually measured after cooking. When you begin, measuring the size
of each serving will help you learn to “eyeball” correct serving sizes [1]. The amounts
of nutrients in one serving from each list are shown in Appendix 2.

10. Conclusion

Type 1 diabetes is a condition in which pancreatic beta-cell get destructed and leads to
absolute insulin deficiency. Lack of insulin causes hyperglycemia, polyuria, polydipsia,
polyphagia, body mass loss, dehydration, electrolyte disturbance, and ketoacidosis. MNT
necessitates an individualized tactic and effective nutrition self-management education,
recommendation, and support. A key component of MNT is the provision of adequate
calories for normal growth and development for children and adolescents with T1DM.
The patient should monitor their saccharide intake either through saccharide counting or
meal planning exchange lists for flexibility and variety in meals. Saccharide intake from
whole grains, vegetables, fruits, legumes, and dairy products, with an emphasis on foods
higher in fiber and lower in glycaemic load, should be advised over other sources,
especially those containing sugars. Saccharide counting is helpful for people with diabetes
in managing blood glucose level by tracking the grams of saccharide consumed at meals.
All persons with T1DM need a substitute of insulin that mimics normal insulin action. An
insulin-to-saccharide ratio can be established for an individual that will guide determina-
tions on the amount of mealtime insulin to infuse.

Appendices

Appendix 1.

Glycemic index and glycemic load of selected foods.

FOODS GI GL

Grains

Buckwheat 54 16
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FOODS GI GL

Rice, Basmati 58 22

Rice, Brown 50 16

White bread (avg) 70 10

Whole wheat bread (avg) 77 9

Oatmeal 55 12

Vegetables

Carrots (avg) 47 3

Peas (green, avg) 48 3

Potato, baked (avg) 85 26

Potato, boiled 88 16

Potato, French fries 75 22

Potato, microwaved 82 27

Pumpkin 75 3

Sweet corn 60 11

Sweet potato (avg) 61 17

Yam (avg) 37 13

Legumes

Baked beans (avg) 48 7

Broad beans 79 9

Chickpeas (avg) 28 8

Kidney beans (avg) 28 7

Lentils (avg) 29 5

Soy beans (avg) 18 1

Fruit

Apple (avg) 38 6

Apricot (dried) 31 9

Banana (avg) 51 13

Cherries 22 3

Grapes (avg) 46 8

Kiwi fruit (avg) 53 6

Mango 51 8

Orange (avg) 48 5

Papaya 59 10

Peach, fresh (avg) 42 5

Pear (avg) 38 4

Pineapple 59 7

Raisins 64 28

Watermelon 72 4
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FOODS GI GL

Dairy Foods

Milk, full fat 27 3

Milk, skimmed 32 4

Milk, condensed 61 33

Custard 43 7

Ice cream, regular (avg) 61 8

Yogurt, low fat 33 10

Beverages

Apple juice 40 12

Coca Cola 63 16

Fanta 68 23

Orange juice (avg) 52 12

Snack Foods

Fish sticks 38 7

Peanuts (avg) 14 1

Popcorn 72 8

Potato chips 57 10

Sugars

Honey (avg) 55 10

Fructose (avg) 19 2

Glucose 100 10

Lactose (avg) 46 5

Sucrose (avg) 68 7

From Brand Miller J et al.: The new glucose revolution, New York, 2003, Avalon/Marlowe & Company.

Appendix 2.

The following chart shows the amount of nutrients in one serving from each list.

STARCH LIST

The Starch list includes bread, cereals and grains, starchy vegetables, crackers and snacks, and legumes
(dried beans, peas, and lentils).

1 starch choice = 15 grams carbohydrate, 0–3 grams protein, 0–1 grams fat, and 334.72 KJ.

1 starch is:

• 1/2 cup of cooked cereal, grain, or starchy vegetable

• 1/2 cup of cooked rice or pasta

• 28.35 g of a bread product, such as 1 slice of bread

• 21.26 to 28.35 g of most snack foods (some snack foods may also have extra fat)

Note: 1 OZ equal to 28.35gm, 1cup(metric) equal to 250 ml.
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Food Serving Size Food Serving
Size

Bread Cereals and Grains

Reduced-calorie* 2 slices, (42.5 g) Barley, cooked 1/3 cup

White, whole-grain, pumpernickel,
rye, unfrosted raisin

1 slice, (28.35 g) Bran, dry, Oat* 1/4 cup

Chapatti, small, 6 inches across 1 Bran, dry,Wheat* 1/2 cup

Cornbread, 1 3/4 inch cube† 1, (42.5 g) Bulgar (cooked)* 1/2 cup

English muffin 1/2 Cereals

Hot dog bun or hamburger bun 1/2, (28.35 g) Rice,milled 1/2 cup

Naan, 8 inches by 2 inches 1/4 Wheat, semolina 1/2 cup

Pancake, 4 inches across, 1/4 inch
thick

1 Bran* 1/2 cup

Pita, 6 inches across 1/2 Cooked (oats, oatmeal) 1/2 cup

Roll, plain, small 1 (28.35 g) Puffed 1 1/2 cup

Stuffing, bread† 1/3 cup Shredded wheat, plain 1/2 cup

Taco shell, 5 inches across† 2 Sugar-coated 1/2 cup

Tortilla, corn, 6 inches across 1 Unsweetened, ready-to-eat 3/4 cup

Tortilla, flour, 6 inches across 1 Couscous 1/3 cup

Tortilla, flour, 10 inches across 1/3 tortilla

Waffle, 4-inch square or 4 inches
across†

1

Granola Crackers and Snacks

Low-fat 1/4 cup Animal crackers 8

Regular† 1/4 cup Crackers

Grits, cooked 1/2 cup Round-butter type† 6

Kasha 1/2 cup Saltine-type 6

Millet, cooked 1/3 cup Sandwich-style, cheese or peanut
butter filling† 3

3

Muesli 1/4 cup Whole-wheat regular† 2–5
(21.26 g)

Pasta, cooked 1/3 cup Whole-wheat lower fat or
crispbreads*

2–5
(21.26 g)

Polenta, cooked 1/3 cup Graham cracker, 21/2-inch square 3

Wheat germ, dry 3 Tbsp Matzoh 21.26 g

Wild rice, cooked 1/2 cup Melba toast, about 2-inch by 4-inch
piece

4 pieces

Starchy Vegetables Oyster crackers 20

Cassava 1/3 cup Popcorn (Microwave Popped) 3 cups

Corn 1/2 cup With butter†* 3 cups

On cob, large 1/2 cob (141.75 g) No fat added* 3 cups

Hominy, canned* 3/4 cup Lower fat* 3 cups
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Food Serving Size Food Serving
Size

Mixed vegetables with corn, peas,
or pasta* 1 cup

1 cup Pretzels 21.26 g

Parsnips* 1/2 cup 1/2 cup Rice cakes, 4 inches across 2

Peas, green* 1/2 cup 1/2 cup Snack Chips

Plantain, ripe 1/3 cup 1/3 cup Fat-free or baked (tortilla, potato),
baked pita chips

15–20
(21.26 g)

Potato Regular (tortilla, potato)† 9–13
(21.26 g)

Baked with skin 1/4 large
(85.05 g)

Beans, Peas, and Lentils
The Choices on this List Count as 1

Starch + 1 lean meat.

Boiled, all kinds 1/2 cup or 1/2
medium
(85.05 g)

Baked beans* 1/3 cup

Mashed, with milk and fat† 1/2 cup Beans, cooked (black, garbanzo,
kidney, lima, navy, pinto, white)*

1/2 cup

French fried (oven-baked) 1 cup (56.7 g) Lentils, cooked (brown, green,
yellow)*

1/2 cup

Pumpkin, canned, no sugar added* 1 cup Peas, cooked (black-eyed, split)* 1/2 cup

Spaghetti/pasta sauce 1/2 cup Refried beans, canned‡* 1/2 cup

Squash, winter (acorn, butternut)* 1 cup

Succotash* 1/2 cup

Yam, sweet potato, plain 1/2 cup 1/2 cup

Note: 1cup(metric) equal to 250 ml.
*More than 3 grams of dietary fiber per serving.†Extra fat, or prepared with added fat. (Count as 1 starch +1 fat).‡480
milligrams or more of sodium per serving.

FRUITS LIST

The Fruits list includes fresh, frozen, canned, and dried fruits and fruit juices. 1 fruit choice = 15 grams
carbohydrate, 0 grams protein, 0 grams fat, and 251.04 KJ.

In general, 1 fruit choice is:

• 1/2 cup of canned or fresh fruit or unsweetened fruit juice

• 1 small fresh fruit (113.4 g)

• 2 tablespoons of dried fruit

NOTE: The weight listed includes skin, core, seeds, and rind; 1cup(metric) equal to 250 ml.

Food Serving Size Food Serving Size

Fruit Orange, small* 1 (184.27 g)

Apple, unpeeled, small 1 (113.4 g) Papaya 1/2 fruit or 1 cup
cubed (226.8 g)

Apples, dried 4 rings Peaches
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Food Serving Size Food Serving Size

Applesauce, unsweetened 1/2 cup Canned 1/2 cup

Apricots Fresh, medium 1 (170.1 g)

Canned 1/2 cup Pears

Dried 8 halves Canned 1/2 cup

Fresh* 4 whole (155.92 g) Fresh, large 1/2 (113.34 g)

Banana, extra small 1 (113.4 g) Pineapple

Blackberries* 3/4 cup Canned 1/2 cup

Blueberries 3/4 cup Fresh 3/4 cup

Cantaloupe, small 1/3 melon or 1 cup
cubed (311.85 g)

Plums

Cherries 2 Canned 1/2 cup

Sweet, canned 1/2 cup Dried (prunes) 3

Sweet fresh 12 (85.05 g) Small 2 (141.75 g)

Dates 3 Raspberries* 1 cup

Dried fruits (blueberries, cherries,
cranberries, mixed fruit, raisins)

2 Tbsp Strawberries* 1 1/4 cup whole
berries

Figs Tangerines,
small*

2 (226.8 g)

Dried 1 1/2 Watermelon 1 slice or 11/4 cups
cubes (382.72 g)

Fresh* 1 1/2 large or 2
medium (99.22 g)

Fruit Juice

Fruit cocktail 1/2 cup Apple juice/cider 1/2 cup

Grapefruit Fruit juice
blends, 100%

juice

1/3 cup

Large 1/2 (311.85 g) Grape juice 1/3 cup

Sections, canned 3/4 cup Grapefruit juice 1/2 cup

Grapes, small 17 (85.05 g) Orange juice 1/2 cup

Honeydew melon 1 slice or 1 cup cubed
(283.5 g)

Pineapple juice 1/2 cup

Kiwi* 1 (99.22 g) Prune juice 1/3 cup

Mandarin oranges, canned 3/4 cup

Mango, small 1/2 fruit (155.9 g) or
1/2 cup

Nectarine, small 1 (141.75 g)

*More than 3 grams of dietary fiber per serving.

MILK LIST

The Milk list groups milks and yogurts based on the amount of fat they have (fat-free/low fat, reduced fat,
and whole).
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• Cheeses are on the Meat and Meat Substitutes list (because they are rich in protein).

• Cream and other dairy fats are on the Fats list.

NOTE: In general, one milk choice is 1 cup (8 fluid ounces or ½ pint) milk or yogurt.

Food Serving Size

Fat-free or low-fat (1%)
1 fat-free/low-fat milk choice = 12 g carbohydrate, 8 g protein, 0–3 g fat, and 418.4 KJ.

Milk, buttermilk, acidophilus milk, Lactaid 1 cup

Evaporated milk ½ cup

Yogurt, plain or fl avored with an artifi cial sweetener 2/3 cup (170.1 g)

Reduced-fat (2%)
1 reduced-fat milk choice = 12 g carbohydrate, 8 g protein, 5 g fat, and 502. 08 KJ.

Milk, acidophilus milk, kefi r, Lactaid 1 cup

Yogurt, plain 2/3 cup (170.1 g)

Whole
1 whole milk choice = 12 g carbohydrate, 8 g protein, 8 g fat, and 669.44 KJ.

Milk, buttermilk, goat’s milk 1 cup

Evaporated milk ½ cup

Yogurt, plain 226.8 g

Note: 1cup(metric) equal to 250 ml.

Dairy-Like Foods

Food Serving Size Count as

Chocolate milk

fat-free 1 cup 1 fat-free milk +1
carbohydrate

whole 1 cup 1 whole milk +1 carbohydrate

Eggnog, whole milk ½ cup 1 carbohydrate +2 fats

Rice drink

flavored, low fat 1 cup 2 carbohydrates

plain, fat-free 1 cup 1 carbohydrate

Smoothies, flavored, regular 283.5 g 1 fat-free milk +2½
carbohydrates

Soy milk

light 1 cup 1 carbohydrate + ½ fat

regular, plain 1 cup 1 carbohydrate +1 fat

Yogurt

and juice blends 1 cup 1 fat-free milk +1
carbohydrate

low carbohydrate (less than 6 grams carbohydrate per
choice)

2/3 cup
(170.1 g)

½ fat-free milk
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Dairy-Like Foods

Food Serving Size Count as

with fruit, low-fat 2/3 cup
(170.1 g)

1 fat-free milk +1
carbohydrate

Note: 1cup(metric) equal to 250 ml.
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Abstract

Biomarkers are essential for the identification of high-risk populations as well as 
the monitoring of preventive and therapeutic outcomes for type 1 diabetes (T1D). 
In this chapter, we will discuss the progress made in T1D biomarker discovery using 
high throughput genomic, transcriptomic, and proteomic technologies collectively 
called as omic technologies. We also discuss the potential of artificial intelligence and 
omics data in the early prediction of T1D. Readers will gain an overview of the status 
of T1D biomarkers based on omic technologies. High throughput omic technolo-
gies combined with computational biology offer great opportunities for biomarker 
discovery. As we move forward, the utilization of a biomarker panel for the prediction 
and prevention of T1D is needed.

Keywords: type 1 diabetes, biomarkers, high throughput omic technology, 
bioinformatics, artificial intelligence, computational biology

1. Introduction

Type 1 diabetes (T1D) is an autoimmune disease that results from the immune-
targeted destruction of insulin-producing β-cells in the pancreas [1, 2]. The disease 
does not discriminate based on age, sex, or race, making it devastating on a global 
scale. Public health officials approximated that in 2017, 451 million adults were treated 
with diabetes across the globe [3]. Estimating that by the year 2045, approximately 
693 million patients globally will have diabetes; however, only half will have an 
official diagnosis [3]. T1D results from complex interactions between genes and the 
environment leading to autoimmune reactions toward pancreatic islet cells (Figure 1). 
The unchecked immune reaction reduces the beta-cell mass, thereby causing insulin 
insufficiency leading to T1D in these genetically susceptible individuals.

Traditional methods for diagnosis include glucose tolerance testing and monitor-
ing of HbA1c levels in at-risk patients. However, these diagnostic techniques are only 
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effective after the onset of diabetes has occurred. Preventative techniques for T1D 
are currently unavailable due to two main factors: (1) the inability to predict and 
accurately assess risk for the high-risk population and (2) the etiology of the disease is 
not well-established [4]. Although higher prevalence is seen in families with estab-
lished autoimmune diseases, current screening techniques for islet autoantibodies in 
high-risk first-degree relatives of T1D patients are not very effective, as most cases of 
T1D occur spontaneously in the general population [5]. In addition, screening large 
populations poses challenges in both efficacy and funding. Due to these limitations, 
diabetes research is moving toward personalized prevention strategies, which focus 
on an individual’s unique genetic and environmental risk factors that lead to the 
progression of T1D [2].

Biomarkers hold the key to unlocking diabetes preventative strategies and moni-
toring therapeutic outcomes. Over the past several decades, islet cell autoantibodies 
(ICA) have become an earlier predictor of T1D [2]. Since then, the discovery of other 
autoantibodies, such as those against specific islet autoantigens insulin and glutamate 
dehydrogenase (GAD), have continued to improve assays in their predictive value [2]. 
However, these islet autoantibodies still face the limitation of appearing in later stages 
of T1D development [2]. In addition, islet autoantibodies have not been useful for 
assessing therapeutic outcomes [2]. Early detection and prevention of T1D is crucial 
for the high-risk population and requires the discovery of new biomarkers. These 
biomarkers can come from metabolic pathways, DNA, RNA, glycans, lipids, and 
proteins (Figure 2). This chapter will address current biomarkers, omic technologies, 
computational biology, and the use of AI in identifying biomarkers in T1D research, 
and finally major issues with the discovery as well as validation of T1D biomarkers.

2. Current biomarkers in T1D

2.1 Autoantibodies and autoreactive T cells

The immune system develops autoantibodies (AAbs) in order to attack self-
proteins. AAbs are used for T1D diagnosis, classification, and prediction of disease 
development. They do not play a direct role in disease pathogenesis, unlike autoreac-
tive T cells [6]. Instead, AAbs are strong indicators of islet cell destruction [7]. They 
can be utilized to identify those at increased risk for T1D because they are produced 
during the natural history of T1D, including the stage before disease diagnosis [8].

Figure 1. 
Susceptibility genes and environmental triggers in development and progression of type-1 diabetes. Created using 
BioRender.com.
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There are five commonly tested AAb markers used in the diagnosis of T1D, which 
include ICA (islet-cell cytoplasmic AAb), GADA (glutamic acid decarboxylase (GAD) 
AAb), IA-2A (insulinoma 2 (IA-2)-associated AAb), IAA (insulin AAb), and ZNT8A 
(zinc transporter 8 AAb) (Table 1). At least one of the five autoantibodies is present 
in >95% of individuals with T1D upon hyperglycemia detection [8]. Patients with 
multiple autoantibody positivity are at a higher risk of developing T1D, although this 
risk varies depending on age, antibody type, and metabolic status [12]. However, 
a subset of patients who do not have any of the above AAbs at diagnosis have been 
found, indicating either a possibility of insensitive tests or the presence of additional 
T1D-associated autoantibodies in these patients.

Although AAbs appear before T1D diagnosis, they appear relatively late in the 
autoimmune process. T1D prevention may be more effective before the onset of the 
active autoimmune response and appearance of AAbs, suggesting that AAbs may 
not be effective markers to identify high-risk groups for T1D prevention [2]. Overall, 
AAbs are not useful as biomarkers for therapeutic outcomes and do not track disease 
progression [13]. Thus, it is crucial to investigate additional biomarkers that can serve 
as predictors of disease progression.

Figure 2. 
Potential sources of biomarkers for T1D.

Autoantibody Prevalence [9] Risk of T1D

ICA 0.681 3% [10]

IAA 0.424 13.1% [11]

GADA 0.636 12.9% [11]

IA2A 0.714 40.5% [11]

ZnT8A 0.654 55%*, [11]

ICA: Intracytoplasmic autoantibody, IAA: Insulin autoantibody, GADA: Glutamate Dehydrogenase-65 autoantibody, 
IA2A: Insulinoma antigen-2 autoantibody, ZnT8a: Zinc transporter 8 autoantibody. *5 year risk.

Table 1. 
Autoantibodies to pancreatic antigens, prevalence rate, and risk of developing T1D in 5 years.
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Autoreactive CD4+ and CD8+ T cells are thought to be the main mediators behind 
beta cell destruction in T1D [6, 14]. Insulitis, or leukocyte invasion of pancreatic 
islets, has been observed in mouse models and pancreatic biopsies of T1D patients, 
with infiltrates, predominately consisting of CD8+ cytotoxic T cells [15]. As autoreac-
tive T cells play a direct role in beta cell destruction, T cell markers have the potential 
to provide unique insights into the pathogenesis and progression of T1D [6]. Despite 
their large potential, T cell biomarkers run into many challenges, making them dif-
ficult to use routinely. T cell quantification assays are limited by their lack of sensitiv-
ity [15, 16], as well as the low frequency of autoreactive T cells in peripheral blood 
and low avidity for peptide MHC ligands [17]. Avidity for TCR is hoped to increase 
through engineering the MHC peptide ligand into a multimer in recent studies [18]. 
Other advancements are being made in T cell biomarker identification, but further 
validation and standardization of the most promising biomarkers and assays are 
needed before widespread use [19, 20].

2.2 Genetics

Relatives of patients with T1D are at increased risk of developing T1D compared to 
the general population [21]. Human leukocyte antigen (HLA) has been shown to be a 
major genetic determinant in the development of T1D, accounting for approximately 
50% of genetic risk [22, 23]. HLA class II alleles DR04, DR03, and homozygous 
DR04/DR03 genotypes increase the risk of T1D, while DR02 is highly protective 
against the disease [23]. Currently, genetic risk screening for T1D is performed by 
HLA-genotyping. However high-risk HLA genotypes are only present in 30–40% of 
T1D patients. Suggesting that HLA genotyping is too insufficient in sensitivity and 
specificity to be a useful T1D marker [6, 7]. While the HLA locus encodes for the 
strongest genetic susceptibility genes for T1D, there are five other non-HLA gene 
regions also associated with the disease: INS, CTLA-4, PTPN22, SUMO4, IL2RA, and 
IFIH1 (Table 2) [21, 27, 29].

Individually, non-HLA genes only weakly contribute to the assessment of risk for 
T1D. However, when used in combination, non-HLA genes may prove to have more 
predictive value [2]. Among the non-HLA genes, the INS VNTR has the strongest 
association with T1D [21]. The working theory is polymorphisms in the INS gene 
may lead to immune tolerance to insulin by changing the amount of insulin mRNA 
in the thymus during fetal development and childhood [30]. Similar polymorphisms 

Gene OR 95% CI

HLA DR3/DR4 16.59 [23] 13.7–20.1 [23]

Insulin VNTR 2.4 [24] 1.7–3.4 [24]

CTLA4 1.41 [25] 1.31–1.53 [25]

PTPN22 1.83 [26] 1.284–2.596 [26]

SUMO4 1.236 [27] 1.112–1.373 [27]

GRS AUC 0.73 [28] 0.70–0.77 [28]

HLA: human leukocyte antigen, VNTR: variable number of tandem repeats, CTLA4: cytotoxic T-lymphocyte 
associated protein 4, PTPN22: protein tyrosine phosphatase 22, SUMO: small ubiquitin-like modifier, GRS: genetic 
risk score, AUC: area under the curve

Table 2. 
Genes associated with T1D and odds ratio.
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have been also associated with CTLA-4 [31]. In a recent report by Ueda et al., the 
CT60-A/G single nucleotide polymorphism (SNP) was suggested to produce lower 
amounts of sCTLA-4 mRNA in T1D patients [32]. However, a recent study found 
serum sCTLA-4 (protein) levels to be slightly higher in T1D patients. Although 
contradicting the idea that CT-60 SNP controls the expression of sCTLA-4, sCTLA-4 
may still be a risk factor for T1D. These observations propose that sCTLA-4 may 
contribute to the development of autoimmune diseases, probably through inhibiting 
the B7-mCTLA-4 interaction and down-regulation of T cell activation [31]. Further 
characterization of these genes and disease variants requires genotyping of a large 
number of subjects [2].

3. Omic technologies

Several recent developments in instrumentation and protocols have enabled the 
evaluation of individual genotypes, gene expression, and protein expression. These 
developments have led to the creation of high-throughput approaches, collectively 
known as omics technology, that allow researchers to analyze large-scale measurements 
of genes, polymorphisms, and proteins in a given sample. In this section, we provide a 
brief description of the use of individual omics technology that are used in T1D research.

3.1 Genomics

Microarray technology allows researchers to analyze gene expression on a larger 
scale. The technology utilizes gene expression profiling in a number of disease states 
including but not limited to: various cancers, SLE, multiple sclerosis, and T1D [7]. One 
study using microarray analysis identified 116 differentially expressed genes between 
peripheral blood lymphocyte samples in T1D patients and AAb-negative controls, 
and many of these genes are involved in important immunoregulatory functions 
[7]. Microarray analysis has been performed in pancreatic tissue of T1D and healthy 
controls, with one study by Yip et al., identifying 48 differentially genes in human 
pancreata [33]. Studies also show the potential for use of miRNA microarrays in iden-
tifying biomarkers for the diagnosis of T1D [34–37] and predicting complications such 
as ketoacidosis [38]. Differential mRNA and miRNA expression profiles characterized 
by microarray analysis have helped to provide insight into the pathogenesis of T1D, as 
many of these genes are involved in cellular functions such as oxidative stress response, 
DNA repair, inflammation, and apoptosis [39]. After appropriate validation of candi-
date genes discovered with microarray analysis, multivariate analysis, or computational 
techniques can be used to identify patients at high risk of developing T1D [40].

3.2 Genome-wide association analysis (GWAS) and genetic risk scores

The polygenic risk score method summarizes multiple genetic risk elements into a 
single score. There are benefits to establishing successful genetic risk scores. Over the 
past 20 years, the advancement in technology has allowed for publicly available genetic 
data. Combine this with the decreased costs in genotyping processes, the T1D genetic 
risk score (T1D GRS) has the opportunity to demonstrate its applicability for “disease 
prediction, discrimination, investigation of unusual cohorts, and investigation of biol-
ogy in large datasets where genetic data are available” [41]. In 2018, a group following 
a cohort from The Environmental Determinants of Diabetes in the Young (TEDDY) 
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study created a genetic score based on 3 SNPs for HLA class II genotyping and 41 SNPs 
in other genes. The score identified newborn children, with no family history of T1D, 
who had a >10% risk for developing pre-symptomatic T1D, a nearly 2-fold higher risk 
than children identified by high-risk HLA genotypes alone [42].

GWAS previously associated the 3p21.31 locus with T1D [43]. The 3p21.31 locus 
encodes for many chemokine receptors including the C-C motif chemokine receptor 2 
[44]. C-C motif chemokine ligand 2 (CCL2) is a pro-inflammatory chemokine that 
binds to CCR2 to promote T cell recruitment and macrophage activation. Tran et al 
analyzed CCL2 levels in the DAISY cohort and found paradoxically decreased CCL2 
in T1D patients compared to controls. The proposed mechanism was that variants 
in the 3p21.31 genetic locus promote the development of T1D by increasing CCR2 
expression, causing subsequent pancreatic islet cell destruction while simultaneously 
depleting the CCL2 pool [44].

The major limitation of genetic risk score development is the genetic heterogeneity 
among different ethnic groups and populations. This especially proves to be a chal-
lenge in identifying T1D susceptibility genes [1]. Most genetic risk score validation 
utilizes populations of European ancestry. Studies of genetic risk scores in African 
ancestry populations suggest that an ancestry-specific genetic risk score may improve 
the prediction of T1D [45].

3.3 Proteomics

As proteins directly carry out cellular functions and disease processes, protein 
 biomarkers have great potential for T1D prediction and monitoring treatment 
outcomes. The proteomic analysis allows us to discover and quantify these proteins 
on a large scale. Proteomic techniques can be divided into two main types: mass 
spectrometry-based and array-based (Table 3) [54].

3.3.1 Mass spectrometry based proteomics

Mass spectrometry (MS) measures the mass charge ratio (m/z) of ions, which is 
used to characterize biomolecules with extremely high sensitivity and high through-
put [55].

Separation techniques such as 2D and 3D polyacrylamide gel electrophoresis and 
2D high performance liquid chromatography are often performed before MS to enrich 

Platform Separation Throughput

Mass-spectrometry HPLC [46] ↑Proteins ↓Samples

GC [47]

CE [48]

Array 96-well [49] ↓Proteins ↑Samples

Beads [50–52]

NAPPA [8, 53]

HPLC: high performance liquid chromatography, GC: gas chromatography, CE: capillary electrophoresis, Beads: 
Luminex bead assay, NAPPA: Nucleic Acid Programmable Protein Arrays.

Table 3. 
High throughput proteomic approaches for biomarkers in T1D.
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low-abundance proteins [56], Standard 2D polyacrylamide gel electrophoresis (2D PAGE) 
alone has several limitations for biomarker discovery including low throughput and low 
resolution, and is thus used in conjugation with MS analysis [7]. The two-dimensional 
liquid chromatography (2DLC) mass spectrometry platform has been widely used in the 
discovery of protein candidates that may serve as biomarkers [46]. MS and MS combined 
techniques have been used to identify a number of biomarkers in T1D.

3.3.2 Array based proteomics

Array-based techniques can be divided into targeted assays that measure a select 
number of molecules, and Nucleic Acid Programmable Protein Arrays (NAPPA) 
arrays (Table 4). Targeted array-based techniques such as Enzyme-linked immunoas-
says (ELISA) and Luminex bead assays involve measurement of selected molecules 
based on the role of the molecule in a disease process and availability of the assay. 
These assays are limited by the number of protein markers that can be tested at once, 
yet a large number of samples can be tested. Array-based assays have been used to 
discover many candidate cytokines, chemokines, adhesion molecules, and receptors 
that may play a role in the development of T1D and its complications.

In contrast, NAPPA arrays provide high throughput information on thousands 
of candidate proteins in a more limited number of samples. NAPPA arrays contain 
imprinted gene on glass slides and a wheat germ expression system that converts the 
DNA to RNA to protein. This protein array then detects circulating levels of antibod-
ies against the proteins in the blood of T1D individuals [53]. Recent studies by Bian 
et al. utilized NAPPA and ELISA to analyze more than 50% of the human proteome 
in the serum of recent onset T1D patients. They discovered six novel T1D-associated 
autoantibodies and created a combined AAb panel that had a higher AUC and sensi-
tivity in diagnosis compared to the conventional AAb ZnT8A (Table 5) [8, 61]. More 
studies are required to confirm the findings utilizing the NAPPA in T1D.

4. Artificial intelligence (AI) use in T1D research

Although various T1D prevention trials have been conducted, response to 
 preventative therapies appears to be limited to only a few individuals. A major factor 
in this lack of response is the difficulty identifying appropriate high-risk subjects who 
would benefit from such trials. Personalized prevention strategies based on one’s own 
risk and etiology may prove to be more efficient than prevention for the whole at-risk 
population. Therefore, a panel of multiple biomarkers is needed to identify individual 
risks for potential subjects in T1D prevention trials.

Protein Technique

Single markers ELISA [1, 49]

Multimarkers Bead Array [4, 50–52, 56–60]

NAPPA [8, 53]

ELISA: enzyme-linked immunosorbent assay, Array Bead: Luminex bead array, NAPPA: Nucleic Acid Programmable 
Protein Arrays.

Table 4. 
Array-based technologies in biomarker studies in T1D.
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Advances in omic technology have allowed researchers to discover several potential 
biomarkers. Validation of these biomarkers requires thousands of samples, irrespective 
of the technique, and thus biomarker development is often hindered by limited avail-
ability of biological samples. Recently, T1D repositories such as TEDDY and TrialNet 
have addressed this problem by providing a large pool of available sample data for omic 
analysis. However, high computational power is required to analyze numerous bio-
markers in these large data sets and identify the optimal markers for a panel.

AI machine learning has been used for a broad range of applications in cancer 
treatment, including diagnosis and classification of cancer as well as prediction of 
progression and treatment outcomes [62]. This suggests that AI may help to solve the 
issue of early prediction of T1D as well. The main goal of AI in T1D biomarker discov-
ery is to combine information on the small differences in serum biomarkers between 
T1D and healthy patients and utilize this information to predict which patients are at 
high risk of developing T1D in the future.

Recent studies have utilized various machine-learning techniques to analyze large 
amounts of omics data (Table 6). Repeated Optimization for Feature Interpretation 
(ROFI) is one such technique that uses a repeated selection algorithm 500 times to gener-
ate important matrices for each feature [65, 67]. These matrices define the importance of 
a feature as the percentage of times it was selected to be included out of the 500 times the 
algorithm was run [65, 66]. After the feature importance values have been established, 
the final model is produced [65]. These studies illustrate the potential utility of machine 
learning in analyzing large amounts of data from diverse fields of omics data (genomics, 
proteomics, metabolomics, and lipidomics), clinical risk factors, and environmental fac-
tors for early prediction and prevention of T1D. Machine learning also has the potential to 
improve the prediction of T1D complications such as diabetic nephropathy, retinopathy, 
and peripheral neuropathy [11, 57]. The goal is that machine learning-derived risk scores 
can be used to identify T1D patients who would benefit the most from targeted preventa-
tive therapies before the development of these complications.

5. Conclusion

Currently, individuals at high risk of developing T1D are identified with multiple 
autoantibodies and HLA genotyping. These existing biomarkers do not fully meet 
the need for T1D prediction and prevention due to many issues with sensitivity and 
specificity, as well as the relatively late appearance of autoantibodies. Successful pre-
vention of T1D requires the identification of high-risk populations early in the disease 
course before the appearance of islet autoantibodies and clinical disease onset. Due to 

Protein antigen AUC Sensitivity at 95% specificity

ZnT8A alone 0.62 38.3

Novel AAb panel (anti-PTPRN2, -MLH1, -PPIL2, and -QRFPR) 0.74 37.5

Novel AAb panel + ZnT8A 0.81 55.2

AUC: area under the curve, ZnT8A: Zn transporter 8 autoantibody, PTPRN22: protein tyrosine phosphatase receptor 
22, MLH1: MutL protein homolog 1, PPIL2: Peptidylprolyl Isomerase Like 2, QRFPR: Pyroglutamylated RFamide 
Peptide Receptor.

Table 5. 
Novel T1D AAb panel identified by NAPPA array: AUC and sensitivity compared to ZnT8A [8].
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the multifactorial nature of T1D, no single biomarker can provide adequate power to 
predict the disease. Therefore, research into T1D prevention has to rely on the combi-
nation of multiple markers. Advances in high throughput omic technologies such as 
GWAS and NAPPA arrays have offered new opportunities to discover such biomark-
ers. In addition, advanced computational techniques including machine learning are 
being increasingly utilized to analyze numerous biomarkers in large data sets. Despite 
these advances, there is still an urgent need for new and improved biomarkers for T1D 
prediction and prevention. Surrogate biomarkers are needed to access the outcomes of 
preventative therapy trials in their early stages. Due to the long asymptomatic period 
for diabetes, it is too expensive and time-consuming for clinical trials to wait for the 
final clinical outcome. The lack of suitable surrogate biomarkers for T1D has severely 
hampered progress in clinical trials. Newer markers will also need to provide informa-
tion on response to treatment in existing T1D patients. This information will aid in 
predicting which patients would benefit from specific therapies.

The simultaneous consideration of genomic, transcriptomic, and proteomic data, 
using advanced computational techniques will be required for accurate assessment of 
T1D risk and monitoring of therapeutic outcomes in the future.

Acknowledgements

This work was supported by JDRF awards to SP (2-2011-153, 10-2006-792, and 
3-2004-195). PMHT was supported by NIH/NIDDK fellowship (F30DK12146101A1).

Conflict of interest

The authors declare no conflict of interest.

Computational 
approach

Omics 
platform

Omics 
approach

Number of features 
(post optimization)

Accuracy/ AUC/ 
Sensitivity

Ref

Model averaging SELDITOF Proteomics 146 90.0% sensitivity [63]

Support Vector 
Machine

GWAS Genomics 417 AUC 0.84 [28]

Repeated 
Optimization 
for feature 
interpretation 
(ROF)

HPLC-MS, 
Multiplex 

assay

Proteomics, 
Immunologic, 

Genomics, 
Metabolomics

76 AUC 0.92 [64]

GC-TOF 
MS, Illumina 
ImmunoChip

Metabolomics, 
Genomics

42 AUC 0.74 [65]

GC-TOF MS, 
genetic risk 

score

Metabolomics, 
Genomics, 

Immunologic

16 AUC 0.84 [66]

ROF: Repeated Optimization for Feature Interpretation, number of features presented after post-optimization of the 
computational method, SELDI-TOF: Surface-enhanced laser desorption/ionization time-of-flight mass spectrometry, 
GWAS: genome-wide association study, HPLC-MS: high performance liquid chromatography-Mass spectrometry, 
GC-TOF: gas chromatography time-of-flight mass spectrometry.

Table 6. 
Computational approaches for biomarkers in T1D.
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Chapter 5

Benefits of Implementation of
Insulin Pump in People with Type 1
Diabetes: 10 Case Reports
Noemi Nováková, Martin Nezval and Marie Anna Robenková

Abstract

Ten people with type 1 diabetes (T1D), aged 28 to 57 years, with a duration of
diabetes from 8 months to 47 years, attending an urban diabetes center, were retro-
spectively observed to assess the effects of intensive insulin treatment using continu-
ous subcutaneous insulin infusion (insulin pump) for a period ranging from 2 months
to 30 years, controlled either by glucometer-strips systems or using sensors for con-
tinuous glucose monitoring (CGM). Retinopathy, neuropathy, and nephropathy were
present in some of them. An assessment of changes in HbA1c, body mass, insulin
requirements per day (INS/d), blood pressure, lipoproteins, and estimated glomerular
filtration rate (eGFR) was used to determine treatment efficiency. In conclusion, a
combination of adequate education, long-term therapy with an insulin pump, and
early implementation of CGM appear to be the optimal approach to T1Dmanagement,
resulting in improved diabetes control and/or enhanced quality of life for the users.

Keywords: type 1 diabetes, continuous subcutaneous insulin infusion (CSII), insulin
pump, insulin pen, continuous glucose monitoring (CGM), case report, MiniMed
780G

1. Introduction

According to American Diabetes Association (ADA), immune-mediated diabetes,
also known as “insulin-dependent diabetes,” caused by cellular-mediated auto-
immune destruction of the pancreatic β-cells, accounts for 5–10% of diabetes, making
it the major of the two subcategories of type 1 diabetes. Islet cell autoantibodies and
autoantibodies to GAD (glutamic acid decarboxylase, GAD65), insulin, the tyrosine
phosphatases islet antigen 2 (IA-2) and Ia-2β, and zinc transporter 8, represent auto-
immune markers. Only a minority of people with diabetes fall into the second
subcategory, idiopathic T1D, with no evident β-cell autoimmunity, higher suscepti-
bility to ketoacidosis, and permanent insulinopenia [1, 2]. The ADA’s clinical practice
recommendations in “Standards of Medical Care in Diabetes—2022” state that the
ideal HbA1c concentration should be lower than 53 mmol/mol (7%) as it correlates to a
50–76% decrease in microvascular complications (retinopathy, neuropathy, and dia-
betic kidney disease), development, and progression [3]. However, for many people
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with T1D, despite the availability of the latest innovative technology in insulin
therapy, achieving the recommended target remains challenging [4–6].

When considering methods of treatment, insulin pumps should be made accessible
to all people with insulin-deficient diabetes, nonetheless, specific circumstances,
desires, and needs of the patient should be brought into account [6, 7]. Offering the
latest available technology to all patients is one of many priorities in our hospital,
including sensor-augmented pumps from Medtronic MiniMed in T1D.

The latest MiniMed 780G (Figure 1) system, the successor to MiniMed 640G and
670G, is equipped with advanced hybrid closed-loop (AHCL) [8–10]. The AHCL sys-
tem is composed of CGM and an insulin pump. The continual administration of self-
adjusting basal insulin delivery and correctional boluses every 5 minutes is based on
glycemia measured in real-time. This may prevent hypoglycemia, while also making it
safe, effective, and more comfortable to use [5, 8–11]. Even CGM alone has proven to be
more effective than manual self-monitoring with a glucometer [12–14]. Insulin delivery
via this system represents a near-physiological mechanism; it mimics endogenous insu-
lin secretion to the extent of minimal need for manual user intervention [15–18]. For
optimal results, in the traditional “Manual mode,” the number of saccharides should be
entered and the bolus calculator (“bolus Wizard”) may be used as an advisor. In the
“Smart Guard” mode the user needs to enter only the number of saccharides [9, 18].
The CareLink system creates person-related graphs (Figure 2) depicting CGM, saccha-
ride intake, and insulin infusions, providing an organized overview for the user and
their healthcare provider. Time in range (TIR) is the amount of time spent in target
glycemia, represented as a percentage, in the course of defined period.

Based on previous data, the algorithm may predict glycemia and the body’s reac-
tion to insulin delivery. Therefore, it can be expected that with a longer period of use
comes better control of glycaemic targets. Some other factors that play a role in
optimal results include; correct application and fixation of the cannula and infusion
set; turning off insulin delivery when taking off the pump (for example during
showers, sports, and sex). At night, the algorithm controls glycemia according to the
automatic basal rate, regardless of evening glycemia. This enables users to stay in
range without any active intervention for the duration of their sleep [18]. Anyone

Figure 1.
Insulin pump MiniMed 780G: the SmartGuard mode showing glycaemia 7.4 mmol/l (on the left), and time in
range (TIR) 89% (on the right).
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using the technology should be well informed on how AHCL algorithms work, and
most importantly how to use it to get the maximum benefit out of it [20].

2. Case reports

To demonstrate different challenges and aspects of insulin pump therapy, four
men and six ladies were chosen out of 20 people with T1D registered in an urban
diabetes center. They were 28 to 57 years old (y/o), with a duration of diabetes from
8 months to 47 years, and insulin pumps were implemented for a period ranging from
2 months to 30 years.

Each of the following case reports consists of a Focus (the reason for demonstration);
a shortMedical history; aCurrent goal (an objective for further management); a Table
with important clinical and laboratory parameters; two Figures: a graph with absolute
values illustrating the progress of HbA1c, BMI, and INS/d in time; a graph with relative
values, where 100% of HbA1c, BMI, and INS/d corresponds to the highest value of a
respective physiological range. Later, the effectiveness of the pump was assessed based
on clinical and laboratory parameters as well as its subjective impression on the user.

Providing the user with the proper knowledge, skills and attitudes ensure the possi-
bility that the health benefits, convenience, and comforts that the AHCL algorithm
offers are utilized to their full potential. Therefore, everyone was familiarized with:
physiological insulin function, prandial boluses, basal rate, the effects of physical activ-
ity, nutrition, energy intake and expenditure, and how all the above effects the param-
eters of therapeutic efficiency (HbA1c, body mass, glycemia, and INS/d) [21].
Additionally, they were taught how to use glucometer-strips system for self-monitoring
(such as Calla, Galileo Glu/Ket, Contour plus, and ambulatory glycaemic profiles),
insulin pens, and most importantly, insulin pumps. Specifically, this entails refilling the
insulin reservoir, catheter insertion and replacement in 3-day intervals, sensor insertion,
entering saccharide information before and during meals, and overall maintenance of
the pump. Education on the insulin pump was provided after implementation either
within a two-week hospitalization period or in an outpatient alternative mode.

Figure 2.
This CareLink graph depicts two shaded areas of data: blue and orange, each area representing information about
glycemia from a date range (A and B), (see left corner). The black dotted line in the middle represents average
glycemia from the last date range (A). The darker shaded blue area represents 25–75% of all sensor readings,
meaning this is where the majority of glucose readings have been. The remainder of the data is in the 0–90% range
presented within the solid blue line. Data from the date range (B) are colored orange behind the blue plot. This
report should be reviewed with one’s healthcare professional to see progress from the last visit or the last device
settings change [19]. The internet address specified for each user is www.carelink.minimed.eu.
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2.1 Case report Anna

Focus: 30 years lasting management of T1D using various insulin pumps, and
eventually improved quality of life along with a subtle reduction in HbA1c after the
sensor-augmented insulin pump, MiniMed 780G, was implemented.

History: At 9 years of age (1975), Anna (today 57 y/o) was admitted to the emer-
gency department for a hyperglycaemic coma. Based on history, clinical, and
laboratory findings, T1D was diagnosed. From 1975 to 1983, treatment was done with
animal insulin consisting of insulin delivery by a glass syringe and a blunt metal
needle. At that time self-monitoring was not available apart from a urinalysis. Anna’s
description of her medical care from 1983 to 1991 is vague. In 1992, she was referred to a
diabetes center and received MADI (manual insulin dispenser) [22]. In 1993, she
obtained her first glucometer, which Anna describes as a milestone in her life as a
person with T1D. In 1993, she obtained her first insulin pump (Dahedi Elektroniks),
which reduced the INS/d day from 34 to 29 IU. Next, the pumpDahedi was replaced by a
pump H-Tron V100, Disetronic (1994–2008). In 1996, she became pregnant with
twins. Both children (boy and girl) were born on January 10, 1997, healthy, by
planned Cesarean section (indicated by a breech position of one of the children) with
body mass at births of 2.6 and 2.7 kg. In the following period of 25 years, Anna’s clinical
condition was stable. She performed intensive selfmonitoring (SMPG) using glucometer-
strips system 5 to 12 times a day and adopted the insulin boluses according to plasma
glucose, food, and exercise. In 2009 insulin pump Paradigm 722 was implemented,
followed by Paradigm Veo 554. In 2010, hypothyroidism was diagnosed and treated
further on.

In 2021, the hybrid insulin pump MiniMed 780G was put in motion. Anna has been
continuously employing the SmartGuard mode (Figures 3 and 4). The important clin-
ical and laboratory findings can be seen in Table 1. Current TIR: 89%.

Parameters Units Refer 1.12.1994 26.10.2004 13.07.2012 29.04.2015 21.09.2022

T1D duration Years N/A 19 29 37 40 47

Heart rate BPM 60–90 76 — 72 78 72

Blood pressure Torr <130/85 110/70 — 125/70 150/80 168/89

fvS-glucose mmol/ 3.3–5.5 — — 5.6 6.7 8.8

fvS-C-peptide pmol/l >300 — 500 <300* — —

fvS-GADA kU/I/ 0–5 — — 0.2 — —

fvS-HDL mmol/l 1.2–2.7 1.26 1.74 2 1.84 2.12

fvS-LDL mmol/l 1.2–2.6 4.19 2.23 2.72 2.83 3.25

fvS-TAG mmol/l 0.5–1.7 1.53 1.9 0.91 0.6 0.8

fvS-creatinine μmol/l < 108 — — 78 67 69

eGFR ml/s 1.0–1.3 — — 1.15 — 1.55

fvS-CRP mg/l < 10 — — 0.7 0.6 0.7

fvS – fasting venous serum, *since 2004 repeated five times.

Table 1.
Anna’s clinical and laboratory parameters over 28 years.
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Current goal: To reduce LDL below 2.6 mmol/l and HbA1c below 50 mmol/mol
without hypoglycemia, therapy of hypoglycemia with glucagon; screening for
macroangiopathy (Table 1).

Figure 4.
Anna’s relative values of HbA1c, BMI, and INS/d from 1993 to 2022 indicate an extended period of HbA1c at
30% above the norm with slight fluctuation and a 10% decrease within 1 year after CGM implementation. Over
the entirety of 29 years, BMI remains stable in the high 80s and low 90s. There is no difference in INS/d before and
after MiniMed 780G. D – Dahedi Elektroniks, P – Paradigm, M – MiniMed.

Figure 3.
Anna’s absolute values of HbA1c, BM, and INS/d since her first pump D (Dahedi Elektroniks) was implemented.
Insulin pump H-tron (1994–2008) was followed by pumps paradigm (without CGM). Since the therapy with a
sensor-augmented insulin pump MiniMed 780G with SmartGuard auto mode was applied in 2022, there is a
subtle improvement in HbA1c concentration (red box). See also red box in Figure 4.
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2.2 Case report Betty

Focus: influence of pregnancy on HbA1c, INS/d, and BMI in a lady with T1D
using a pump without CGM, and effects of hybrid MiniMed 780G implemented after
pregnancy.

History: Betty (today 33 y/o) was diagnosed with T1D at the age of 14 years in
September 2004 in pediatric department of regional hospital. She was immediately
treated by means of an insulin pen with insulin aspart and detemir, a maximum dose
of insulin was 20 IU/d. In 2007, insulin pump Animas was implemented as the main
form of insulin therapy. In 2015 the pump Animas was replaced by MiniMed 640G. In
the course of the first pregnancy, a decrease in HbA1c and marked increase in INS/d
could be seen. She gave birth to a boy (delivery July 8, 2015 by Cesarean section,
4.48 kg, 54 cm). The parameters from August 31, 2015 demonstrated improved
compensation (lower values of HbA1c), however, the amount of insulin per day was
nearly doubled (Table 2, Figures 5 and 6). Betty had a second pregnancy in 2019
(delivery November 1, 2019 by Cesarean section, girl 4.75 kg, 53 cm). During this
second pregnancy, there was an apparent decrease in HbA1c concentration and an
increased supply of exogenous insulin (161 IU/d). To explain these similar changes
in HbA1c and INS/d it is worth noting that placenta is permeable to glucose but
impermeable to insulin [23, 24]. Therefore, the insulin from fetal pancreas may
create new fetal adipose tissue by converting the glucose crossing through placental
barrier from mother’s plasma. These pathways may result in fetal macrosomia
(which is a known complication associated with raised HbA1c concentration in the
last trimester of pregnancy). Only a minority of pregnant women were able to
optimize their glycemic control. This makes CGM and hybrid insulin pumps all the
more favorable for treatment during pregnancy [25, 26]. However, Betty could
receive the hybrid pump MiniMed 780G as late as in April 2021. Current TIR: 96%
(January 5, 2023).

Parameters Units Refer 21.4.2014 12.10.2016 30.4.2019 16.12.2020 10.06.2022

T1D duration years N/A 9 12 14 16 18

Heart rate BPM 60–90 94 89 98 94 97

Bl. pressure Torr <130/85 130/80 140/85 121/82 134/95 175/97

fvS-glucose mmol/ 3.3–5.5 9.9 7.0 9.0 6.0 6.8

fvS-C-peptide pmol/l >300 — — — <7 —

fvS-GADA kU/I/ 0–5 — — — 33 —

fvS-HDL mmol/l 1.2–2.7 1.29 2.04 1.55 1.17 1.17

fvS-LDL mmol/l 1.2–2.6 2.89 3.53 2.7 3.31 3.31

fvS-TAG mmol/l 0.5–1.7 1.26 0.88 2.7 1.39 1.39

fvS-creatinine μmol/l < 108 47.1 58 48 65 59

eGFR ml/s 1.0–1.3 — — — 1.9 1.93

fvS-CRP mg/l < 10 1.9 1.8 7.9 3.6 5.1

fvS – fasting venous serum.

Table 2.
Betty’s clinical and laboratory parameters over the last 8 years.
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Current goal: examine the methods for managing her increased appetite, man-
agement of hyperlipoproteinemia, hypertension, and hypoglycemia; selfmonitoring of
ketones.

Figure 6.
Betty’s relative values of HbA1c, BMI, and INS/d from 2015 to 2022. HbA1c has exceeded the desired reference
value for a long period of time, which is illustrated by all the red percentages. Two peaks, with 275% (=110 IU/d)
value INS/d during her first pregnancy in 2015, and 403% (=161 IU/d) value INS/d during her second pregnancy
in 2019 (yellow stars). The last two check-ups show high insulin delivery and increased BMI with no sustainable
effect on HbA1c (red box). TIR was 62% (February 9, 2022).

Figure 5.
Betty’s absolute values of HbA1c, BMI, and INS/d from 2015 to the last check-up. The Animas insulin pump was
implemented in 2007. The two peaks on the blue line (INS/d) in the years 2015 and 2019 correlate to Betty’s
pregnancies when the insulin dosage nearly doubled and lowered HbA1c, indicating better metabolic control.
Pregnancy is symbolized by yellow stars. The last two check-ups show high INS/d (110 U/d) and increased body
mass with no sustainable effect on HbA1c (red box).
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2.3 Case report Clark

Focus: continuously increased INS/d, and body mass along with near-optimal
HbA1c concentration and hypoglycaemia when using insulin pump without CGM and
followed by hybrid pump with SmartGuard.

History: At 20 years of age, Clark (today 46 y/o) was diagnosed with T1D.
Education and treatment by means of insulin pen and multiple daily
injections resulted in improvement in clinical and laboratory findings. Clark was
compliant and had no problem adjusting to the insulin boluses according to meals
and physical exercise at that time. In 2009, Clark received his first insulin pump.
In 2013, insulin pump Paradigm Veo (without CGM) was implemented and, in
2017, replaced with MiniMed 640G. INS/d was high (routinely adopted according to
intake of saccharides), but otherwise no other issues, in clinical and laboratory
parameters (Table 3 and Figures 7 and 8). In 2022 a hybrid insulin pump MiniMed
780G was introduced. Since that time Clark had troubles with his adaptation to
the new algorithms dealing with saccharide ratio and insulin boluses. For example:
after eating a roll for breakfast that contains 25 g of saccharides and noticing that
the pump gives him only one unit of insulin, he would enter additional
saccharides that he did not consume, until it would give him 2.5 units of insulin as he
was used to. (Essentially ignoring that the pump gives him exactly what he needs at
that moment.) This approach resulted in reoccurring hypoglycemia followed by
increased food intake and growing body mass. Therefore, lower insulin doses resulting
in reduced risk of hypoglycemia, lower body mass, and lower HbA1c may be reached
provided Clark creates a deeper understanding of the algorithm behind MiniMed
780G. At the time he is able to manage MiniMed 780G. Current TIR: 87% (January 5,
2023).

Besides T1D, Clark also has hyperlipoproteinemia (diagnosed in 2014), treated
with rosuvastatin, and unstable hypertension.

Parameters Units Refer 21.05.2014 02.05.2015 05.09.2018 29.01.2020 23.11.2022

T1D duration years N/A 17 18 21 23 25

Heart rate BPM 60–90 68 73 81 76 87

Blood pressure Torr <130/85 120/70 120/80 133/89 149/96 164/99

fvS-glucose mmol/ 3.3–5.5 4.9 6.4 5.3 7.5 4.9

fvS-C-peptide pmol/l >300 — 30 — — —

fvS-GADA kU/I/ 0–5 — 32.5 — — —

fvS-HDL mmol/l 1.2–2.7 1.6 2.07 1.63 1.42 1.85

fvS-LDL mmol/l 1.2–2.6 3.2 2.52 3.42 1.92 1.91

fvS-TAG mmol/l 0.5–1.7 0.6 0.76 0.92 1.62 0.86

fvS-creatinine μmol/l < 108 90 121.6 95.7 83.6 77.7

eGFR ml/s 1.0–1.3 — — — 1.7 1.7

fvS-CRP mg/l < 10 0.1 0.5 0.2 0.2 0.5

fvS – fasting venous serum.

Table 3.
Clark’s clinical and laboratory parameters from the diagnosis of T1D over the last 8 years.
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Current goal: reeducation on the use of MiniMed 780G with SafeGuard mode:
input of saccharides, temporary targets, reassurance that the pump delivers the
optimal doses without manual intervention, and management of high blood pressure
and hypoglycemia.

Figure 7.
Clark’s absolute values of HbA1c, BM, and INS/d show relatively constant values of HbA1c and INS/d over 9 years
of time, while his body mass changed within a range of 88 kg and 98 kg. Treatment with an insulin pump was
initiated in 2009. Followed by the insulin pump Paradigm Veo 554 implemented in April 2013, MiniMed 640G
in April 2017, and MiniMed 780G in January 2022. Using CGM could potentially improve HbA1c concentration
with a lower number of insulin units needed.

Figure 8.
Clark’s relative values of HbA1c, BMI, and INS/d from 2013 until the last check-up. Red values of INS/d in
columns indicate the overuse of insulin to lower glycemia. Nevertheless, there is an apparent difference between the
needed insulin dose during the use of the Paradigm Veo 554, MiniMed 640G, and MiniMed 780G.
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2.4 Case report Daniel

Focus: long-term inadequate compensation during therapy by insulin
pump with an improvement after switching to a hybrid pump with CGM and
SmartGuard.

History: Daniel (today 51 y/o) was diagnosed with T1D in 2000. Primarily, he
experienced polydipsia (drinking almost ten liters per day). Upon examination,
glycemia was 30 mmol/l. Insulin therapy was initiated, however, glycated hemoglobin
HbA1c (70 mmol/mol) and unexpected hypoglycemia (twice a month) persisted. After
13 years (December 3, 2013), Daniel was given the Paradigm Veo 554 insulin pump
(without CGM). Despite this, glycated hemoglobin showed no improvement. He was
diagnosed with retinopathy in his left eye in 2015. It was recommended to regularly
measure glycemia and learn to recognize hypoglycemia. The implementation of con-
tinuous monitoring with a new hybrid insulin pump MiniMed 780G made this easier
and showed immediate improvement in glycated hemoglobin and a decrease in INS/d
(Figures 9 and 10).

When asked to compare Paradigm Veo to the latest MiniMed 780G, which he
started using in September of 2022, he stated that it is easy to work with especially
thanks to its ability to connect to a mobile phone. Besides T1D, Daniel is also
treated for hypertension (ramipril), nephropathy with interstitial and glomerular
damage, hypercholesterolemia (rosuvastatin), and neuropathy (Table 4). In 2021, he
developed a dental defect. Daniel received a glucometer Galileo Glu/Ket, in order to
use it in circumstances such as vomiting, nausea, fever, etc. Namely, some of these
symptoms were recently present without apparent explanation. Current TIR: 87%
(January 5, 2023).

Parameters Units Refer 29.11.2013 07.05.2015 04.05.2018 28.04.2021 05.10.2022

T1D duration years N/A 13 15 18 21 22

Heart rate BPM 60–90 — 64 74 79 86

Blood pressure torr <130/85 — 130/80 161/105 147/88 157/98

fvS-glucose mmol/ 3.3–5.5 10.9 21.7 13.7 7.0 6.2

fvS-C-peptide pmol/l >300 Neg. 30 — — —

fvS-GADA kU/I/ 0–5 14 17 — — —

fvS-HDL mmol/l 1.2–2.7 1.22 1.66 1.27 1.55 1.58

fvS-LDL mmol/l 1.2–2.6 2.62 3.9 2.24 2.42 1.97

fvS-TAG mmol/l 0.5–1.7 2.95 1.06 1.8 1.23 0.76

fvS-creatinine μmol/l < 108 69.6 67.4 64 71.9 62.4

eGFR ml/s 1.0–1.3 — — — 1.73 1.81

fvS-CRP mg/l < 10 3.3 0.6 0.4 1.4 4.5

fvS – fasting venous serum.

Table 4.
Daniel’s clinical and laboratory parameters over 9 years.
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Current goal: education in the use of the glucometer Galileo Glu/Ket as means of
measurement of glycemia and ketone bodies, management of hypertension, and
regular dental and eye exams.

Figure 10.
Daniel’s relative values of HbA1c, BMI, and INS/d from 2013 to 2022. Red values of HbA1c indicate a long-lasting
period in which the respective parameters exceeded the upper limit of the reference range. HbA1c was constant until the
application of a sensor-augmented insulin pump (MiniMed 780G) in September 2022, when the HbA1c concentration
decreased (to 148% = 62 mmol/mol) alongside a lower insulin dosage (78% = 31 IU/d) needed (red box).

Figure 9.
Daniel’s absolute values of HbA1c, BM, and INS/d over 9 years. Since he has been diagnosed with T1D in 2000, he
has been treated with insulin by delivering it via an insulin pen. His first insulin pump, Paradigm Veo 554, was
implemented on December 3, 2013. Laboratory values were constant until the application of a sensor-augmented
insulin pump in September 2022, when the HbA1c concentration decreased alongside a lower insulin dosage is
needed (red box).
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2.5 Case report Edward

Focus: insulin pump implementation in 2014 led to post-initial remission until
2018, which was followed by an increase in HbA1c, body mass, and IU/d needed.

History: Edward (today 46 y/o) was diagnosed with T1D at 27 years of age, in 2014.
The diagnosis was made based on the abrupt onset of clinical symptoms such as poly-
dipsia, polyuria, fatigue, and eventually loss of body mass (2 kg/month). He was given
insulin in the form of Novopen (insulin aspart and detemir). After 6 weeks, an insulin
pump, Paradigm Veo (Figure 11), was implemented while doing intensive self-
monitoring of plasma glucose (SMPG) using glucometer Contour plus. Initially, Edward
was skeptical about the insulin pump; due to his physical activity and sports, he was not
sure if the pumpwould be an obstruction during his activities (Table 5). After education,
when seeing the last parameters (Figures 12 and 13), he agreed to try MiniMed 780G.

Parameters Units Refer 11.2.2014 21.09.2016 20.07.2020 14.04.2021 21.09.2022

T1D duration Months N/A 0 32 78 87 104

Heart rate BPM 60–90 64 88 84 67 80

Blood pressure Torr <130/85 130/70 130/70 156/86 136/89 135/80

fvS-glucose mmol/ 3.3–5.5 5.6 6.8 9.5 7.8 7.5

fvS-C-peptide pmol/l >300 258 — 142 — —

fvS-GADA kU/I/ 0–5 47 — 12 — —

fvS-HDL mmol/l 1.2–2.7 1.3 1.3 1.3 1.2 1.4

fvS-LDL mmol/l 1.2–2.6 4.2 3.6 2 2.7 2.8

fvS-TAG mmol/l 0.5–1.7 0.9 1.4 0.8 0.9 0.9

fvS-creatinine μmol/l < 108 71.1 65.2 79.3 80.5 84.9

eGFR ml/s 1.0–1.3 — — — 1.71 1.65

fvS-CRP mg/l < 10 0.4 0.3 1.2 0.6 0.7

fvS – fasting venous serum.

Table 5.
Edward’s clinical and laboratory parameters over 8 years from the diagnosis of T1D in 2014 to the last check-up.

Figure 11.
Paradigm Veo 554 and a subcutaneous cannula on the front of the thigh.
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Current goal: acknowledging Edward’s reluctance as valid, while also
motivating him to use CGM, as his worsening compensation can be attributed to the
lack thereof.

Figure 13.
Edward’s relative values of HbA1c, BMI, and INS/d illustrate long-lasting satisfactory metabolic compensation.
The most recent result shows an increase in both HbA1c from 86–114% and INS/d from 58–119% (red box). His
BMI varies between 61% and 68% of its reference range.

Figure 12.
Edward’s absolute values of HbA1c, BM, and INS/d reflect a rapid decrease in HbA1c (from 73 mmol/mol to
37 mmol/mol) after insulin therapy was started with an insulin pen. After the implementation of an insulin
pump, Paradigm Veo 554, in April 2014, HbA1c concentration continued to decrease even further while fewer
insulin units were needed for better compensation. After the year 2018 (red box), INS/d started to increase
alongside HbA1c, which may be due to the end of supposed post-initial remission period that lasted about 4 years
(2014-2018).
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2.6 Case report Fiona

Focus: insulin pump implementation can result in subjective improvement, with-
out effect in laboratory parameters.

History: The first signs of T1D appeared in 2014 so Fiona (today 48 y/o) was
treated with an insulin pen for 15 months. The HbA1c concentration has been increas-
ing during this treatment, thus the insulin pump MiniMed 640G was implemented
and she was trained in selfmonitoring on glucometer-strips system Contour
(Figure 14). Up until the beginning of the year 2017, her clinical and laboratory
findings were improving. Since then, her HbA1c concentration has been increasing
(Table 6, Figures 15 and 16). The reason for this rise is multifactorial: difficult life
situations, struggling to keep a constant regime of glycemia monitoring, etc. Fiona is
satisfied with the insulin pump as it improved the quality of her everyday life; she
does not need to prick herself a few times per day as she works on shifts. Fiona is not
convinced to use CGM, although she is aware of insufficient compensation and low
frequency of self-monitoring: two times per day, sometimes only once a week.

Figure 14.
Glucometer Contour plus one showing glycaemia 4.3 mmol/l. Box with test strips (on the right).

Parameters Units Refer 06.10.2014 15.06.2016 15.07.2019 18.10.2021 9.11.2022

T1D duration Months N/A 1 21 58 85 98

Heart rate BPM 60–90 62 66 70 60 105

Blood pressure torr <130/85 120/80 161/72 116/82 138/90 149/101

fvS-glucose mmol/ 3.3–5.5 — 8.4 14.7 10.3 11.9

fvS-C-peptide pmol/l >300 235 — — — —

fvS-GADA kU/I/ 0–5 >250 >250 — — —

fvS-HDL mmol/l 1.2–2.7 1.9 2.18 1.83 1.78 2.03

fvS-LDL mmol/l 1.2–2.6 2.03 3.15 2.18 2.8 3.39

fvS-TAG mmol/l 0.5–1.7 0.8 0.4 0.58 0.76 0.71

fvS-creatinine μmol/l < 108 52.9 60 56 56.3 56

eGFR ml/s 1.0–1.3 — — 1.77 1.77 1.76

fvS-CRP mg/l < 10 0.9 1 1.8 1.7 1.5

fvS – fasting venous serum.

Table 6.
Fiona’s clinical and laboratory parameters from T1D start over 8 years.
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Her glycemia is mostly high, and she is afraid to deliver an additional bolus because of
an unpleasant experience with hypoglycaemia.

Current goal: to motivate Fiona to use CGM.

Figure 15.
Fiona’s absolute values of HbA1c, BM, and INS/d from 2014 to 2022. HbA1c concentrations were increasing
during the treatment with an insulin pen, thus insulin pump MiniMed 640G was implemented. The last seven
values show a systematic increase in HbA1c, which is a result of a lack of compensation.

Figure 16.
Fiona’s relative values of HbA1c, BMI, and INS/d over an 8-year-long period. All red HbA1c digits illustrate long-
term unsatisfactory results with average values 190% of the reference range, although more insulin could be used
for better correction. Her BMI has fluctuated between 88 and 93% of the upper limit of its reference range.
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2.7 Case report George

Focus: growing body mass and INS/d in a man using SmartGuard mode and TIR
100%.

History: George (today 32 y/o) was diagnosed with T1D in April 2021 and treated
with insulin via an insulin pen, immediately resulting in an initial decrease in HbA1c.
By September of the same year, a hybrid insulin pump MiniMed 780G was
implemented. George is compliant and has been achieving excellent compensation
in terms of HbA1c and time in range (TIR). However, instead of entering data about
the amount of consumed saccharides, which would have allowed the pump to
automatically infuse the right insulin dose, tailored to his metabolism, glycemia, and
remaining function of beta-cells, he has been entering the order for a bolus in insulin
units (Figure 17). This order tends to be less effective, resulting in higher insulin
intake and a gradual increase in body mass (Figures 18 and 19). Even though the
conversion of saccharides to IU could be appropriate for the use of an insulin pen or
pump without AHCL, it lowers the efficiency of pumps with AHCL. Current TIR:
100% (November 16, 2022).

Figure 17.
CareLink Statistics: A comparison between date range A (blue) and B (orange). Progress between both date ranges,
blood glucose (BG), insulin usage, and saccharides consumed (Table 7).

Parameters Units Refer 12.08.2021 29.11.2021 16.02.2022 25.05.2022 16.11.2022

T1D duration months N/A 4 8 11 14 19

Heart rate BPM 60–90 104 104 104 107 110

Blood pressure torr <130/85 152/94 152/94 152/94 155/92 131/87

fvS-glucose mmol/l 3.3–5.5 6.2 — 5.1 4.6 4.5

fvS-C-peptide pmol/l >300 632 — >600 — —

fvS-GADA kU/l 0–5 58.8 — — — —

fvS-HDL mmol/l 1.2–2.7 1.16 — 1.04 1.04 1.16

fvS-LDL mmol/l 1.2–2.6 3.31 — 2.75 2.75 3.31

fvS-TAG mmol/l 0.5–1.7 1.4 1.38 1.63 1.63 1.4

fvS-creatinine μmol/l < 108 78.6 79 68.9 77.9 78.6

eGFR ml/s 1.0–1.3 1.99 — 1.99 1.89 1.87

fvS-CRP mg/l < 10 1.1 — 4.7 0.5 0.7

fvS – fasting venous serum.

Table 7.
George’s clinical and laboratory parameters from the diagnosis of T1D over 14 months.
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Current goal: adequate education about the correct use of the hybrid pump
when using the SmartGuard mode and management of hypertension and
hyperlipoproteinemia.

Figure 19.
George’s relative values of HbA1c, BMI, and INS/d over 19 months. Rising BMI (up to 129%) is probably due to
an increase in INS/d (to 125% of the upper limit of its reference range), highlighted in the red box, which enables
glucose to enter cells through the insulin-dependent glucose transporter GLUT4 [27]. His HbA1c concentration is
under control. HbA1c concentration was not measured on August 8, 2022.

Figure 18.
George’s absolute values of HbA1c, BM, and INS/d over 19 months illustrate the initial rapid correction of HbA1c
(from 120 to 51 mmol/mol) after initiation of insulin treatment by insulin pen. Later, there is sufficient HbA1c
control, at the expense of the high insulin delivery, up to 50 IU/d (red box), and thus an increase in body mass
(from 94 to 104 kg). HbA1c concentration was not measured on August 29, 2022.
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2.8 Case report Helen

Focus: swift correction of HbA1c attributed to immediate insulin treatment
and implementation of hybrid insulin pump MiniMed 780G 3 weeks after T1D
diagnosis.

History: Helen’s (today 53 y/o) issues began when she experienced blurry vision
while on holiday. In combination with losing 8 kg over 2 weeks, polydipsia and
polyuria led her to seek out medical attention with reason to suspect diabetes. Helen
was diagnosed with T1D on September 23, 2021; her HbA1c concentration was
115 mmol/mol. She began treatment with an insulin pen (28 IU/d). After three weeks
(October 10, 2021), Helen was indicated to implement the insulin pump MiniMed
780G with a reduced total insulin dose per day (20 ID/d), (Figures 20 and 21). She
claims that it took her approximately one week to fully understand how to use the
insulin pump, how to connect sensor Guardian 4, and how to switch the manual or
SmartGuard mode. When asked to compare insulin treatment by means of pen vs.
pump, Helen prefers the insulin pump unhesitatingly for its comfortability and lesser
frequency of multiple needle pricks.

The biggest challenge for Helen, considering using the pump, is visiting the pool
area. Helen called the Medtronic helpline to get information on how to make her
summer holiday more comfortable and stay well compensated at the same time. At the
time, she was told that her insulin pump is waterproof for up to 24 hours and that the
sensor with a transmitter is water resistant for up to 30 minutes. According to
Medtronic, although MiniMed 780G is waterproof, it is recommended to remove it
before bathing or swimming, because the wear and tear that comes from regular use
can increase the risk of water damage [8]. Besides T1D, there is hypertension, tran-
sient atrial fibrillation, treated hypothyroidism, and hyperlipoproteinemia in her
medical history (Table 8). Current TIR: 75% (December 14, 2022).

Parameters Units Refer 29.09.2021 12.01.2022 21.06.2022 29.09.2022 14.12.2022

T1D duration Months N/A 0 4 9 12 15

Heart rate BPM 60–90 84 79 82 73 75

Blood pressure Torr <130/85 150/96 146/92 149/93 123/81 149/73

fvS-glucose mmol/ 3.3–5.5 16.6 6.3 6.6 5.3 6.5

fvS-C-peptide pmol/l >300 166 — — — —

fvS-GADA kU/I 0–5 >250 — — — —

fvS-HDL mmol/l 1.2–2.7 0.82 1.24 1.12 1.27 1.14

fvS-LDL mmol/l 1.2–2.6 3.23 3.05 2.67 2.82 3.34

fvS-TAG mmol/l 0.5–1.7 1.81 0.94 1.18 0.92 0.8

fvS-creatinine μmol/l < 108 52.1 52.4 56.7 62.1 57.2

eGFR ml/s 1.0–1.3 1.76 1.75 1.7 1.65 1.69

fvS-CRP mg/l < 10 3.4 1.2 0.7 1 1.8

fvS – fasting venous serum.

Table 8.
Helen’s clinical and laboratory parameters from the diagnosis of T1D over 15 months.
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Current goal: to reduce HbA1c below 42 mmol/mol, management of
hypertension and hyperlipoproteinemia, and monitoring of ketones by means of
Galileo Glu/Ket.

Figure 21.
Helen’s relative values of HbA1c, BMI, and INS/d over 12 months show a rapid HbA1c decrease after the initiation
of insulin therapy. BMI values indicate an irregular, subtle fluctuation in the range of no larger than 6%.
Considering the alternative use of manual/SmartGuard/manual mode, changes in INS/d, body, HbA1c, and
increased satisfaction with the pump one can assume gradual but adequate metabolic compensation based on
successful education and flexible management of the hybrid insulin pump.

Figure 20.
Helen’s absolute values of HbA1c, BM, and INS/d over 12 months show a decrease in HbA1c concentration after
the initiation of insulin therapy, when using an insulin pen at the beginning for 24 days, and followed by MiniMed
780G (manual/SmartGuard mode).

113

Benefits of Implementation of Insulin Pump in People with Type 1 Diabetes: 10 Case Reports
DOI: http://dx.doi.org/10.5772/intechopen.110073



2.9 Case report Isabella

Focus: a person who found professional care shortly after the first signs of T1D
and received hybrid insulin pump MiniMed 780G within 6 weeks.

History: Isabella (today 38 y/o) experienced a long period of illness before
presenting with hyperglycemia on Easter in 2022. Due to her untimely diagnosis
before a four-day-long holiday, she was given only an insulin pen (28 IU/d), glucometer
Galileo Glu/Ket, and short instructions viamobile phone. Within 10 days, detailed
education was initiated and, ultimately, in 6 weeks, she was given an insulin
pumpMiniMed 780G, to which she adapted and has shown exemplary cooperation
(Figures 22–24).

Figure 22.
There are two modes shown in the CareLink graph: SmartGuard mode (00,00–19,45) and manual mode (19,45–
00,00), depicted by the gray area. In SmartGuard mode, pink waves represent basal insulin over the span of four meals
(orange boxes) and insulin boluses are indicated by purple drops. Manual mode: the basal rate is indicated with a pink
descending line, and glycemia is measured manually. Current TIR: 93% (red box) (Table 9).

Parameters Units Refer 16.04.2022 29.06.2022 15.08.2022 02.11.2022 — — —

T1D duration Months N/A 0 2 4 7 — — —

Heart rate BPM 60–90 — — 82 86 — — —

Blood pressure Torr <130/85 — — 114/63 124/81 — — —

fvS-glucose mmol/ 3.3–5.5 13.67 6.3 — 5.4 — — —

fvS-C-peptide pmol/l >300 420 — — — — — —

fvS-GADA kU/I 0–5 >250 — — — — — —

fvS-HDL mmol/l 1.2–2.7 1.35 1.53 — 1.32 — — —

fvS-LDL mmol/l 1.2–2.6 5.09 3.4 — 3.36 — — —

fvS-TAG mmol/l 0.5–1.7 0.9 1 — 0.84 — — —

fvS-creatinine μmol/l < 108 72.7 69.9 — 60.7 — — —

eGFR ml/s 1.0–1.3 1.75 1.76 — 1.85 — — —

fvS-CRP mg/l < 10 1.9 0.6 — 0.5 — — —

fvS – fasting venous serum.

Table 9.
Isabella’s clinical and laboratory parameters from the diagnosis of T1D over 6 months.
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Current goal: to continue education, reduce HbA1c below 42 mmol/mol,
management of hypoglycemia, and hyperlipoproteinemia; monitoring ketones
(Galileo Glu/Ket).

Figure 24.
Isabella’s relative values of HbA1c BMI, INS/d show apparent glycemic control after the beginning of insulin
therapy, currently, with INS/d 12 IU, that is, 30% of upper limit of its reference range. HbA1c decreased to nearly
half of its previous concentration from period with insulin pen. There is also a slight decrease in BMI. This
highlights the impact of swift implementation of MiniMed780G as well as continuous education on postinitial
remission of insulin secretion.

Figure 23.
Isabella’s absolute values of HbA1c, BM, and INS/d show rapid glycemic control (from 86 to 44 mmol/mol) after
the beginning of insulin therapy. For the last 6 months, we see a stable amount of insulin (12 INS/d) requirement,
decreasing body mass, but slightly rising HbA1c.
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2.10 Case report Jane

Focus: implementation of MiniMed 780G 5 months after T1D diagnosis.
History: Jane (today 28 y/o) was initially diagnosed with gestational diabetes dur-

ing her third pregnancy. Till delivery (in the 34th week, November 22, 2021, girl,
1840 g, 43 cm) she was treated with insulin detemir 8 IU/d. Discharged without any
antidiabetic medication [28]. In April 2022, she started to experience polydipsia,
polyuria, nausea without vomiting, and anorexia with a loss of 10 kg in body mass. On
May 31st, 2022 she was admitted to hospital and diagnosed with T1D (HbA1c

146 mmol/mol), put on insulin aspart, and trained in selfmonitoring by means of
glucometer-strips system Galileo Glu/Ket (Figure 25). Although it was questionable
if Jane would adapt well to having an insulin pump, the implementation of
MiniMed 780G on October 31, 2022 at an out-patient clinic (with a basal insulin rate of
12.35 IU/d) proved to be a reliable method of therapy (Table 10, Figures 26 and 27).

Figure 25.
Strips for glucose (on the left) and beta-hydroxybutyrate (in the middle) glucometer Galileo Glu/Ket showing
glycaemia 5.7 mmol/l (on the right).

Parameters Units Refer 01.06.2022 14.07.2022 17.10.2022 16.12.2022 — — —

T1D duration months N/A 0 1 4 6 — — —

Heart rate BPM 60–90 82 96 99 101 — — —

Blood pressure Torr <130/85 110/78 105/69 126/85 122/72 — — —

fvS-glucose mmol/ 3.3–5.5 10.6 7.8 — 5.6 — — —

fvS-C-peptide pmol/l >300 263 — — 264 — — —

fvS-GADA kU/I 0–5 >250 >250 — — — — —

fvS-HDL mmol/l 1.2–2.7 1.09 1.63 — 1.77 — — —

fvS-LDL mmol/l 1.2–2.6 2.41 2.02 — 2.00 — — —

fvS-TAG mmol/l 0.5–1.7 1.98 1.09 — 0.63 — — —

fvS-creatinine μmol/l < 108 52.4 52.7 — 66.3 — — —

eGFR ml/s 1.0–1.3 2.09 2.08 — 1.93 — — —

fvS-CRP mg/l < 10 — 0.5 — 0.5 — — —

fvS – fasting venous serum.

Table 10.
Clinical and laboratory parameters of Jane from T1D start over 6 months.
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Jane expected difficulties in learning how to use the pump, however, today is satisfied
with the device. Continuously on SmartGuard, current TIR: 91% (January 5, 2023).

Current goal: to continue the management of T1D, hypoglycemia, and ketosis.

Figure 27.
Jane’s relative values of HbA1c, BMI, and INS/d from June 2022 to December 2022. Since the beginning of
treatment, HbA1c decreased from 348% of the upper limit of the acceptable value to 171%, and although insulin
requirement was increasing, it was still in the reference range. Post implementation of a sensor-augmented insulin
pump, MiniMed 780G, the trend of rising required insulin declined to 43% of physiological insulin needs.

Figure 26.
Jane’s absolute values of HbA1c, BM, and INS/d over 6 months showed an intense decrease in HbA1c concentration,
an overall stable body mass, and a slight fluctuation in INS/d. After the implementation of a sensor-augmented
insulin pump, MiniMed 780G, on October 31, 2022, the INS/d decreased from 25 IU/d to 17 IU/d while
maintaining the same HbA1c concentration (see the red box).
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3. Discussion

In this chapter, 10 people with T1D using insulin pumps were observed from a
clinical and laboratory medical perspective. Eight of them were given a pump during
hospitalization and the remaining two had their pump implemented at an outpatient
clinic. When being given an insulin pump, their subjective needs, and opinions were
considered.

The case reports are arranged according to the duration of treatment with an
insulin pump from 29 years to 2 months. Each case report represents a unique pro-
gression, with specific individual complications, and challenges for the insulin pump
user, educator, physician, and other members of the diabetes team. All subjects were
given the appropriate knowledge, skills, and attitudes during a systematic education.
It was shown that the insulin pump did not pose a hindrance to their occupation and
everyday life. MiniMed 780G is used by eight individuals, while two are still not
convinced to use CGM.

Anna’s collected data demonstrates glycemic control without drastic
fluctuations. She has been treated with insulin pumps the longest and has tried out
several different devices. After being provided with the newest technology in CGM,
her compensation improved even further. This trend is not unlike the one observed
with Daniel, where there was a noticeable increase in control after implementing
AHCL.

Betty’s case report was apparent in her lack of glycemic control, despite having an
insulin pump, even during pregnancy, which is likely the cause of the elevated body
mass at birth in her children. In contrast, Jane, who previously had gestational diabe-
tes, developed T1D as late as 6 months after delivery and had favorable results after
the implementation of the insulin pump.

Another common issue encountered was a lack of understanding and
“trust” in the AHCL algorithm. Clark tended to deliver extra boluses to achieve
the dose he was used to, instead of allowing the pump to function how it was
supposed to. Similarly, George, instead of entering data about the number of
saccharides he consumed, has been entering the order for a bolus in insulin
units. In both scenarios, the increased insulin worsens the risk of recurrent
hypoglycemia.

The case reports of Clark, George, Fiona, and Edward highlight the
importance of systematic education on the use of CGM, saccharide ratio, and
SmartGuard.

Helen, Isabella, and Jane are comparable in the identification of diabetes symp-
toms, pursuit of medical attention, almost immediate implementation of a hybrid
insulin pump, successful education, and metabolic compensation (probably due to
“honeymoon recovery” of endogenous insulin secretion). Ideally, swift implementa-
tion should be the standard of care for any person with T1D.

4. Conclusions

Presented case reports imply that the hybrid insulin pump, supported with
a professional education program, appears to be an effective first option for
insulin substitution in people with insulin-deficient diabetes, nonetheless, specific
circumstances, desires, and needs of a person with T1D should be brought into
account.
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Chapter 6

Molecular Challenges and 
Advances in Clinical Islet 
Transplantation
Nithyakalyani Mohan and Anusha Sunder

Abstract

The pathophysiology of diabetes is related to the levels of insulin within the body, 
and the body’s ability to utilize insulin. Patients with diabetes persistently go through 
life-threatening hypoglycaemia. Consequently, their quality of life gets affected, 
progressively leading them to micro- and macro-vascular complications. This is an 
unmanageable happening despite the technology advancements in insulin formula-
tions. Nevertheless, islet transplantation is emerging as an alternative therapeutic 
option. Our chapter will elaborate on the recent advancements in this field highlight-
ing the present-day challenges of clinical islet cell transplantation. Additionally, 
details about the advancements in cutting-edge clinical research, bio-molecular 
signaling with special reference to the pre and post transplant, the need for beta-cell 
replacement therapies, including the application of induced pluripotent stem cells 
and mesenchymal stem cells are also mentioned in this chapter.

Keywords: diabetes, β cell, islet transplantation, human pluripotent stem cells (PSCs), 
PSC-derived islet cells, immunosuppressant

1. Introduction

1.1  Overview of diabetes: incidence, intensity and implication of innovative 
therapies

Diabetes is one of the fastest growing health challenges of the twenty-first cen-
tury, with the number of adults living with diabetes having more than tripled over 
the past 20 years [1]. Most forms of diabetes witness hyperglycemia, which has its 
pathogenesis focally in the islet β cell. Known diabetics (diagnosis confirmed) as well 
as those who are at-risk of developing the disease exhibit impairment or loss of pro-
peptide processing and secretory function. For the purpose of prediction, diagnosis 
or prognostics, biomarkers and genetics are used to understand the state of a biologi-
cal process, severity of a pathological condition, and response to an intervention. This 
holds true for both research and clinical settings. The current chapter will focus on the 
potential utility of genetic markers, circulating molecules, and immune cell pheno-
typing as β cell’s biomarkers of cellular function. How these biomarkers complement 
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the assessment of β-cell secretory function is also interestingly explained. Having 
essayed the vitality of islet β cell, the chapter will also touch upon the possible 
implications of its loss. And henceforth, the β-cell secretory function could itself 
be considered as a biomarker. However, steadfast advances in the field have set the 
stage for stem cell-based approaches to take over in the near future. Generation of 
functional pancreatic islet cells using Human pluripotent stem cells (PSCs), including 
human embryonic stem cells and induced pluripotent stem cells, are promising cell 
sources in regenerating pancreatic islets, and this will become possible based on the 
substantial progress made over the past years. The forthcoming decade will probably 
witness research driven towards the molecular mechanisms of PSC-derived islet cells 
and their entailed use in experimental disease treatment. Therapeutic efficacy and 
safety considerations of patient PSC-derived islet cells and transplantation delivery 
systems should also be researched upon.

1.2 Diabetes- an understanding at the molecular level

Diabetes is a serious public health challenge, and its types, especially type 1 & 2 
are caused by a combination of genetic and environmental risk factors. For instance, 
an increase in human islet BCL11A expression decreases islet insulin secretion. Thus 
BCL11A expression is elevated during T2D and chronic hyperglycemia [2]. Being 
polygenic, they are related to a change, or defect, in multiple genes. This includes 
variations in important genes which are vital for glucose metabolism (regulation 
of fasting & postprandial blood glucose levels), insulin function (mainly insulin 
resistance) & triglyceride metabolism. The following figure, Figure 1 illustrates the 
pathogenesis of diabetes at a molecular level.

Diseases like diabetes are now being diagnosed, monitored and treated through 
an effective, individualized model of care rather than the ‘one size fits all’ approach. 
Owing to its efficiency in personalized care, precision medicine has gained focus 
worldwide, and its emerging application has diabetes in the forefront [3, 4]. For 
instance, the gastrointestinal side effects of the hypoglycaemic drug metformin has 
been linked to the interaction between the genes encoding the organic cation trans-
porter 1 (OCT1) and the serotonin reuptake transporter (SERT). The number of low-
expressing SERT S* alleles increased the odds of metformin intolerance. Likewise, the 
presence of two deficient OCT1 alleles was associated with over a nine-fold higher 
odds of metformin intolerance in patients carrying L*L* genotype [5].

Understanding relevant genes may not only help determine who is at high risk for 
developing the disease, but may also be useful in guiding treatment regimens. Beyond 
treating diabetes, we have set foot in a new era of curing the disease with pancreatic 

Figure 1. 
Understanding diabetes at the molecular level is important.
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islet cell transplantation. In islet transplantation, the requirement for immunosup-
pressive drug treatment to protect alloislets from alloimmune rejection and recurrent 
autoimmunity introduces additional risks that may be specific to the individual 
immunosuppressive drug agents as well as related more generally to immunosuppres-
sion. Thus recognition of inter-individual differences is gaining importance and is 
becoming possible through integration of pharmacogenetics, pharmacoproteomics, 
epigenetics, and noncoding RNAs data into clinical practice, thus emphasizing that 
‘Precision medicine is vital in transplantation’. A panel of genetic variants for transplant 
recipients and donors can function as an additional tool at disposition of transplant 
physicians to provide individualized care.

2. Biological mechanisms that underlie Insulin dependence

Type 1 diabetes is a multifactorial autoimmune disease, which is characterized by 
T cell mediated damage to the insulin-secreting pancreatic β cells. The initial stages 
of the disease process feature insulitis, followed by the pancreatic islets’ infiltra-
tion by mononuclear immune cells (including dendritic cells, macrophages, and T 
cells). This detrimental process leads to severe insulin depletion, and consequently 

Figure 2. 
Islet cells balance cellular glucose requirement with the glucose supply through blood.
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hyperglycaemia. Underlying this hyperglycemia are reasons like hepatic overproduc-
tion of glucose by glycogenolysis and gluconeogenesis accompanied by a decrease in 
the cellular uptake of circulating glucose. Insulin’s absence, increases fat breakdown 
and the consequence of fatty acid oxidation is excessive production of ketones. These 
metabolic disturbances are serious enough to progressively cause central nervous sys-
tem depression, coma, and death, if left untreated. Therefore, type 1 diabetes neces-
sitates lifetime treatment with exogenous insulin as a survival-essential. Pancreatic β 
cell destruction rate shows inter-individual differences, yet, tends to be more aggres-
sive in infants and young children [6]. Type 1 diabetes represents approximately 10% 
of all cases with diabetes. Its incidence is increasing worldwide at a rate of about 3% 
per year. The latest edition of the International Diabetes Federation (IDF), Diabetes 
Atlas shows that 1.1 million children and adolescents under the age of 20 live with 
type 1 diabetes [1]. Islet cells balance cellular glucose requirement with the glucose 
supply through blood, and this is illustrated in the following figure, Figure 2 through 
insulin signaling pathway.

For individuals with type 1 diabetes or insulin-deficient forms of pancreatogenic 
(type 3c) diabetes, isolation of islets from a deceased donor pancreas with intrahe-
patic transplantation of allogeneic islets can result in amelioration of hypoglycemia, 
on-target glycemic control, improved quality of life, and insulin independence. 
Recent progress in techniques for islet isolation, islet culture, and peritransplant 
management of the islet transplant recipient has resulted in substantial improve-
ments in metabolic and safety outcomes for patients. The metabolic benefits of 
islet transplantation are dependent on the count of islets transplanted that survive 
engraftment [7].

3.  Molecular semaphore of beta cell in diabetes: integrating biomarkers 
with functional measures

Circadian regulation of glucose homeostasis and insulin secretion is an important 
feature to assess whether islets are functional. Molecular clock mechanism is highly 
conserved among various cell types and is driven by a set of core clock genes that form 
interrelated transcriptional-translational complex. Thus understanding the molecular 
mechanism driving the inter relationship between disruption and islet functioning is 
crucial in context of disease prevention and transplantation.

The molecular mechanism governing this rhythmicity is based on complex 
program of gene expression. A number of interlocked transcriptional and posttrans-
lational feedback loops are responsible for generation and maintenance of rhythms. It 
will be interesting to initiate a study to assess the basal levels of glut receptor; Ca2+, 
glucose kinase and Insulin expression immediately after the purification of islets are 
done. This will highlight the necessity to understand the molecular and physiological 
underpinnings responsible for the functionality of islets before the transplant. These 
basal levels of expression of all the molecular parameters will give the clinician an 
idea on functionality of islets even before it is transplanted. However after the trans-
plant the levels should vary depending on the success of transplant surgery, circadian 
regulation and graft function [8–13].

Once the islets are transplanted to the donor, it is very important to assess the level 
of relevant molecular signatures in-vivo, which are involved in graft function or dam-
age and these biomarkers decide the fate of the transplant. Optimizing engraftment 
and early survival after clinical islet transplantation is critical to long-term function. 
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Cell-free circulating DNA (cfDNA), is now recognized as a potential biomarker for a 
variety of diseases. In humans, the insulin promoter is predominantly unmethylated 
in islet β-cells and methylated in all other tissues. cfDNA-based estimation of beta 
cell death 24 hours after islet allotransplantation correlates with clinical outcome and 
could predict early engraftment [14].

To understand on the beta cell function and beta cell mass, high-quality pancre-
atic islets are essential as they correlate with better post transplantation endocrine 
function. Islet quality and yield get affected by stress during the isolation process. 
During isolation, islet-enriched microRNAs (miRNAs) -375 are released and they 
serve helpful in assessing the extent of islet damage by correlating with post trans-
plantation endocrine function. Assessment of the absolute concentration of miR-375 
C-peptide at various islet isolation steps, including digestion, dilution, recombina-
tion, purification, and bagging is possible. Measurement of the absolute quantity of 
miRNA-375 during islet isolation is a useful tool to assess islet damage. The quantity 
of released miRNA is indicative of post transplantation endocrine function in 
transplant patients [15–17].

Better engraftment and functioning of islets needs to be proved by the produc-
tion of Insulin for the alleviating problematic hypoglycemia before and after islet 
transplant. This can be done by constantly monitoring the insulin level by various 
methods. CD30 levels are a predictor marker for acute rejection before and after the 
islet transplant. Elevated CD30 levels may reflect an immune state detrimental for 
islet allograft survival. In islet allograft recipients, post-transplant reduction in sCD30 
levels can serve as a biomarker to monitor graft function. Furthermore, an insight on 
how various immunosuppression protocols impact the timing and extent of changes 
in post-transplant sCD30 levels may facilitate patient-specific tailoring of immuno-
suppression [18, 19].

HMGB1 is a mediator of immune system during islet transplant. HMGB1 is one 
of the best-characterized DAMP molecules associated with islet. HMGB1 seemed to 
be released by damaged islets before and after transplant. HMGB1 will be one of the 
useful bio signatures detecting islet damage in clinical situation. It is the need of the 
hour for more research and development of kits in these area to bring the islet product 
release criteria that screen preparations before and after clinical allogeneic islet cell 
transplantation that are currently unavailable to predict post-transplant success from 
failure. More sensitive and reliable islet viability, potency kits and assays that charac-
terize cell composition and molecular profiles will be useful in further defining the islet 
product and may provide useful information on islet immunogenicity and pro-inflam-
matory potential to evaluate islet functionality in the clinical setting [20, 21]. The 
following figure, Figure 3 is a pictorial representation of ‘development of molecular Bio 
Signatures- pre and post- islet cell transplantation.

A transplantation outcome that curtails infection and rejection is desirable; 
still, the present day immunosuppression strategies using prophylactic antimicro-
bial medications do not guarantee this! Human leukocyte antigen matching is an 
important aspect of graft survival. However, other factors like extent of immunosup-
pression, infections and management of comorbidities is also crucial. Considering 
transplant patient’s predisposing genetic modifiers for risk stratification and as a basis 
for applying precision pharmacotherapy may improve transplant outcomes [22].

The most important genes deciding the fate of a transplanted cell, tissue, or organ 
belong to what is termed the MHC (the major histocompatibility complex). The 
MHC antigens’ primary function is to aid in distinguishing self from no-self through 
peptide presentation to the immune system. The MHC antigens are also termed as 
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HLA (human leukocyte antigens), and they comprise three regions, namely, class I 
(HLA-A, B, Cw), class II (HLA-DR, DQ , DP) and class III (no HLA genes). For acute 
rejection of an islet transplant, there is not any established treatment available. And 
hence transplantation of alloislets with HLAs reactive against even very low levels of 
preformed alloantibody in the recipient should be avoided even when T and B lym-
phocyte crossmatches are negative [23, 24].

Association of genetic assessment with demographic and clinical outcomes 
in a transplantation can potentially enable individualized risk stratification and 
immunosuppression through the identification of genetic variants relating to 
immune-mediated complications, post-transplant disease and also alterations in 
drug-metabolizing genes. Notably, immunosuppressive drug toxicity is of concern 
as the risk for impairment in kidney function relates with both calcineurin inhibitors 
and mTOR inhibitors. The drug Tacrolimus predominates immunosuppression in 
transplantation, and it is metabolized by the cytochrome P 450 3A (CYP3A) subfam-
ily of enzymes in the liver and small intestine. In CYP3A5 gene, a polymorphism in 
intron 3 alters its expression affecting the enzyme activity and thereby tacrolimus 
drug metabolism. Tacrolimus drug level correlated well with presence or absence of 
CYP3A5 polymorphisms. Acute rejection episodes were more frequent in expressers, 
and they may require higher doses of tacrolimus. When alloislets are transplanted 
in patients with type 1 diabetes, the use of low-dose tacrolimus in combination 
with sirolimus is associated with decline in estimated GFR of ~5 mL/min/y/1.73 m2. 
Therefore, CYP3A5 polymorphism analysis before transplant may help determine the 
optimal dose of tacrolimus in this population and prevent acute rejection episodes or 
tacrolimus toxicity [7, 25, 26].

Figure 3. 
Factors that govern the acceptance or rejection of an islet transplant.
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3.1 Genes can impact the effectiveness of islet graft

The effectiveness of the islet graft depends both on beta cell function as well as the 
interaction between the graft and the host, and most importantly, these are governed 
by the expression of specific islet genes [27]. Components of specific cytokine path-
ways are upregulated in bad islet preparations (those which failed to reverse diabetes 
after transplantation). And these include tumor necrosis factor (TNF) machinery 
such as the TRAIL receptor TNFRSF10B that engage in β-cell death induced by T cells 
[28, 29]. The FAS and its ligand, FASL, can induce beta cell apoptosis [30, 31], and 
these are hiked in bad islets, suggesting that islet death-related pathways are already 
activated in these preparations even before transplantation. Adding on to apoptosis is 
the activation of NFκB and AP-1 transcription factors, which up-regulate expression 
of inflammatory cytokines [32]. A local proinflammatory environment is promoted 
by CCL2 (MCP1), which associates with islet death and diabetes [33, 34]. Also seen 
in bad islets are higher expressions of the pattern recognition receptor TLR3, which 
relates with islet dysfunction and increased cytokine expression [35]. An elevated 
expression of tissue factor (F3) is pro-inflammatory and inhibits islet graft function 
[33, 36]. On the contrary, the TGFB2 and its receptor TGFBR1, and the IL13 recep-
tor, OSMR, are other elevated chemokines which can initiate protective signals for 
islet cells [37–39]. Similarly, SERPINA3, also known as alpha-1-antichymotrypsin is 
upregulated and may promote wound healing [40, 41]. The SEPT9 gene is upregu-
lated in bad islets and has recently been shown to be upregulated in islets of type 2 
diabetics [42]. So it appears that the pathways leading to islet dysfunction are already 
triggered before transplantation, but that there is also the initiation of some counter-
active measures.

A list of genes that were preferentially upregulated in good islet preparations 
(those which failed to reverse diabetes after transplantation) were relatable with 
the development and regeneration of pancreas. Hence a prior initiation of repair/
regeneration pathways in damaged islets would prove effective after transplanta-
tion. Several such genes including ONECUT1 (HNF6) [43, 44], MNX1 (HB9) 
[45, 46], NKX2-2 [47, 48], INSM1 [49, 50], NKX6-1 [47, 51], FOXA2 [52–54], and 
PTCH1 [55, 56] interact in regulatory networks aiding embryonic pancreas develop-
ment and regeneration following an injury. On the other hand, the NOTCH2 gene, 
is predominantly expressed in the bad islet preparations, possibly because of its 
significant role in expansion of the progenitor cell population through suppression 
of neurogenin3-dependent endocrine cell differentiation [57]. Gene encoding the 
rectifying potassium channel KCNMA1 which is upregulated in good islets has been 
shown to be important for repolarization of the membrane following insulin secre-
tion. Loss of KCNMA1 suppresses insulin secretion and increases susceptibility to 
oxidative stress and apoptosis [58].

In the recipient inducing protective genes like heme oxygenase-1 (HO-1), A20/
tumor necrosis factor alpha inducible protein3 (tnfaip3), biliverdin reductase (BVR), 
Bcl2, and others could synergistically improve islet graft survival and function. A 
similar effect is seen on administration of one or more of the products of HO-1 to the 
donor [59].

In heme degradation, HO-1 is the rate-limiting enzyme that produces equal molar 
amounts of carbon monoxide (CO), biliverdin, and iron. Biliverdin’s rapid conversion 
by biliverdin reductase to bilirubin sequesters iron into ferritin. Being an ubiquitous 
stress protein, HO-1 gets induced in several cell types by various stimuli. Evidence 
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piles up supporting HO-1 induction to offer cellular protection against transplant 
rejection. Induction of HO-1 pharmacologically or via gene transfer protects islets 
from stress-induced apoptosis in both the in vitro and the in vivo settings. HO-1 
induction in β cell lines, or human islets protects against apoptosis induced by TNF-α 
and cyclohexamide (CHX), interleukin-1β (IL-1β), and Fas. In recepients, HO-1 
induction with cobalt protoporphyrin (CoPP) pharmacologically improves islet func-
tion in a rodent model with marginal mass islet transplantation, wherein fewer islets 
are required to achieve normoglycemia when transplanted into a sygeneic recipient, 
whose been rendered diabetic by streptozotocin (STZ) treatment [60].

A20, also known as the TNF-α-induced protein 3 (TNFAIP3), is a zinc-ring finger 
protein. As a negative regulator of nuclear factor kappa B (NF-κB) activation, A20 
is recognized as a central and ubiquitous regulator of inflammation and as a potent 
antiapoptotic gene in certain cell types, including β cells. Islets can be protected 
against apoptosis induced by IL-1β/INF-γ and Fas through adenovirus-mediated gene 
transfer causing overexpression of A20. A higher percentage of cure was seen after 
transplantation in recipients with suboptimal number of islets overexpressing A20 
compared to control islets. Islets expressing A20 preserved functional β cell mass 
and are resistant to cell death. In β cells, expression of A20 renders a dual-protective 
effect through antiapoptosis and antiinflammation. The antiapototic effect of A20 
attributes to its cytoprotective properties and is dependent on the abrogation of 
cytokine-induced NO (nitric oxide) production due to transcriptional blockade of 
iNOS induction [61–63].

Bilirubin administration reduced apoptosis and improved insulin secretion in an 
in vitro model in INS-1 cells when challenged with nonspecific inflammation induced 
by cytokines. Protective genes like HO-1 and bcl-2 were strongly expressed seen in 
in freshly isolated islets from bilirubin-treated donors. Also noticed was an evident 
suppression in the proinflammatory and proapoptotic genes including caspase-3, 
caspase-8, and MCP-1. Such a protective effect rendered by bilirubin reduces β-cell 
destruction post- transplantation, minimizes macrophage infiltration, and suppresses 
expression of MCP-1, BID, caspase-3, -8, and -9, TNF-α, iNOS, Fas, TRAIL-R, and 
CXCL10 in the graft after allogeneic transplantation [64, 65].

Exposing human islets to the nonpeptidyl low molecular weight radical scavenger 
IAC [bis(1-hydroxy-2,2,6,6-tetramethyl-4-piperidiny) decanedioate dihydrochloride] 
on isolated human islet cells protected them from isolation and culture-induced 
oxidative stress. Transduction of NOD islets with the antioxidative gene thioredoxin 
(TRX, reactive oxygen species scavenger and antiapoptotic) using a lentiviral vec-
tor before transplantation prolonged islet graft survival. Anthocyanins present in 
Chinese Bayberry have the potential to upregulate HO-1, and thus protect β cells 
against hydrogen-peroxide-induced necrosis and apoptosis. Islets’ viability and 
function improved with adenoviral transfection as X-linked inhibitor of apoptosis 
provided protection from inflammatory cytokines [66].

4. Islet transplantation- practical difficulties and resolving approaches

1. Immunosuppressant regimen

Islet transplantation is emerging as a treatment for type 1 diabetes mellitus in 
selected patients with inadequate glucose control despite insulin therapy. However, 
considering the 267 allografts transplanted since 1990, insulin independence was 
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observed in only 12.4 percent for periods of more than 1 week, and merely 8.2 percent 
could sustain the beneficial outcome for more than a year. Predominantly in these 
procedures the immunosuppression regimen comprised of antibody induction with 
an antilymphocyte globulin combined with cyclosporine, azathioprine, and glucocor-
ticoids. Many of these immunosuppression regimens pose a threat of damaging beta 
cells or induce peripheral insulin resistance. Immunosuppressive drugs that concen-
trate in the liver can be toxic to the islets, yet must be taken for the lifetime of the graft. 
Currently, we are stepping into an era of accessing new and more potent immunosup-
pressive agents that will provide greater immunologic protection without diabetogenic 
side effects. Such an approach is glucocorticoid-free immunosuppressive protocol 
that includes sirolimus, low-dose tacrolimus, and a monoclonal antibody against the 
interleukin-2 receptor (daclizumab) for use in a trial of islet transplantation alone for 
patients with brittle type 1 diabetes. This has shown to result in insulin independence 
with excellent metabolic control when glucocorticoid-free immunosuppression is 
combined with the infusion of an adequate islet mass. Additionally, this immunosup-
pressive protocol has not clinically evidenced any episodes of graft rejection, and it 
appears to be effective in preventing autoimmune recurrence of diabetes [67].

Islet transplantation has emerged as a promising treatment option for type 1 
diabetes. Still its progress is challenged by barriers like patient accessibility and long-
term graft function. These can be overcome by amalgamating emerging technologies 
in biomaterials with drug delivery and immunomodulation. The hepatic microenvi-
ronment and traditional systemic immunosuppression can stress the vulnerable islets 
and limit the success rate of transplantation [68].

2. Other challenges like limitation in islet engraftment and function, low oxygen 
tension, insulin-induced hepatic steatosis, lipotoxicity and inflammation

Intrahepatic transplantation is a minimally invasive portal infusion that results 
in islet entrapment within hepatic sinusoids. The islet engraftment and function 
is restrained by hepatic portal vasculature. An instant blood-mediated inflamma-
tory reaction (IBMIR) is a resultant of vascular delivery. Also noticed are activated 
complement and coagulation cascades, and leucocyte infiltration leading to the loss 
of nearly two-thirds of the islets within the first few days after transplantation. Islets 
that survive inside the hepatic portal environment experience high glucose levels, 
low oxygen tension, and first-pass exposure to metabolites and pharmaceuticals. 
Intrahepatically transplanted islets may also be lost as a result of localized, insulin-
induced hepatic steatosis, lipotoxicity and inflammation. A transformative approach 
to islet transplantation may be achieved through the adaptation of technologies for 
locally controlling the transplant microenvironment to promote engraftment and 
long-term function while minimizing or eliminating systemic non-specific immuno-
suppression with local immunomodulation or operational tolerance induction [68].

Resolving approaches

• Natural or synthetic biomaterials can be employed to engineer an extrahepatic 
space to localize islets and control the microenvironment after transplantation. 
Transplantation at extrahepatic and extravascular site is enabled through the 
support of biomaterial scaffold, which proves beneficial by avoiding the unfa-
vorable influences on the liver environment and the IBMIR. Interestingly, the 
extrahepatically implanted biomaterial scaffolds can be retrieved, facilitating the 
adoption of insulin-producing cells derived from stem cells.
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• Porous scaffolds are emerging as a suitable vehicle for islet transplantation. 
The reason being the ease of seeding islets into the pores as well as the poros-
ity supporting rapid cell infiltration for integration with the host tissue. The 
composition of microporous scaffolds include biocompatible, biodegradable 
copolymer of lactide and glycolide (PLG) which are approved by the US Food 
and Drug Administration. The PLG create and maintain a space for transplanted 
islets while exerting control on their density and distribution. Similar to this, 
rapid ingrowth and revascularization can also be supported through degradable 
hydrogels such as collagen, fibrin and clotted plasma.

• Isolation employing non-degradable natural or synthetic hydrogels such as algi-
nate and polyethylene glycol is an alternate to engraftment. These hydrogels have 
manifold benefits, including prevention against cellular attack by the immune 
system, avoidance of cell ingrowth, vascularisation and re-innervation. The 
aforementioned benefits can potentially target glucose sensing, insulin secretion 
and long-term beta cell turnover

• The interaction between islet and Extracellular matrix modellling (ECM) cru-
cially determines islet survival signals. During islet isolation, the enzymatic and 
mechanical processes disrupt the islet cell’s specialized basement membrane of 
ECM proteins. Applying biomaterial technology to supply ECM proteins to islets 
may significantly enhance engraftment and function owing to the structural 
support provided, alongside the binding of cell-surface integrins which mediate 
adhesion and activate intracellular signaling pathways.

• During the early stages of post-transplantation, the islet cell death is relatable to 
a loss in integrin signaling, which may trigger apoptosis (also known as anoikis). 
To enhance engraftment and transplantation, biomaterial surfaces or hydrogels 
can be formed or modified with ECM molecules, adhesive peptides or other 
biochemical signals.

• Specific cellular processes stimulated by the trophic factor delivery may 
associate with islet survival and engraftment to maximize transplant success. 
The transplanted islet survival and function is enhanced by specific factors 
including, insulinotropic factors such as IGF-1, prolactin and exendin-4 or 
anti-apoptotic factors like BCL2-associated X protein (BAX)-inhibiting peptide. 
Regulation of beta cell mass, its proliferation and regeneration are determined 
by IGF-1. Exendin-4 is a long-acting glucagon-like peptide-1 agonist that stimu-
lates beta cell proliferation, protects against apoptosis and improves outcomes 
in islet transplantation. Prolactin signaling during pregnancy is responsible for 
beta cell proliferation, and prolactin pre-incubation and injection have been 
shown to improve transplanted islet engraftment and revascularisation. Islet 
cell apoptosis is a major contributor to islet loss in the early post-transplant 
period. It is triggered by cues such as loss of ECM contacts, DNA damage, 
hypoxia and nutrient starvation. Pre-treatment with or induced production 
of BAX-inhibiting peptide in islet transplants can enhance engraftment by 
minimizing apoptosis. Delivery of angiogenic factors like vascular endothelial 
growth factor (VEGF) can enhance islet engraftment and glucose sensing by 
improving revascularization [68–72].
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5.  Promise and challenges of stem cell derived islet cell transplant- can it 
become a clinical reality?

People who are insulin dependent require multiple insulin injections, sometimes 
with an insulin pump, coupled with regular blood glucose monitoring. Diabetes 
management has improved with the availability of modified insulin’s, each with 
peaks of activity at varying times and conditions. Transplantation of cadaveric islets 
coupled with immune suppression has been impressive results leading to insulin 
independence in patients with Type 1 Diabetes. But again there is not a perfect bal-
ance between the available donors populations compared to diabetic load. Continuous 
availability of beta cells to the patients at an appropriate timelines is the need of the 
hour in any country. This can be made a reality with the use of pluripotent stem cells, 
to produce a virtually unlimited and uniform supply of human islet-like clusters by 
directed differentiation can solve many issues.

Stem cells, being undifferentiated, are capable of self-renewal, and can virtually 
produce any tissue or organ [73–78]. Stem cells can be broadly classified on the basis 
of their origin as embryonic stem cells (ESCs), fetal stem cells (FSCs), adult stem cells 
(ASCs), and induced pluripotent stem cells (iPSCs). The iPSCs and ESCs are pluripo-
tent stem cells (PSCs), while ASCs are unipotent or oligopotent [79–81].

Human-induced PSCs (iPSCs) and human embryonic stem cells (ESCs), serve 
as a reproducible source of human cells even at early developmental stages owing to 
their potential of forming any cell type in the adult body [82–84]. From a viewpoint 
of preservation of β-cells through islet protection and regeneration, the human-
induced PSCs (iPSCs), hematopoietic stem cells (HSCs), human cord blood-derived 
multipotent stem cells (CB-SCs), and MSCs are being used. Additionally, stem cells 
are capable of re-establishing peripheral tolerance towards β-cells by remodeling of 
immune responses alongside inhibition of autoreactive T-cell function [85, 86]. Stem 
cells have the potential to increase islet mass owing to their capability of differentia-
tion to β-cells-like organoids. They inhibit the immune responses of T cell and Th1 
cells through TGF-β and inflammatory pathways, and thus reconstitute immunotoler-
ance. Type 1 diabetes being an autoimmune disease is featured by activated immune 
cells which target and destroy pancreatic β-cells. Thus stem cell therapy for treating 
T1DM should take into account the stem cell’s immunomodulatory properties of and 
also its capability of differentiation into insulin-producing cells.

Nevertheless, challenges demanding resolution are plenty, like the ethical problem 
in using autologous and allogeneic stem cells to preserve the β-cells’ function. Even 
though research focused on stem cell-derived β-cell replacement is gaining momen-
tum year by year, enormous effort on the interventions with stem cell transplantation 
is required in the future to aid in achieving remission of T1DM by β-cell replacement.

6. Conclusion and perspectives

A potentially promising therapeutic option for diabetes (especially T1DM) 
treatment can be stem cell treatment, as it cures the disease rather than treating or 
managing them. Major advances in research on the derivation of IPCs from hPSCs 
have improved our chance of reestablishing glucose-responsive insulin secretion in 
patients with T1DM. There are many questions and technical hurdles that still need to 
be solved.
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The major problems include the following five aspects:

1. Can we generate more mature functional β-like cells in vitro from hPSCs.

2. Is there a possibility to improve the differentiation efficiency of IPCs from  
hPSCs.

3. How to protect implanted IPCs from autoimmune attack.

4. Need of the hour to generate sufficient numbers of desired cell types for clinical 
transplantation.

5. How to establish thorough insulin independence to make it a clinical reality.

Despite these obstacles, the application of stem cell-based therapy for T1DM 
represents the most advanced approach for curing type 1diabetes.
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Chapter 7

Controversies in Platelet Functions 
in Diabetes Mellitus Type 1
Gordon Ogweno and Edwin Murungi

Abstract

Individuals with diabetes mellitus (DM) are at high risk of thrombosis in which 
hyperactive platelets are implicated. The platelet hyperactivity has been linked to hyper-
glycemia. This hypothesis is supported by studies in type II diabetes mellitus showing 
increased sensitivity of platelets to stimulating agonists in the context of tissue resistance 
to high-circulating insulin. However, controversy still exists regarding the altered platelet 
functions in type 1 diabetes mellitus (T1DM) and the link to modifying factors such 
as blood glucose, hyperlipidemia, metabolic acidosis and insulin treatment. Moreover, 
increased insulin dosage or treatment appears to have antagonistic actions: diminished 
functions at low doses and enhanced activation at high doses, the switch being attribut-
able to insulin-like growth factor. The physiological role of insulin in suppressing platelet 
activation is lost in T1DM, a scenario that favors increased platelet sensitivity to stimulat-
ing agonists. Furthermore, the response to antiplatelet agents and statins is sub-optimal 
in diabetics presenting clinical and research knowledge gap regarding the ideal antiplate-
let treatment in DM in general and T1DM in particular. This chapter reviews the unique 
characteristics of platelet functions in T1DM highlighting the controversial areas linking 
unique behavior of platelets and the abnormal response to therapeutic interventions.

Keywords: type 1 diabetes mellitus, platelets, hyperactivity, thrombosis, platelet 
functions

1. Introduction

Diabetes mellitus (DM) is a metabolic disorder characterized by high blood glu-
cose levels. There are two major types: type 1DM (T1DM) or insulin-dependent DM 
(IDDM) due to insulin deficiency or absence; and type 2 DM (T2DM) or non-insulin-
dependent DM (NIDDM) is due to insulin resistance.

Diabetes mellitus and impaired glucose tolerance are associated with cardio-
vascular risk [1, 2] and thrombosis [3] considered to be platelet in origin [4]. Data 
on platelet functions have largely been derived from T2DM, since it is the most 
prevalent. However, T1DM is unique in that platelets are exposed to hyperglycemia 
in the absence of insulin, while in T2DM they are exposed to both hyperglycemia and 
hyperinsulinemia. It is increasingly debatable the roles of these factors in alteration 
of platelet functions in T1DM owing to the acuteness and short duration of exposure. 
More so, the role of insulin on platelet functions is controversial [5] given the paucity 
of its receptors [6], and that the platelet glucose transporters are independent of it [6].
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2. Platelet Indices and Morphology in T1DM

2.1 Platelet indices

Platelet indices such as platelet count, mean platelet volume (MPV), platelet dis-
tribution width (PDW), and platelet large cell ratio (P-LCR) are elevated in patients 
with IDM type 1 than non-diabetic controls [7] and are associated with cardiovascu-
lar complications [8]. These strongly correlate with duration of blood sugar control as 
assessed by extent of HbA1c [9] suggesting link with metabolic impairment. Notably, 
MPV size positively correlated with fasting blood glucose and HbA1C [10]. However, 
as to whether these changes are due to glucose and attendant osmotic effects or part of 
disease process remains largely unexplored.

2.2 Bone Marrow and megakaryocytes in T1DM

Changes in platelet indices in DM correlate with mekaryocyte DNA content or 
ploidy [11] reflecting direct influence on bone marrow function even prior to sys-
temic circulation observations. The thrombopoiesis associated with T1DM releases 
an enormous amount of hyperactive platelets from the bone marrow into circulation 
[12]. Moreover, the newly released large but immature platelets from bone marrow 
have increased synthetic capacity for thromboxane and thrombospondin, have 
enhanced membrane surface expression of receptors such as GPIIbIIIa, CD61, and 
CD63, [13, 14], and have enhanced aggregation [14, 15]. In DM, the hyperglycemia 
acts through neutrophils to stimulate thrombopoietin (TPO) production in the liver 
and enhance megakaryocyte thrombopoiesis [16]. In T1DM, increased circulating 
TPO has been shown to be linked to elevated blood sugar levels and HbA1c HbA1C 
[17] providing evidence linking bone marrow megakaryopoiesis and metabolic state.

2.3 Platelet morphology and ultrastructure in T1DM

Peripheral blood smears of patients with diabetic complications show occasional 
giant platelets [8]. Biochemical examination has revealed altered membrane lipid 
composition, as well as Na +-K+ ATPase and Ca++-ATPase, which are sensitive to 
glucose concentrations compared with control from non-diabetic subjects [18].

Ultra structural examinations show prominence of dense granules.

3. Platelet hemostatic functions in T1DM

Diabetes mellitus is a pro-thrombotic condition and platelets are implicated. This 
has been confirmed by number of laboratory methods such adhesion to immobilized 
surfaces, granule content secretion, aggregation, clot retraction, and membrane 
surface expression of activation biomarkers.

3.1 Platelet Adhesion in T1DM

In T1DM, there is evidence of increased platelets adherence to surfaces such as 
collagen and fibrinogen [19–21], and this corresponds to elevated plasma vWF Ag 
and activity [22] and low ADAMTS-13 Ag and activity [23]. These features are related 
to glycemic control [24] and only if vWF is present and elevated in plasma [25]. 
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However, it is not yet established whether the increased adhesiveness are linked to 
aggregation and linked to or derived from ensuing endothelial injury.

3.2 Aggregation

In DM, platelets exhibit hyperactivity and increased sensitivity to agonists such as 
ADP, AA, collagen, and epinephrine [26], which augments successive increased secretion 
of and response to prostaglandins [21, 27]. Specifically, there is greater platelet reactivity 
in T1DM compared with T2DM and healthy controls as evaluated by light transmission 
aggregometry (LTA) and platelet function analyzer-100 (PFA-100) [28, 29]. Notably, 
aggregation curves are biphasic at low agonist concentrations showing greater augmenta-
tion of second wave [26] indicating increased secretion of and response to prostaglandins 
[27]. The mechanism for the biphasic wave response is due to altered ATP/ADP metabo-
lism [30], nucleotide and thromboxane secretion [31], and calcium fluxes [32]. These 
are because, upon agonist stimulation, there is an initial phase characterized by glycoge-
nolysis with minimal ATP synthesis causing translocation of alpha granule-containing 
glucose transporter 3 (Glut-3) to the surface, followed by a second phase of enhanced 
Glut-3 glucose entry, glycolysis, and ATP synthesis leading to both alpha and delta gran-
ule translocation and degranulation [33]. These processes are exaggerated in the presence 
of high vWF, cholesterol and poor glycemic control in T1DM [24].

In contrast, others have found no change in ADP-induced platelet aggregation in 
T1DM [34, 35]. The lack of consistency with other studies probably suggests loss of 
adhesive molecules into platelet microparticles [36] or modulation by factors extrinsic 
to the platelets such as magnesium ions [37], insulin [38], and acidosis [39].

3.3  Membrane surface receptor expression and platelet-leukocyte aggregates 
(PLA)

Evaluation of platelets from T1DM patients has shown increased membrane surface 
expression of activation markers such as P-selectin, platelet-leukocyte aggregates 
(PLA)(platelet-monocyte, platelet-granulocytes) [17, 40, 41]. Importantly, it has been 
demonstrated that first relatives of T1DM patients at risk of T1DM have increased 
expression of P-selectin, CD63, and thrombospondin compared with at-no-risk controls 
[42]. Given that these changes are also observed in megakayryocytes, and peripherally, 
there is ongoing debate whether the changes are predetermined and intrinsic to disease 
process or epigenetic secondary to the altered metabolic milieu, are yet to be resolved.

3.4 Secretion and other soluble markers of activation

Urinary excretion of thromboxane B2 (TXB2) was found higher in DM than in 
healthy controls [35]. This is in contrast to another study that found decreased levels 
of TXB2, β-Thromboglobulin (BTG) and platelet factor-4 (PF-4) in diabetic patients 
with uncontrolled blood sugar and high HbA1C [34].

3.5 Platelet microparticle

Platelet microparticles (PMPs) or membrane-covered vesicles that bleb or vesicu-
late off in response to oxidative stress are elevated in T1DM [43]. The elevated PMP in 
T1DM compared with T2DM [44] has not been explained. Nevertheless, the levels are 
predictive of vasculopathy [1].
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4. Platelet: inflammation cross talk in T1DM

There is cross talk between inflammation and platelets in T1DM where leukocytes 
and platelets activate each other [45] and both leukocytes, especially monocytes, and 
platelets are hyperactivated [41, 46]. Whereas platelets release cytokines [47], and 
increased levels of these factors have been found in circulation in individuals with 
T1DM [40], a cause and effect relationship has been questioned [48]. What is known 
is that cytokines, especially IL-6 and IL-8, are platelet activators [49], but whether 
they are the cause of platelet hyperactivity in T1DM remains largely unknown.

5. Modifiers of platelet function

Although platelet hyperactivity are vital to the pathophysiology of diabetes mel-
litus [42, 50–52], there are other factors in systemic circulation that modify disease 
progression. These factors include hyperglycemia and its control, insulin deficiency 
and therapy, acute metabolic acidosis, inflammatory markers that precede and coexist 
during disease states, and body calcium-magnesium fluxes levels.

5.1 Acute metabolic acidosis

Unlike in type 2 DM, acute metabolic diabetes keto-acidosis (DKA) characterized 
by lactic acidosis and ketonemia occurs in T1DM with a rate between 20 and 70% 
depending on the intensity of glucose control [53]. Subjects in DKA have increased 
blood levels of β-Thromboglobulin (β-TG), platelet factor-4 (PF-4), but their platelets 
are paradoxically less sensitive to aggregation agonists such as ADP and prostacyclin. 
The agonist sensitivity improves with glycemic control [54]. The initial depressed 
platelet function that improves with treatment is similar to previous findings by Janka 
[55] and Ileri et al [56].

Although ketones contribute to acidosis in DKA, only effects of lactic acid on 
platelets are well studied. Lactic acid dose dependently reduces platelet secondary 
wave aggregation in vitro [57–60]. The effect of pH changes is on impairing intracel-
lular Ca++ store release [61, 62], thus interfering with cytoskeletal changes [63], 
facilitating platelet reactions [64]. In addition, the changes affect membrane surface 
expression of GP1b and P-selectin under anaerobic conditions [65] indicating meta-
bolic effects. However, addition of lactic acid together with known platelet inhibitors 
such as aspirin is not additive but instead attenuates the effects [66, 67]. The paradox-
ical behavior can probably be accounted for by lactate being metabolized to produce 
ATP for platelet activation processes leaving protons to be buffered by other means.

5.2 Blood glucose and platelet functions in T1DM

Although platelet hyperactivity in T1DM has partly been ascribed to hypergly-
cemia, however, empirical evidence has been conflicting. Study results have ranged 
from no effects, decreased to increased platelet functions. The ambiguity may 
be attributed to confounders, depending on study designs, dose, and duration of 
exposure. Specifically, non-diabetic or healthy controls do not have the coexisting 
inflammatory biomarker seen in diabetics (T1DM from T2DM) who additionally have 
hyperlipidemia. Thus, in diabetics, duration of disease determines the level of non-
enzymatic glycation. The route of glucose administration also matters. Oral intake 
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is accompanied by post-prandial secretion of gut and counter regulatory hormones 
while direct or parenteral administration bypasses the gut, with in vitro mixing with 
platelet-rich plasma excluding the leukocytes contribution.

Bridges and coworkers [19] first demonstrated the link between blood glucose 
and platelet function. They showed that either a postprandial oral glucose load or 
intravenous infusion increased platelet stickiness in both diabetics and nob-diabetics. 
The observation has since been confirmed by others mostly in T2DM [68–71]. 
Surprisingly, in one study of hyperglycemia platelet p-selectin expression was 
decreased during hyperglycemia compared with levels before oral intake [72]. These 
results are confounded other factors concurrently activating platelets such as post-
prandial hyperglycemia on counter regulatory hormones [73], procoagulant platelet 
microparticles [74], combined effect with insulin [75, 76], neutrophil-megakaryocyte 
thrombopoiesis [16], and hyperlipidemia [25, 77, 78].

In order to avoid the many confounders inherent in in vivo hyperglycaemia, in vitro 
studies designed to define the particular role of glucose have yielded mixed results. It 
has been shown that in vitro incubation of healthy PRP platelets with glucose upto 50 
mmol has no effect on agonist-induced aggregation to ADP, AA or collagen, secretion 
of MDA or TXB2 [79] indicating no direct effects on platelets. Many in vitro stud-
ies involving short incubation periods with varying concentrations of glucose have 
shown no effects [80, 81]. However, studies have shown that glucose paradoxically 
increases platelet aggregation or surface P-selectin expression depending on the type 
of agonist [82–85].

The discordance in effects of glucose on platelets can be explained by the dura-
tion of exposure. While acute or short duration of exposure is associated with no 
or minimal effects, longer duration or chronic exposure stimulates thrombopoiesis 
in which reticulocytes increase adhesive receptors and are hyperactive to agonists 
[16]. The duration of glucose exposure correlates with HbA1c levels [86]. Contrary 
to popular belief, hyperactive platelets are evident even before observable metabolic 
features in individuals predisposed to T1DM with normal blood [41]. Early evidence 
of the influence of glucose on platelet functions via metabolic reactions was provided 
by Murer et al. [87] and Chaudhry et al. [88]. The two groups reported the presence of 
aggregation in media containing glucose or substitute substrates, the extent of which 
was related to glucose consumption and carbon dioxide production due to metabo-
lism. In these experiments, addition of metabolic inhibitors inhibited aggregation. 
Moreover, alterations of membrane properties and energy requiring processes have 
been noted upon incubation of platelets with varying glucose concentrations [18] 
suggesting other mechanisms are at play.

Several preclinical animal studies have confirmed the dependency of platelet 
functions on glucose uptake and subsequent metabolism [33, 89]. Under resting 
conditions, the plasma membrane localized GLUT-1 glucose transporter facilitates 
glucose entry into platelets, activation glycolysis, and ATP production [90]. Upon 
stimulation with agonists such as thrombin, alpha granules containing both P-selectin 
and GLUT-3 translocate and fuse with plasma membrane to increase glucose uptake 
[91]. The resulting alpha granules degranulation, glucose influx, and increased ATP 
synthesis lead to P-selectin expression and aggregation [33, 92].

It appears that hyperglycemia in itself has little bearing on platelet activation 
unless accompanied by other changes. In a study of T1DM and T2DM, despite 
postprandial elevation of blood glucose in both types, however, markers of platelet 
activation were only increased in T2DM. Interestingly, insulin levels did not change 
in T1DM unlike in T2DM. Administration of insulin pre-meal was accompanied 
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by increase of postprandial platelet activation markers [74, 76, 93]. However, 
platelet-activating effects of insulin in T1DM are evident only when there is concur-
rent hypoglycemia [94]. At low extracellular glucose, insulin potentiates action of 
thrombin to increase glucose entry via Glut-3 with concomitant increase in surface 
expression of P-selectin and aggregation. Conversely, at high glucose concentra-
tions, insulin becomes inhibitory through its action on protein kinase B (PKB) and 
hampers thrombin activation mechanisms leading to decreased platelet activation and 
 aggregation [92].

5.3 Hypertriglyceridemia/hyperlipidemia

In T1DM, the frequency of occurrence of hyperlipidemia is variable [95–97], but 
when it occurs is associated with platelet hyper-activation [46] and aggregation [98]. 
The link between post-prandial lipids and platelet secretions [99] and aggregations 
has been known for a long time [100]. The case was made stronger by observations 
that treatments lowering the plasma lipids led to normalization of platelet aggregation 
[101] and glycoprotein expression [102]. Hyper lipidemia associated with uncon-
trolled T1DM thus becomes an added dimension in platelet hyperactivity together 
with roles of glucose and insulin.

5.4 Pharmacological treatments

5.4.1 Insulin treatment

Platelet hyperactivity, which largely occurs together with hyperglycemia and 
hyperinsulinemia, is well known in T2DM [103]. Notably, despite the absolute or 
relative deficiency of insulin in T1DM, platelet hyperactivity also occurs in T1DM. 
This phenomenon has elicited debate on the role of insulin in platelet functions. 
The data available on platelet functions in T1DM are usually at the beginning of 
insulin treatment or follow-up, which have reported mixed results: no change [86, 
104, 105], reduced functions [38], or enhanced activity [24]. These discrepancies in 
study results can be accounted for by the differences in insulin dosages that produce 
hypoglycemia, duration of disease, individual peculiarities such as obesity, hyperlip-
idemia, and plasma calcium and magnesium balances.

Low dose or physiological levels of insulin inhibit platelet aggregation through 
several mechanisms [38, 106]. These include: decreasing intracellular cAMP levels 
[38], decreasing calcium mobilization [107] but increasing magnesium influx [108], 
nitric-oxide-mediated increase in cGMP [38], stimulation of prostacyclin synthesis 
[109]. Low-dose Insulin prevents second wave aggregation in diabetics, an effect 
augmented by calcium channel blockers [110]. It is therefore apparent that physiologi-
cal levels of insulin suppress platelet function, effects that are reversed in its absence 
during diabetes mellitus type1.

The studies that showed increased platelet hyperactivity concurrent with hyperin-
sulinemia induced hypoglycemia [94], with attendant increase in counter-regulatory 
hormones such as adrenaline [111, 112] and increase in vWF-platelet adhesiveness 
[24], results which were similar to findings in T2DM [113].

Experimental in vitro, insulin has antagonistic effects on PRP activation in healthy 
humans. While at low levels, it decreases platelet aggregation to ADP, at supraphysi-
ological levels, aggregation to ADP is increased [114]. In vitro, in healthy controls, 
supraphysiological insulin enhances ADP-induced whole blood platelet expression of 
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P-selectin as well as fibrinogen binding, in addition to PRP aggregation. These effects 
are independent of extracellular calcium and glucose [115]. Insulin, both at physi-
ological and supranormal levels, enhances platelet P-selectin, fibrinogen binding, and 
platelet-leukocyte aggregates in whole blood [115, 116]. Insulin at low doses decreases 
platelet aggregation, while at high doses enhances platelet aggregation due to the 
paradoxical changes in intraplatelet cGMP levels [114].

Whereas low-dose insulin decreases platelet aggregation, high dose increases 
platelet aggregation in vitro [115, 117]. These effects are mediated by paradoxical 
changes in intraplatelet cGMP levels [116] and co-operativity with insulin-like growth 
factor on platelets [118]. Indeed platelets pose few insulin receptors and responses are 
weak but potentiated by IGF-1 [118] in the presence of extracellular calcium [119]. 
This is because insulin and IGF-1 circulate together and share a lot of similarities in 
both structure and receptors [120, 121]. Thus, at high insulin concentrations, the 
effects of IGF-1 predominate, thus explaining the increased platelet aggregation and 
response to agonists in patients on hyperinsulinemia.

In healthy, non-diabetic non-obese subjects, insulin decreases platelet adherence 
to collagen surfaces, decreases agonist-induced (ADP, collagen, AA, and TRAP) 
platelet aggregation but increases intracellular cGMP. These responses are abolished 
or blunted in obese individuals [122].

5.4.2 Anti-platelet treatments

Aspirin suppressed platelet functions TXA secretion, LTA, and PFA although 
there are no observable differences between healthy and DM individuals [35]. In case 
of stable (>1 month) dual 100 mg aspirin and 75 mg clopidogrel, insulin-treated DM 
has elevated platelet reactivity as assessed by LTA and PFA compared with NIDM 
and non-diabetic controls [29]. The refractory effect of antiplatelets in the presence 
of insulin has been reported [123]. Aspirin has been shown to attenuate maximum 
aggregation in newly diagnosed T1DM via its effects on ADP, epinephrine, and 
thrombin. The effects are most marked in reducing the secondary [26] indicating pro-
pensity for secretory phase. The refractory state to anti-platelets responses of platelets 
to agonists in the presence of high glucose is dependent on the signaling pathways 
tested. For example, hyperglycemia blocks the NO-cGMP-protein kinase pathway but 
spares the thromboxane secretion [124].

5.4.3 Statins

In patients with hyperlipidemia type II, statins reduced ADP-induced platelet 
aggregation regardless of the type of drug. However, there was no change with  
collagen or ristocetin agonist. In addition, the changes were not observed in fibrino-
gen levels, spontaneous aggregation, and adhesion [125]. The effect of lipid lowering 
agents in attenuating platelet functions appears to be related to changes in fibrinogen 
levels [126], suggesting modulation through inflammatory mediators.

5.5 Inflammation

Inflammation is common to both T1DM and T2DM. However, in T1DM inflamma-
tion is upstream involving cellular interactions that release cytokines and fibrinogen 
[127]. The cytokines and fibrinogen have been found to influence platelet activation 
independent of hyperglycemia [123, 128]. Since fibrinogen is an acute phase protein 
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associated with acute inflammatory conditions, its correlation with platelet func-
tions points to the role of inflammation in the modulation platelet response after 
stimulation.

6. Mechanisms of altered platelet functions in T1DM

6.1 Oxidative stress

Owing to the absence or deficiency of insulin in T1DM glucose undergoes auto-oxi-
dation with accumulation of reactive oxygen species [129]. The consequence is peroxi-
dation of membrane lipids and proteins [130] promoting platelet aggregation [131].

However, it is still controversial whether oxidative stress is a consequence of 
metabolic complications in T1DM or the cause of the disease [47].

6.2 Hyperglycemia

Persistent hyperglycemia leads to formation of non-enzymatic glycation of 
proteins, so-called advanced glycation end products (AGEs). Accumulation of 
these products facilitates cytoskeletal reorganization causing externalization 
of membrane phosphatidyleserine (PS) [132], altered membrane fluidity [133], 
and increased expression of glycoproteins GPIb, IIbIIIa [134], P-selectin, and 
PLA [135].

Hyperglycemia induces secretion of TPO that potentiates agonist-induced activa-
tion of mature platelets. Levels positively correlate with blood glucose and level of 
control HbA1C [17].

6.3 Signal transduction mechanisms

Collagen at low dose selectively promotes granule secretions through GPVI recep-
tors, a finding not found with high doses or thrombin [136].

DM platelets have upregulated protein C Kinase promoting aggregation [137], 
downregulation of cAMP, and subsequent increased expression of P2y12

6.4 Ca++signaling

Calcium fluxes are essential for platelet functions, and abnormalities in regulation 
contributed by prolonged exposure (24 hours) to high glucose are associated with 
platelet hyperactivity [138].

In T1DM, there is coexistence of insulin deficiency/absence and hypomagnesae-
mia [139]. Hypomagnesaemia is associated with oxidative stress [140] and increases 
in platelet baseline intracellular Ca++. The consequence of un-opposed intracellular 
calcium leads to signal transduction sequences that eventually promote membrane 
glycoprotein expression, adhesion, secretion, and aggregation [141, 142].

6.5 Lipids

DM subjects have hypertriglyceridaemia, apo E, and HDL receptors that modify 
cation transporters and nitric oxide synthase involved in platelet aggregation and 
activation [143–145].
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6.6 Prostacyclin

Endothelium of individuals with diabetes mellitus is deficient in prostacyclin 
thought to contribute to enhanced platelet hyperactivity. However, in vitro testing 
found platelets from DM were less sensitive to PGI2 than normal controls [146].

6.7 Immune mechanisms

Inflammatory markers such as TNFα, cytokines, and immune complexes are abun-
dant in diabetes, and these are thought to play a role in platelet activation. Cytokines 
contribute to platelet activation [147–149], and these are amplified by the presence of 
glucose and ADP [150].

6.8 Platelet-Neutrophil interaction

Animal studies have provided evidence for indirect platelet activation in DM 
that in the presence of hyperglycemia, neutrophils are stimulated to release S-100 
calcium-binding proteins A8/A9 that lead to production of TPO from the liver. The 
released TPO consequently acts on bone marrow megakaryocytes to release reticu-
locytes [16]. Reticulocytes have high surface expression of GPIIbIIIa, P-selectin, and 
release cytokines [16]. The expressed P-selectin interacts with SGL-P on neutrophils 
to release neutrophil extracellular traps (NETs).

6.9 Thrombopiesis

DM and hyperglycemia are associated with release of large, immature platelets 
[12]. This indicates that the platelet hyperactivity in diabetic subjects is partly central 
from bone marrow, thus explaining lack of sensitivity to antiplatelet agents [151].

7. Clinical significance of platelet functions

Microangiopathy is common in T1DM and is associated with hyperactive platelets 
expressing agonist stimulated P-selectina and platelet-leucocyte aggregates [41].  
A number of clinical trials have reported decreased efficacy of anti-platelets in DM 
subjects [152]. The reasons are multifactorial, but can be summarized as lack of effect 
in leukocyte-platelet interactions, chronic effects of hyperglycemia especially oxida-
tive stress, insulin resistance, and inability of megakaryocytes to respond.

8. Conclusion

T1DM is associated with platelet hypersensitivity to stimulating agonists. 
Hyperglycemia, in a dose and duration-dependent manner, provides the substrates 
for energy generation that powers alpha granule translocation to the membrane 
surface. Enhanced expression of P-selectin and GPIIbIIIa contributes to increased 
platelet aggregation evident in T1DM. Platelet hyperactivity in T1DM represents 
a reversal of the attenuating effects of low dose or physiological insulin. This is 
augmented by the attendant hyperlipidemia. However, the paradoxical hyperactiv-
ity in the presence of hyperinsulinemia is due to counter-regulatory hormones and 
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potentiation by insulin-like growth factor. Overall, platelet activation in T1DM occurs 
through multiple signal transduction pathways not targeted by currently available 
antiplatelet agents. These pathways offer avenues for the development of novel 
antiplatelet remedies with improved therapeutic efficacy.
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Autoimmune Destruction of 
Pancreatic b-Cells
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and Natalia Mikhailovna Kalinina

Abstract

The purpose of this section of the monograph is to familiarize readers with the role 
of programmed cell death type 1—apoptosis in autoimmune destruction of the pan-
creas in type 1 diabetes mellitus (T1DM-1). The task of focusing the reader’s attention 
on the mechanisms of pancreatic b-cells apoptosis is explained by the fact that the 
interest of scientists in this problem continues to grow. Sections of the chapter are 
devoted to the modern concept of T1DM-1 immunopathogenesis, the role of insuffi-
cient apoptosis of circulating effector T cells, on the one hand, and enhanced apop-
tosis of b-cells, on the other hand. Special attention is paid to the prospects for the 
treatment and prevention of T1DM. The chapter presents the results of experimental 
studies on the role of apoptosis in the immunopathogenesis of T1DM. Separately, the 
results of the authors’ own studies are considered. The chapter was based on sources 
from international data bases: Scopus, Springer, PubMed. The authors express the 
hope that the chapter will contribute not only to a deeper understanding of the patho-
genesis of T1DM, but also to arouse interest in the prospects for the treatment and 
prevention of this disease. The chapter is intended for students of medical universities 
and a wide range of readers with higher medical and biological education.

Keywords: apoptosis, autoimmune mechanisms of pancreatic destruction, 
efferocytosis, autoreactive T cells, proinflammatory cytokines, perforin, granzyme,  
T helpers, cytotoxic T cells, type 1 diabetes mellitus, C-peptide, b-cells

1. Introduction

The authors of this chapter have been dealing with programmed cell death in 
T1DM for many years. The area of scientific interests is the assessment of apoptosis of 
peripheral blood lymphocytes in the closest relatives of DM1 patients with a high risk 
of developing DM1. The risk group for DM1 was included by the first author of this 
chapter in her thesis on “Apoptosis of peripheral blood mononuclear cells in patients 
with type 1 diabetes mellitus.”

The study of the mechanisms and significance of genetically programmed cell 
death began in the 1960s. The authorship of the term “apoptosis” belongs to the 
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English scientists—J. Kerr, E. Wylie and A. Kerry, who first put forward and sub-
stantiated the concept of a fundamental difference between physiological cell death 
(apoptosis) and their pathological death (necrosis). To date, tens of thousands of 
scientific papers have been devoted to the theory of apoptosis, revealing the main 
mechanisms of its development at the physiological, genetic, and biochemical levels. 
There is an active search for its regulators. Of particular interest are studies that allow 
the practical use of apoptosis regulation in the treatment of oncological, autoimmune, 
and neurodystrophic diseases.

Apoptosis (from the Greek άπόπτωσις—fall), the process of self-destruction or 
“leaf fall”. However, not everything is so clear. Recent studies convincingly show that 
the processes of apoptosis and regeneration can be strongly interrelated. The removal 
of non-functioning cells by apoptosis can simultaneously serve as a signal for regen-
erative processes through the transmission of information through apoptotic bodies. 
The need for a clear coordination of tissue regeneration processes raises the question 
of the coordinators of this regulation and the signaling pathways through which dif-
ferent types of cells perform their functions in this process.

And since there is only one step from cell death to regeneration, the authors of the 
chapter are working hard to unravel the mystery: what molecules and what mecha-
nisms can coordinate these processes? The issues of pancreatic cell regeneration in 
T1DM are the subject of research that we are currently doing in our laboratory.

2.  Modern ideas about the immunopathogenesis of type 1 diabetes 
mellitus

Type 1 diabetes mellitus (T1DM) is an organ-specific autoimmune disease that 
develops as a result of the selective destruction of b-cells of the pancreatic islet appara-
tus by cytotoxic T lymphocytes (CTL), T helper type 1 (Th1) and autoantibodies [1, 2]. 
Together with interleukin 1b (IL-1b) and tumor necrosis factor α (TNF-α), interferon-
g (IFN-g) is able to increase the expression of molecules of the major histocompatibil-
ity complex of the second class on pancreatic b-cells. This leads to recognizing them as 
alien [3, 4]. As a result of the gradual destruction of b-cells, insulin deficiency occurs, 
leading to a breakdown in glucose homeostasis and the manifestation T1DM. Clinically 
classic symptoms of T1DM—hyperglycemia and ketosis, appear only when 80–90% of 
the islets of Langerhans are destroyed [5].

Despite the active study of the immunopathogenesis of T1DM, many key points 
in the development and progression of this disease remain unclear. The problems of 
early diagnosis of T1DM, ensuring a stable course of the disease and combating its 
secondary complications are still relevant [6]. Тhe manifestation of T1DM is preceded 
by a long asymptomatic period—the prediabetic stage. It should be emphasized that 
during the asymptomatic stage T1DM there is an active production of autoantibod-
ies to pancreatic b-cells and the formation of inflammatory infiltrates, the so-called 
“insulitis” [2]. In connection with the trend towards “rejuvenation” of the age of 
patients with T1DM, leading to early disability, an increase in the incidence rate, 
clarification of the mechanisms of immunopathogenesis and the development of new 
methods for the timely diagnosis of T1DM are relevant.

The key point in the initiation of T1DM is the resistance of autoreactive T lympho-
cytes to apoptosis. Escape of autoreactive cells from immunological surveillance leads 
to active destruction of b-cells and subsequent manifestation of the disease [7, 8]. It 
has been established that in mice of the NOD (nonobese diabetic) line, which are a 
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model of spontaneous autoimmune diabetes similar to human T1DM, Th1-cells and 
cytotoxic T lymphocytes, even when the influence of IL-2, a factor that promotes the 
proliferation of T lymphocytes, is blocked on them exhibit increased resistance to 
apoptosis. At the same time, T-helpers are more resistant to apoptosis than cytotoxic 
T lymphocytes, which disrupts the normal balance of Th1-cells/cytotoxic T cells and 
contributes to the maintenance of autoimmune Th1-inflammation. Resistance of T 
lymphocytes of NOD mice to apoptosis is explained by increased expression of the 
apoptosis inhibitor Bcl-xL protein by T cells [9], as well as disturbances in the Fas/
FasL system, which provides the receptor-mediated pathway for apoptosis [10].

Autoreactive lymphocytes resistant to apoptosis migrate from the bloodstream to 
the target organ—the pancreas and form insulitis, consisting of T and B cells, as well 
as macrophages, dendritic cells (DC), natural killer cells (NK cells) and natural killer 
T cells (T-NK cells) [2]. Immunocompetent cells infiltrating the islet tissue produce 
pro-inflammatory cytokines TNF-α, IFN-g, and IL-1b, nitric oxide, cytotoxic enzymes 
(perforin and granzyme B), excess free radicals, and other compounds that cause b-cell 
death by apoptosis [4, 5]. IL-1b alone or in combination with TNF-α and IFN-g enhances 
Fas-receptor expression on b-cells, which leads to their apoptosis as a result of interac-
tion with autoreactive lymphocytes expressing Fas-ligand [1]. Some authors consider 
Fas-mediated apoptosis as the leading mechanism of b-cell destruction [11, 12].

In the pathogenesis of T1DM, disturbances in Fas-mediated apoptosis of lympho-
cytes, which play a major role in maintaining peripheral autotolerance, are important. 
The Fas/FasL system is involved in the clonal deletion of autoreactive T cells in periph-
eral lymphatic organs, in the elimination of activated T cells, and thus is central to 
the regulation of the peripheral immune respons. In the immune system, Fas receptor 
(FasR) and Fas ligand (FasL) are involved in the regulation of immune responses and 
in T-lymphocyte-mediated cytotoxicity. FasL is mainly expressed by activated CD4+ 
and CD8+ T cells [13]. FasR is constitutively expressed by mature T lymphocytes, but 
its expression is increased after antigen activation, making T cells more susceptible 
to apoptosis. If there is a defect in the Fas/FasL system, activated lymphocytes can 
accumulate [14–16]. Thus, if these cells are not eliminated by Fas-mediated apoptosis, 
the probability of developing an autoimmune disease increases [17].

Thus, from the modern point of view, T1DM is considered as a polygenic, multi-
factorial disease, in which a genetic predisposition in combination with environmen-
tal triggers triggers the activation of specific autoimmune processes leading to the 
death of b-cells. The leading links in the pathogenesis of autoimmune damage to pan-
creatic b-cells are immune dysregulation and programmed cell death. Disturbances in 
the processes of initiation and implementation of apoptosis become fundamental in 
the development of the disease [18]. Meanwhile, pathogenetic factors and markers of 
programmed cell death in autoimmune lesions have not yet been sufficiently studied, 
which is of interest for further research.

3.  Role of apoptosis in immune-mediated death of pancreatic b-cells in 
type 1 diabetes mellitus

3.1 The role of Fas-mediated apoptosis in the pathogenesis of T1DM

It is known that the Fas/FasL system plays a central role in maintaining periph-
eral autotolerance and tissue homeostasis of the organism [19, 20]. Fas-mediated 
apoptosis is induced by binding of the Fas(CD95/APO-1/TNFRSF6) receptor to the 
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Fas(CD95L/CD178/TNFSF6) ligand on the corresponding cells [21]. Triggering the 
expression of cell surface Fas receptors (Fas) regulates the elimination of autoreactive 
T- and B-lymphocytes by apoptosis.

Fas-mediated apoptosis is the initiating phase of apoptotic signal transduction and 
refers to an extrinsic (receptor) pathway for triggering cell death.

Depending on the triggering mechanism of the apoptotic cascade, there are two 
main signaling pathways leading to the induction of apoptosis in mammalian cells: 
extrinsic (receptor) and intrinsic (mitochondrial or Bcl-2-regulated) [19, 22]. The 
extrinsic pathway is mediated by DR (Death Receptor) cell receptors, which include 
the Fas receptor (Fas). Fas contains the domain DD (Death Domain), the central 
physiological regulator of apoptosis, in its cytoplasmic part. Binding of Fas to the Fas 
ligand (FasL) activates the Fas-associated death domain adapter protein FADD (Fas-
Associated Death Domain protein), which leads to the formation of the DISC effector 
complex (Death Initiating Signaling Complex) [23–25]. DISC activates procaspase-8, 
which undergoes autocatalytic cleavage and transforms into its active form, cas-
pase-8, which initiates apoptosis of the target cell [26, 27].

The Fas (CD95/APO-1/TNFRSF6) receptor is a membrane protein that is a mem-
ber of the tumor necrosis factor receptor superfamily (TNFRSF-Tumor Necrosis 
Factor Receptor Super Family) and belongs to the DR (Death Receptor) group 
of receptors [20]. The latest literature reports that Fas is normally ubiquitously 
expressed in human tissues at the basal level, and its activation threshold must be 
strictly regulated to avoid excessive cell death [18, 20]. There is a functionally active 
soluble form of Fas, which is the result of proteolytic cleavage of membrane-bound 
receptors or is formed during alternative splicing [28, 29].

Fas/APO-l-ligand (FasL/CD178/TNFSF6) is a membrane protein and is a member 
of the tumor necrosis factor (TNF) superfamily of ligands, which belong to cytokines 
[20, 28]. Like the TNF ligand, FasL can be released from the cell surface and be physi-
ologically active in a soluble form [29–31].

Fas-mediated apoptosis ensures the elimination of cells of the immune system that 
are undesirable for the organism, and is also involved in the regulatory suppression of 
immune responses and cytotoxicity of T-lymphocytes [20].

According to literature, the role of death receptors in the destruction of b-cells in 
type 1 diabetes mellitus (T1DM) is widely discussed [1, 5, 20]. Studies using isolated 
human pancreatic islets have shown that exposure to stress factors (hyperglycemia, 
excess free radicals, reactive oxygen species, production of IL-1b by microenvironment 
cells) enhances Fas expression on b-cells, which leads to their death by mechanism 
of the Fas-mediated apoptosis [17]. Immunocompetent cells infiltrating pancreatic 
islet tissue produce pro-inflammatory cytokines: IL-1b, TNF-a, and IFN-g, which are 
known for their pro-apoptogenic properties [20, 32, 33]. IL-1b induces an increase in 
Fas expression on b-cells, which increases their readiness for Fas-mediated apoptosis, 
which is realized by autoreactive T cells expressing FasL. Activated cytotoxic T lym-
phocytes (CD8 + CTL), which are part of the inflammatory infiltrates of the pancreas 
(insulitis), can also destroy b-cells in a Fas-dependent receptor way [18, 30].

There are conflicting data in the literature on the surface expression of the Fas 
receptor on peripheral blood T lymphocytes in T1DM. In experimental studies in 
NOD mice, a decrease in the expression of the proapoptotic Fas antigen on the surface 
of T lymphocytes was revealed [8, 9]. The results of our own studies revealed a 
statistically significant increase in Fas receptor expression in certain subpopulations 
of peripheral blood T lymphocytes in T1DM patients, regardless of the duration and 
state of disease compensation, compared with the control group [34].
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We examined 63 patients with a reliably established diagnosis of T1DM and 
15 individuals with a high risk of developing T1DM. The control group (Group I) 
consisted of 30 healthy individuals, comparable in sex and age to patients with T1DM. 
The distribution of patients into groups was carried out depending on the phase of 
compensation and the duration of the course of the disease. Group II (decompen-
sated T1DM) consisted of 17 patients with newly diagnosed T1DM (group IIa) and 
19 patients with an average duration of T1DM of 15.3 ± 5.1 years (group IIb). Group 
III (the state of compensation for T1DM) included 13 patients with a disease dura-
tion of up to 1 year (group IIIa) and 14 patients with an average duration of T1DM 
of 15.1 ± 5.4 years (group IIIb). Group IV consisted of 15 persons with a high risk of 
developing T1DM, who are immediate family members of the examined patients with 
T1DM. Additional selection criteria for the risk group were an increased titer (>1/20) 
of autoantibodies to cytoplasmic antigens of islet cells (Islet Cell Autoantibodies) in 
serum and impaired glucose tolerance.

Immunophenotyping of peripheral blood mononuclear cells was performed by 
flow cytometry using the following monoclonal antibodies manufactured by 
“Immunotech” (Beckman Coulter Corporation, USA): anti-CD3 conjugated with 
FITC (Fluorescein Isothiocyanate), anti-CD4-FITC, anti-CD8-FITC, anti- CD16-
FITC, anti-CD20-FITC, anti-CD25-FITC, anti-HLA-DR-FITC, anti-CD95-FITC and 
their isotype controls.

To assess apoptotic processes in individual subpopulations of T lymphocytes, the level 
of surface expression of the Fas receptor was determined using a double fluorescent 
label—FITC (Fluorescein Isothiocyanate) and PE (Phycoerythrin). The study 
was performed using the following combinations of antibodies: anti-CD3-FITC/
anti-CD95-PE, anti-CD4-FITC/anti-CD95-PE and anti-CD8-FITC/anti-CD95-PE. 
Cytometric analysis of lymphocytes was performed on an EPICS XL flow cytometer 
(Beckman Coulter Corporation, USA).

Determination of soluble forms of the Fas receptor (sFas) and Fas ligand (sFasL) 
in blood serum was carried out by indirect enzyme-linked immunosorbent assay 
(ELISA) using the “Human sFas Ligand ELISA” test systems (Bender MedSystems, 
Austria) and “Human Fas ELISA” test systems (BD Biosciences, USA).

The data we obtained are presented in Table 1. The maximum increase in the 
relative and absolute content of T-lymphocytes expressing the Fas receptor was found 
during decompensation of T1DM, which is explained by the influence of hypergly-
cemia, a secondary immune response to the so-called “late apoptotic” b-cells due to 
their inefficient phagocytic clearance and is consistent with the data literature [2]. It 
has been established that hyperglycemia increases the sensitivity of T cells to Fas-
mediated apoptosis due to increased expression of the Fas receptor on their surface, 
and also induces p53-mediated apoptosis of target cells with the participation of 
effector caspase-3 [35, 36].

The maximum increase in the relative and absolute amount of CD95+ cells and 
the number of T-lymphocytes expressing the Fas receptor (Fas) was found in T1DM 
decompensation, regardless of the duration of the disease (groups IIa and IIb). These 
data indicate that in T1DM, an increase in the readiness of immunocompetent cells 
for apoptosis does not depend on the duration of the disease, but is clearly associated 
with the decompensation of carbohydrate metabolism and the level of glycemia.

Figure 1 shows a comparative assessment of the level of surface expression of 
the Fas receptor (CD95+) in individual subpopulations of T-lymphocytes in T1DM 
patients in a state of carbohydrate metabolism decompensation and in the control 
group.
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 Among the subpopulations of T-lymphocytes, a significant increase in the per-
centage of CD8+CD95+-cells from the total amount of cytotoxic T-lymphocytes 
(CD8+CTLs) in all groups of examined patients should be noted compared to the 
control group (  Figure 2  ). The increase in the relative amount of Fas-expressing 
CD8+CTLs is most pronounced with disease decompensation (groups IIa and IIb). An 
increase in the number of cells with the CD8+CD95+ phenotype in T1DM is probably 

  Figure 1.
  The histogram shows the number of CD3+CD95+-, CD4+CD95+- and CD8+CD95+ -lymphocytes in the control 
group (A–C) and in the group of T1DM patients in the state of carbohydrate metabolism decompensation (D–F).          

        Groups CD95+- cells CD3+CD95+ 
lymphocytes

CD4+CD95+  
lymphocytes

CD8+CD95+ 
lymphocytes 

 The 
relative 

amount,%

The absolute 
amount,  

mm3

The relative amount, %  

  I 4.2 80 3.0 2.3 0.9 

 Iа 12.4** 260** 10.8** 7.3** 6.0*** 

 IIb 13.2** 222** 11.1** 8.1** 6.7*** 

 IIIа 8.6* 212* 7.3* 5.1* 3.9** 

 IIIb 8.2* 152* 6.9* 4.8* 3.7** 

 IV 4.9 90 3.5 3.0 2.1*  

  Notes: (1) I—control group (healthy persons); Ia group—the state of decompensation, newly diagnosed T1DM; IIb 
group—he state of decompensation, the average duration of the T1DM is 15.3 ± 5.1 years; IIIа group—the state of 
compensation, the average duration of the T1DM is 0.6 ± 0.2 years; IIIb group—the state of compensation, the average 
duration of the T1DM is 15.1 ± 5.4 years; IV group—persons with a high risk of developing T1DM. (2) *Differences in 
the studied indicator with the control group (I) are statistically significant (p < 0.05); (2) **differences in the studied 
indicator with the control group (I) are statistically significant (p < 0.01); (3) *** differences in the studied indicator 
with the control group (I) are statistically significant (p < 0,001).  

  Table 1.
  The relative and absolute amount of CD95+-cells and T-lymphocytes expressing the Fas receptor in the peripheral 
blood of patients with T1DM and persons with a high risk of developing T1DM.  
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a compensatory mechanism aimed at the elimination of autoreactive cytotoxic 
T-lymphocytes by apoptosis. According to the literature, it is the effector CD8+CTLs 
that play the dominant role in the destruction of pancreatic β-cells [2, 20].

At the same time, a significant increase in the number of cells with the 
CD8+CD95+ phenotype in the blood of individuals with a high risk of developing 
T1DM (group IV) compared with the control group (group I) is an unfavorable 
prognostic factor. These data indicate that already in the latent stage of T1DM there is 
an expansion of autoreactive clones of cytotoxic T-lymphocytes in peripheral blood, 
followed by their migration to the target organ (pancreas), which leads to the progres-
sion of the autoimmune process.

In addition to assessing the surface expression of the Fas receptor and Fas ligand, 
it is necessary to consider the pathogenetic significance of soluble forms of Fas and 
FasL in the development of autoimmunity in T1DM, since the diagnostic and prog-
nostic significance of these indicators of Fas-mediated apoptosis is actively studied 
in systemic and organ-specific autoimmune diseases, in sepsis, acute renal failure, 
oncological diseases [29, 32, 37]. A comprehensive assessment of the effectiveness 
of Fas-mediated apoptosis with the determination of all biomarkers (surface and 
soluble) involved in this variant of the receptor pathway for triggering the apoptotic 
program can provide a more accurate understanding of the mechanisms and signifi-
cance of Fas/FasL system dysregulation in the pathogenesis of T1DM.

We found that the content of soluble forms of Fas (sFas _ soluble Fas) and FasL 
(sFasL _ soluble FasL) in the blood serum of T1DM patients did not depend on the 
duration of the disease, but changed depending on the state of carbohydrate metabo-
lism compensation. In patients with T1DM in the phase of decompensation of the 
disease, a significant increase in the content of sFas was observed compared with the 
control group and other examined groups of patients (patients in the phase of T1DM 
compensation, persons with a high risk of developing T1DM) [34]. Our results are 
consistent with literature data on the relationship between an increase in the concen-
tration of sFas in the serum of patients and worsening of the course of the disease. It 

Figure 2. 
Percentage of CD8+CD95+ cells from the total number of cytotoxic T-lymphocytes. Notes: (1) *Differences in the 
studied indicator with the control group (I) are statistically significant (p < 0.05); (2) **differences in the studied 
indicator with the control group (I) are statistically significant (p < 0.01); (3) *** differences in the studied 
indicator with the control group (I) are statistically significant (p < 0.001).
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has been reported that a high level of serum sFas correlates with the severity of the 
septic process [28]. It has been shown that the content of sFas in the blood increased 
with increasing renal dysfunction in patients with acute kidney injury [29, 31].

According to the literature data, the soluble form of Fas competes with the mem-
brane Fas receptor for the binding of the Fas ligand, which prevents the “physiologi-
cal” apoptosis of the cells to be eliminated. With an increase in the sFas content in 
the circulation, not all “defective” cells can implement their apoptotic program. As a 
result, they accumulate in the peripheral blood, which leads to an aggravation of the 
pathological process.

We also studied the content of the soluble form of Fas-ligand in the serum of 
T1DM patients and those at risk for developing T1DM.

The content of sFasL with compensation for T1DM was significantly higher than in 
the decompensation group and significantly lower than in the risk group (Table 2). It 
should be noted a significant increase in the content of sFasL in the risk group, which is 
consistent with the literature data. According to the authors, an increase in sFasL in the 
latent stage of T1DM has a protective value and is aimed at eliminating autoaggressive 
lymphocyte clones by Fas-mediated apoptosis [8].

Thus, our results indicate a pronounced dysregulation in the Fas/FasL system, 
which is observed at all stages of the development of T1DM.

Disturbances in the functioning of the Fas receptor (Fas) and Fas ligand (FasL), as 
key inducers of receptor-dependent apoptosis, are actively studied in the pathogen-
esis of diseases associated with both inhibition and enhancement of apoptosis in cells 
of shock organs [30]. It has recently been found that Fas-mediated caspase-8 activa-
tion plays an important role in the regulation of pathogenic mechanisms in bacterial 
infections [26]. It has been shown that an increase in the soluble form of FasL in the 
blood is one of the early markers of heart failure progression [29].

In the pathogenesis of T1DM, disturbances in Fas-mediated apoptosis are of a 
bivalent nature. So, if in relation to b-cells the development of apoptosis is associated 
with the progression of the disease, then from the point of view of the elimination 
of activated autoreactive lymphocytes, apoptosis is desirable and can slow down the 
destruction of pancreatic b-cells. The dual role of the receptor (external) pathway 
for triggering apoptosis in the pathogenesis of T1DM is due to the expression of its 
mediating molecules (Fas and FasL) by both effector cells (autoreactive T cells) and 
target cells (pancreatic b-cells) [20].

Indicator Control group 
(n = 28)

Patients with T1DM Persons with a high 
risk of developing 

T1DM (n = 15)The state of 
decompensation 

(n = 26)

The state of 
compensation 

(n = 24)

I II III IV

sFas (ng/ml) 778 1501* 789 864

sFasL (pg/ml) 0.102 0.118 0.243* 0.403**

Notes: (1) n—the number of examined persons; (2) *differences in the studied indicator with the control group (I) are 
statistically significant (p < 0.05); (2) **differences in the studied indicator with the control group (I) are statistically 
significant (p < 0.01).

Table 2. 
The concentration of the soluble form of the Fas receptor and Fas ligand in the blood serum of patients with 
T1DM and in persons with a high risk of developing T1DM.
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Efficient elimination of autoreactive T lymphocytes from the peripheral blood 
requires maintaining a balance between cells expressing Fas and FasL. It is important 
to consider the possible role of the soluble Fas receptor (sFas) in the inhibition of 
apoptosis via the Fas pathway [30].

Our results on an increase in serum sFas in the state of decompensation of T1DM 
are consistent with the results of a number of authors who reported an increase in the 
content of the soluble form of Fas in some systemic and organ-specific autoimmune 
diseases [31, 37].

The concentration of sFasL in the T1DM compensation group was significantly 
higher than in the decompensation group and significantly lower than in the risk 
group (Table 2). It should be noted a significant increase in the level of sFasL in the 
risk group, which is consistent with the literature data [8].

Several experimental studies have shown that both membrane and soluble 
forms of the Fas ligand (sFasL) are involved in the removal of autoreactive human 
cells [20, 21]. According to the literature, in an experimental study, preliminary 
cultivation of diabetogenic T lymphocyte clones with sFasL completely inhibited 
the development of autoimmune diabetes in mice, which were then transplanted 
with diabetogenic T cells [20]. This means that the increase in sFasL in T1DM 
has a protective value and is aimed at establishing peripheral tolerance, which 
is necessary for protection against autoimmune aggression against b-cells. An 
increase in sFasL was reported in individuals at high risk of developing T1DM 
against the background of a decrease in the number of autoreactive CD4+CD95+- 
and CD8+CD95+-lymphocytes in the blood, in connection with which the authors 
suggest the involvement of sFasL in the removal of pathogenic T cells at the 
preclinical stage of the disease [8]. According to the literature, an increase in the 
soluble form of the Fas ligand (sFasL) is a compensatory mechanism aimed at  
the elimination of activated autoreactive peripheral blood lymphocytes and plays 
a protective role.

3.2  Apoptosis in the regulation of immune mechanisms involved in the 
pathogenesis of T1DM

Both humoral and cellular immunity factors are involved in the development 
of T1DM. Islet cell autoantigens are recognized by autoantibodies and autoreactive 
effector T lymphocytes resistant to apoptosis, which are involved in the destruction 
of b-cells through the release of a triad of pro-inflammatory cytokines TNF-α, IL-1b, 
IFN-g, cytotoxic enzymes (perforin, granzyme B) and other compounds, including 
free radicals [7]. Experimental studies on mice of the NOD (nonobese diabetic) line 
on the creation of autoimmune diabetes, close to human T1DM, showed that the 
central role in the pathogenesis of this disease belongs to autoreactive T-lymphocytes, 
specific for pancreatic islet b-cells [1, 5].

Autoreactive clones of T cells that react with the islets of Langerhans have been 
described both in animals and in humans [5, 7]. From the peripheral blood of children 
with newly diagnosed T1DM, a clone of T-lymphocytes (CD4Th1 + cells) was isolated, 
which recognizes glutamate decarboxylase, an epitope of the B-chain of the insulin 
molecule, and other autoantigens of the islets of Langerhans. It has been shown that 
by transplanting autoreactive T lymphocytes of a sick animal, it is possible to induce 
T1DM in a healthy syngeneic animal. Strong evidence for the involvement of T cells 
in the immunopathogenic mechanisms of T1DM is that monoclonal antibodies to the 
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CD3 antigen can interrupt early T1DM in NOD mice and restore their tolerance to 
b-cell autoantigens [38, 39]. Most often, diabetogenic clones of T-lymphocytes consist 
of CD4+ cells, but there are clones formed by CD8+ cells. Some authors believe that 
CD8+-lymphocytes without the presence of CD4+ cells are not able to lead to the 
destruction of b-cells [38–40].

In recent years, the cellular mechanisms of death of b-cells of the islets of 
Langerhans are considered leading [5, 7]. The direct effect of immunocompetent cells 
on target cells (including b-cells), leading to the destruction of the latter, is referred 
to as cellular cytotoxicity. Two main pathways for the realization of cellular cytotoxic-
ity have been described, involving perforin- and Fas-dependent mechanisms. It has 
recently been established that in some cases such destruction is accompanied by the 
development of apoptosis [1, 7]. A specific feature of the development of apoptosis in 
this case is the primary damage to the membrane of target cells, which is atypical for 
this process, with the penetration of granzyme proteins into them. It is believed that 
it is the latter that include the mechanism of programmed cell death [7]. If CD8+CTLs 
realize their cytotoxicity by activating both mechanisms, then natural killer cells use 
exclusively the perforin-dependent pathway, while CD4+ lymphocytes activate Fas-
dependent mechanisms and are restricted by the major histocompatibility complex 
of the second class [1, 2]. Here it is necessary to mention the role of cytokines in the 
immune-mediated destruction of b-cells. Together with IL-1 and TNF-a, IFN-g is able 
to increase the expression of molecules of the major histocompatibility complex of 
the second class on the cells of the pancreatic islets. This leads to recognizing them as 
alien. The death of pancreatic islet cells occurs as a result of apoptosis, direct cytotoxic 
action of TNF-a and cytotoxic T lymphocytes (CD8+CTL), as well as by antibody-
dependent cytotoxicity [6]. According to a number of researchers [41, 42], the initial 
step in the development of T1DM is the presentation by macrophages or dendritic 
cells of specific autoantigens of b-cells to T helpers, which is carried out in association 
with molecules of the major histocompatibility complex of the second class.

In accordance with modern concepts, type 1 diabetes mellitus is considered as an 
autoimmune insulitis, in the pathogenesis of which, in addition to autoantibodies, 
the role of cellular immunity reactions is undeniable [2]. Autoreactive lymphocytes 
migrate from the bloodstream to the target organ (pancreas) and penetrate into the 
islets of Langerhans, forming inflammatory infiltrates—insulitis. This is evidenced 
by the results of histological studies that reveal lymphocytic infiltration of pancreatic 
islets, formed mainly by CD8+ and CD4+ Т cells [1, 5, 7].

Activated macrophages secrete IL-12, which stimulates CD4+ cells that secrete 
IFN-g and IL-2. IFN-g activates “resting” macrophages, which in turn produce 
IL-1b and TN-Fa, which is accompanied by a sharp rise in the level of free radicals in 
b-cells [7]. IL-2 causes the migration of peripheral CD8+ lymphocytes to the islets 
of Langerhans, probably due to the induction of the expression of specific homing 
receptors. Naive cytotoxic T cells that carry specific receptors for b-cell autoantigens 
differentiate into effector cytotoxic CD8+ lymphocytes after recognizing a specific 
b-cell peptide associated with molecules of the major histocompatibility complex of the 
first class, which occurs in the presence of CD4+ lymphocytes. Then CD8+ lymphocytes 
start the process of destruction of b-cells due to the secretion of perforin and granzyme 
B. CD4+ lymphocytes expressing the Fas-ligand destroy b-cells by the mechanism of 
Fas-mediated apoptosis, as well as indirectly—due to the secretion of cytokines IFN-g 
and TNF-a. In this way, macrophages, CD4+ and CD8+ cells are thought to act synergis-
tically to destroy b-cells, leading to the onset of autoimmune diabetes [41, 42].
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3.3  Apoptosis as the final mechanism of immune-mediated destruction of 
pancreatic b-cells

The most important stage in the pathogenesis of T1DM is the dysregulation of 
apoptosis processes associated with the preservation of autoreactive clones of lym-
phocytes that are tropic for b-cells and are able to “escape” from apoptosis [11].

To date, most studies in the field of studying the role of apoptosis of immune-
mediated destruction of pancreatic b-cells in T1DM have been performed on experi-
mental models of type 1 diabetes mellitus in vivo and in vitro. However, it should 
be emphasized that the induction and regulation of apoptosis in animal models of 
T1DM may differ significantly in T1DM in humans [2]. In particular, nicotinamide, 
which effectively protects rat b-cells from apoptosis [43], can protect human b-cells 
from necrosis caused by free radicals, but not from cytokine-induced apoptosis [44]. 
Data obtained in experiments in vitro show that the sensitivity of human b-cells is 
definitely lower than that of animal b-cells [45, 46], which must be considered when 
approximating the results from model systems to the human body.

The detection of apoptosis in vivo and the study of its role in the destruction of 
b-cells in T1DM encounters significant methodological difficulties. However, in some 
models of T1DM in experimental animals, it is possible to detect apoptosis in pancre-
atic b-cells and show a correlation between the degree of insulitis and apoptosis of 
b-cells. In particular, it has been shown that apoptosis is the predominant mechanism 
of b-cell death in NOD mice [11].

3.3.1 Signal proteins involved in the implementation of apoptosis of pancreatic b-cells

When apoptosis is induced by cytokines produced by T-helpers and macrophages, 
the death of b-cells can be mediated by signaling systems associated with ceramides 
or with mitogen-activated protein kinases (MAPK). The combination of the cyto-
kines TNF-a, IL-1b, and IFN-γ has been shown to induce beta cell death in vitro [5]. 
Cell death is induced by activation of the transcription factors JNK (c-Jun N-terminal 
kinase), NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells), 
and STAT-1 (Signal Transducers and Activators of Transcription), which induce 
iNOS transcription. and subsequent production of the free radical NO. Inactivation 
of the JNK pathway makes b-cells less susceptible to IL-1-mediated death through a 
NO-independent process [47, 48]. Other components of the MAPK signaling pathway, 
p38 and ERK1/2 (extracellular signal-regulated kinase1/2), also play a possible role in 
cytokine-induced b-cell death [49, 50].

3.3.2 Bcl-2 family members in b-cell apoptosis

In addition to the signaling proteins listed above, members of the Bcl-2 family 
play a significant role in the regulation of b-cell apoptosis in humans. The Bcl-2 
family is known to include both the anti-apoptotic Bcl-2 and Bcl-xL proteins and the 
pro-apoptotic Bax, Bim, Bik, and Bak proteins. These proteins are regulators of the 
mitochondrial apoptosis triggering pathway [51], which plays an important role in 
b-cell death in T1DM [5, 52]. The Bax/Bcl-2 ratio regulates the balance between the 
processes of induction and inhibition of apoptosis [34, 53]. It has been established 
that overexpression of antiapoptotic proteins of the Bcl-2 family protects b-cells 
from apoptosis in T1DM [53–55]. Bcl-2 inhibits apoptosis by blocking the transport 
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of cytochrome C protein from mitochondria, which plays an important role in the 
realization of the death signal.

It is believed that therapeutic methods aimed at enhancing the expression of anti-
apoptotic members of the Вcl-2 family can protect b-cells from apoptosis and reduce 
the area and degree of damage in T1DM. To date, convincing results in this area have 
been obtained only in experimental models using NOD mice [56]. Nevertheless, 
research into the therapeutic potential of Вcl-2 is ongoing.

3.3.3 The role of nitric oxide and inducible NO-synthase in the destruction of b-cells

The study of the biological significance of nitric oxide (NO) was a significant 
breakthrough in understanding the mechanisms of destruction of pancreatic b-cells. 
Nitric oxide is a relatively unstable free radical with a half-life of several seconds 
[57]. Takamura et al. found that in b-cells of transgenic mice that develop type 1 
diabetes mellitus, an increased expression of induced NO synthase is determined, 
which confirms the role of excessive nitric oxide formation and the development of 
T1DM in these animals without signs of insulitis [46]. Nitric oxide produced by acti-
vated macrophages functions as a specific effector molecule, but can also be involved 
in the destruction of b-cells [5]. Corbett and Daniel showed that the expression of 
inducible NO-synthase in macrophages and the formation of nitric oxide by them 
practically does not affect the function of the pancreatic islets. At the same time, the 
expression of inducible NO synthase directly in b-cells and the formation of NO here 
completely inhibit insulin secretion [58]. Thus, the main damaging value is attached 
to nitric oxide, which is formed directly in the b-cell. Eizirik and Mandrup-Poulsen 
showed that b-cells of human pancreatic islets are more resistant to the damaging 
action of various alkylating compounds (alloxan, streptozotocin), cytokines, oxygen 
free radicals and nitric oxide compared to rat pancreatic islets [59]. Induction of 
NO synthase in human pancreatic islets is observed several days after simultaneous 
exposure to IL-1b, TNF-a and IFN-g. Darville and Eizirik showed that in human 
pancreatic islets the expression of induced NO synthase occurs with the obligatory 
participation of IL-1b and IFN-g [60]. The transcription factors c-fos (protoonco-
gene), JNK, and the nuclear factor NF-kB are involved in the regulation of induced 
NO-synthase mRNA expression. In vitro experiments have shown that the expres-
sion of NO synthase, which is activated by cytokines and various endotoxins, is 
inhibited by dexamethasone and insulin, which may be important in the prevention 
of type 1 diabetes [57].

The synthesis of nitric oxide in b-cells induced by pro-inflammatory cytokines can 
lead to their death by apoptosis, which is preceded by the appearance of many biological 
signs of the apoptotic process, including internucleosomal DNA fragmentation [11].

3.3.4 Role of pro-inflammatory cytokines in apoptosis-mediated b-cell death

It should be emphasized that TNF-α is a pleiotropic cytokine that plays a key 
role in many physiological and pathological cellular processes, including the role 
of an inducer of activation apoptosis of target cells [61]. It was believed that TNF-α 
could directly destroy b-cells, since it contains a death domain in its receptor. 
However, experimental studies using b-cell culture have shown that this is not the 
case. It turned out that in the presence of TNF-α, NF-kB (Nuclear Factor of κ-chain 
B-lymphocytes) which is known for its antiapoptotic properties, is activated [56, 62]. 
This is supported by in vivo experimental studies using NOD mice indicating that 
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inhibition of NF-kB in b-cells increases their susceptibility to TNF-α-mediated 
apoptosis [62, 63].

Recent studies show that the priority of the latest therapeutic developments in 
the field of type 1 diabetes is the suppression of inflammation in the target organ. 
Resolvin D1 has been shown to reduce the severity of streptozotocin-induced T1DM 
by reducing oxidative stress and suppressing inflammation. The action of the drug is 
largely aimed at suppressing the production of pro-inflammatory cytokines TNF-α 
and IL-6. As a result of the action of Resolvin D1 in the peripheral blood of experi-
mental animals, a statistically significant decrease in the concentration of TNF-α and 
IL-6 was recorded compared to the initial values (p < 0.001) [5]. In another study, the 
use of immunomodulatory therapy in individuals with a high risk of developing type 
1 diabetes contributed to the suppression of the production of TNF-α and IFN-g, in 
combination with an increase in the concentration of C-peptide compared to pre-
treatment levels. Teplizumab treatment improved b-cell function, as evidenced by a 
quantitative and qualitative improvement in insulin secretion [64]. Thus, monitoring 
of the cytokine profile and timely therapy aimed at suppressing anti-inflammatory 
cytokines is of critical importance in the pre-diabetic stage. New approaches to 
preventing the progression of clinical T1DM. to irreversible destruction of b-cells and 
insulin deficiency are a promising direction in modern diabetology.

IL-1b, produced by macrophages, also plays a significant role in the destruction 
of b-cells. It has been established that after stimulation of pancreatic b-cells in vitro 
with IL-1b, the expression of Fas receptors increases on their surface, as a result of 
which b-cells become targets for T-lymphocytes carrying FasL [1]. Expression of Fas 
receptors by b-cells has been confirmed not only by in vitro studies, but also in vivo 
in experiments using laboratory animals [1, 6]. Thus, IL-1b is involved in the destruc-
tion of b-cells by stimulating the expression of the Fas receptor on the membranes of 
b-cells. In b-cells after their interaction with IL-1b, characteristic signs of apoptosis 
are revealed: DNA fragmentation, nuclear condensation and the formation of apop-
totic bodies [65].

IFN-g usually acts in combination with other pro-inflammatory cytokines, such as 
TNF-a or IL-1b, and sometimes both. IFN-g stimulates the production of IL-1b APC 
[66]. When IFN-g and TNF-a bind to cognate receptors on b-cells, either caspase-
dependent b-cell apoptosis is triggered or b-cell apoptotic death is activated by 
inducible NO synthase (iNOS) [62]. The triad of pro-inflammatory cytokines TNF-a, 
IFN-g, and IL-1b is detrimental to b-cells, since it promotes the triggering of various 
mechanisms of apoptotic death of the islets of Langerhans. Maintaining high con-
centrations of all three cytokines in the microenvironment of b-cells enhances their 
apoptotic death [67].

Thus, many signaling proteins are involved in the apoptotic death of b-cells in 
T1DM, each of which can become a potential therapeutic target in the development of 
new methods of therapy for this disease.

A general scheme of the mechanisms of apoptotic death of b-cells in T1DM is 
shown in Figure 3.

The B-cell antigen is captured by antigen-presenting cells (APCs). Antigen process-
ing results in the formation of antigenic fragments that form a complex with MHC II. 
The antigen-MHC II complex is recognized by T cell receptors (TCRs). T-cell activa-
tion occurs due to antigen recognition and co-stimulation by secondary signals of co-
stimulatory molecules—CD28-B7. An activated cytotoxic T lymphocyte (CD8+CTL) 
produces IFN-g, which subsequently stimulates APC to produce additional cytokines 
IL-1b and TNF-a. In addition, CD8+CTL produces proteins: granzyme B and perforin. 



Type 1 Diabetes in 2023 - From Real Practice to Open Questions

180

IL-1b increases expression of the Fas receptor on b-cells, which increases their sen-
sitivity to Fas-mediated apoptosis mediated by CD8+ and CD4+ T cells. Conversely, 
regulatory T cells (T-regs) suppress CD8+ and CD4+ T cells [1].

4. Perspectives for the treatment and prevention of T1DM

It is clear from the above data that the process of apoptosis as the central mecha-
nism of b-cell death in T1DM deserves further study. The field of research into the 
process of apoptosis is one of the most promising areas in cell biology. In the future, 
therapeutic intervention could be implemented at the level of immune cells and/or 
target cells.

The accumulation of knowledge about b-cell apoptosis is likely to progress rapidly 
in the near future. If apoptosis is the general mechanism by which b-cells die in T1DM 
in response to immune attacks by cytokines and/or T lymphocytes (cellular cytotoxic-
ity), then new strategies may be developed to prevent the process of b-cell death, and 
hence the manifestation of the disease itself.

It has been established that protection against apoptosis can be implemented at 
four different levels: (1) “interception” of stimuli that induce apoptosis; (2) func-
tional antagonism of apoptosis triggers; (3) intervention in the signal cascade; (4) 
blockade of catabolic enzymes involved in cell self-destruction. The study of all levels 
of intervention can serve as the basis for the development of a new strategy to prevent 
the death of b-cells [2, 7].

Treatment aimed at suppressing the initiation of the apoptosis process is promising. 
For example, some methods may include blockade of death ligand binding (TNF, FasL). 
In addition, the goals of therapy may be aimed at increasing resistance to apoptotic 
stimuli by increasing the expression of anti-apoptotic members of the bcl-2 family. 

Figure 3. 
The main mechanisms of pancreatic b-cells apoptosis in T1DM.
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Insulin may have a potential positive effect in preventing disease at the preclinical stage, 
due to its potential immunomodulatory effect and its ability to induce b-cell “rest” [5].

Considering the numerous mechanisms by which apoptosis affects individual 
stages of the pathogenesis of T1DM, it is advisable to consider possible ways of 
its modulation in order to influence certain targets of the pathological process for 
therapeutic purposes.

5. Conclusion

Over the past 10 years, a real breakthrough has been made in immunology, both 
in the field of basic research and in clinical medicine. The rapid development of 
immunotherapy, the discovery and introduction into practice of new biomarkers, 
the improvement of immunological methods of laboratory diagnostics indicate that 
we live in an era of “every second” innovations. Using the example of T1DM, which 
is an autoimmune disease, we are seeing new advances in therapy and a significant 
improvement in the quality of life of patients. It should be emphasized that we owe 
all these achievements to experimental medicine, which is the first rung of the ladder 
leading to the success of clinical medicine.

The authors express the hope that this chapter will help readers to better under-
stand the molecular mechanisms of T1DM immunopathogenesis, as well as to 
appreciate the significance of experimental studies in science and practical medicine. 
Perhaps the material presented in this section will inspire someone to their own 
scientific research.
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Chapter 9

The Role of the Receptor for 
Advanced Glycation Endproducts 
(RAGE) in Type 1 Diabetes: An 
Immune Cell Perspective
Irina Buckle and Josephine M. Forbes

Abstract

Type 1 diabetes (T1DM) is an autoimmune disorder resulting in destruction of the 
insulin producing pancreatic β-cells that reside in the Islets of Langerhans. Despite 
significant progress in the understanding of T1DM pathogenesis, some fundamental 
contributing mechanisms remain to be fully elucidated. The receptor for advanced 
glycation end products (RAGE) and its ligands are increasingly believed to play a role 
in the development of T1DM, but this is not well understood. The location of RAGE 
gene is shared with major T1DM genetic susceptibility loci on chromosome 6 and 
polymorphism of this region confers risk for T1DM. Furthermore, changes in RAGE 
expression on and ligand binding by immune cells, in particular T cells, are associ-
ated with pro-inflammatory and autoimmune profiles key for T1DM development. 
Indeed, in murine models for T1DM, targeting of RAGE or its ligands decreased 
onset and severity of disease including favorable immune cell profiles and infiltration 
and improved beta cell insulin secretory function. Further understanding of RAGE 
expression and signaling in immune cells in T1DM will provide valuable insights into 
disease pathogenesis and therapy development. This chapter will discuss what is cur-
rently known about RAGE in the immune cells integral for the pathogenesis of T1DM.

Keywords: type 1 diabetes, RAGE, RAGE ligands, advanced glycation Endproducts, 
T cells, APCs, NK cells, neutrophils

1. Introduction

Type 1 diabetes (T1DM) is a complex autoimmune disorder resulting from the 
destruction of pancreatic insulin producing β-cells due to the loss of self-tolerance. 
There has been a rapid increase in disease incidence worldwide and T1DM is increas-
ingly being diagnosed in even younger individuals and in those from diverse cultural 
backgrounds. Insulin replacement therapy remains the only viable option for indi-
viduals with T1DM. Ensuring any new therapies are meeting a very high safety bar 
and are superior to insulin replacement therapy remains a challenge. Indeed, treat-
ment with global immunosuppression, while somewhat effective, has significant side 
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effects and is not a practical solution to prevent T1DM which commonly develops 
in early life. Also, despite insulin’s excellent safety profile, management of insulin 
replacement therapy involves multiple daily injections, pumps and continuous 
blood glucose monitoring or closed loop systems which are costly and complex to 
maintain, particularly in younger children. These therapies also bring increased 
risk for life-threatening high (hyperglycemia) or low (hypoglycemia) blood glucose 
concentrations as well as increased risk for chronic complications and shortened 
lifespan. Despite significant progress made in the development of therapeutics for 
T1DM and some remarkable results in the pre-clinical models, a successful translation 
into clinic is yet to occur. Due to the T1DM’s multifactorial nature, the necessity to 
find links between genetic predisposition, immune system abnormalities and envi-
ronmental triggers is becoming increasingly apparent. Therefore, exploring relation-
ships between these contributing factors is necessary for better understanding of the 
disease progression and for design of the best therapeutic approaches. More recently, 
multiple studies have focused on the complex biology and involvement of the recep-
tor for advanced glycation end products (RAGE) and its ligands in inflammation, 
autoimmunity, diabetes complications, apoptosis, and endoplasmic reticulum stress 
including the exploration of various ways to alleviate these. This presents an exciting 
new avenue for the development of targeted RAGE-related therapeutics and their 
translational potential from pre-clinical models to humans.

2. Preclinical murine models of T1DM

The non-obese diabetic (NOD) mouse model has been a useful tool to examine 
pathological mechanisms which contribute to and may be targeted in T1DM. Although 
there are several fundamental differences between murine and human disease [1, 2], 
the late timing of human disease manifestation, pancreas inaccessibility and lack of 
biomarkers in the peripheral blood continue to pose a significant challenge. Therefore, 
NOD mouse models remain instrumental in studying the disease pathophysiology 
and aids efforts to improve clinical translational potential of identified pathways and a 
first-line screening for effective therapies. Humanized mouse models, which are mice 
with a “human-like” immune system have proven to be an excellent platform to bridge 
the gap between preclinical mouse models and clinical studies by enabling researchers 
to assess the efficacy of treatments on human immune cells in a more physiological 
context than provided by cell culture [3]. In the T1DM field several excellent preclinical 
experimental approaches have also been proposed [4–6], although spontaneous T1DM 
disease development and sufficient similarity to human disease are still challenges.

3. RAGE in T1DM

RAGE is a member of the immunoglobulin superfamily It is postulated to play 
a role in host-pathogen defense and its expression increases during inflammation 
and in chronic inflammatory conditions including T1DM. The location of the RAGE 
gene (AGER) in humans is within the major histocompatibility complex on chromo-
some 6p21.3, a region implicated in various autoimmune disorders such as T1DM 
[7–9]. Similarly in mice, the AGER gene is located on chromosome 17 where several 
quantitative trait loci for T1DM have been reported [10]. RAGE is a multifunctional 
and promiscuous-ligand receptor, binding a wide array of ligands such as such as 
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advanced glycation endproducts (AGEs), high mobility group box-1 (HMGB1), S100 
proteins, β-amyloid fibrils, and others [11]. Upon binding to its ligands, the cytoplas-
mic domain associates with adaptor proteins including TIRAP and MyD88 followed 
by activation of downstream signaling of various pathways including NF-κB and 
STAT3 (Figure 1) [12].

Advanced Glycation Endproducts (AGEs) are canonical RAGE ligands but are 
low affinity and likely only bind RAGE when increased in concentration [13]. AGEs 
are formed as the result of non-enzymatic modifications to amino groups on lipids, 
proteins, peptides, and nucleic acids. Modern industrialization of food, flavor, and 
color enhancement as well as increased emulsification contribute significantly to 
formation of AGEs [9, 14, 15]. Prolonged exposure to AGEs has detrimental effects on 
β-cell function, insulin secretion and sensitivity and disease development in healthy 
humans and rodents [16]. Moreover, accumulation of AGEs and RAGE is associ-
ated with macro and micro vascular complications in diabetic patients [14, 17–19]. 
In the islet autoantibody positive individuals, the levels of circulating AGEs served 
as independent predictor for T1DM progression [20]. Chronic exposure of rodents 
to AGEs led to defects in insulin secretion and beta- cell death as well as defects in 
mitochondrial function supported by studies in isolated islets and beta cell lines such 
as MIN6N8. Following the treatment with AGE-lowering agent, the incidence of 
autoimmune diabetes was reduced in NOD mice [21].

HMGB1 is a non-histone chromosome protein present in all cells and may serve as 
a transcription factor in proinflammatory conditions [22]. Both RAGE and toll-like 
receptor 4 (TLR4) have been reported to serve as HMGB1 receptors, although SPR 
binding studies suggest that HMGB1 only binds to RAGE if associated with DNA 
fragments. Therapeutic potential of HMGB1 blockade has been shown in NOD mice, 
reducing T1DM incidence and autoimmunity [23, 24]. In newly diagnosed children 

Figure 1. 
RAGE cellular expression in immune cells important in T1DM development.
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with T1DM, HMGB1 serum concentrations were significantly higher compared to 
controls suggesting its potential use as an inflammatory biomarker in the disease 
progression [25]. More recently, it was proposed that increases in HMGB1 impairs 
the stability of regulatory T cells (Tregs) in NOD mice and increases production of 
interferon-γ (IFN-γ). In individuals with T1DM increased levels of serum HMGB1 
were directly correlated with increases in IFN-γ production by Tregs. Neutralizing 
HMGB1 antibody rescued Treg function and suppressed autoimmunity [23]. 
Furthermore, hyperglycemia may contribute to the release of HMGB1 by antigen 
presenting, natural killer and endothelial cells as well as necrotic and apoptotic cells 
leading to augmented autoimmunity [26].

Another set of proteins identified as RAGE ligands is S100 calgranulin family 
containing over 20 members with S100A8/9 and S100B binding RAGE [27]. Although 
their major site of manufacture is believed to be endothelial cells, they are known to 
be expressed by myeloid cells such as neutrophils, but expression by lymphocytes has 
not been reported. This proinflammatory heterodimer is implicated in several condi-
tions including inflammatory bowel disease and rheumatoid arthritis. Furthermore, 
S100A8/A9 expression is associated with tumorigenesis, suppression of DC function 
and accumulation of myeloid-derived suppressor cells (MDSCs) [28].

RAGE can exist as both transmembrane protein and a truncated soluble form 
(sRAGE). The latter is present in serum and is postulated to act as a decoy receptor by 
competitively binding RAGE ligands and preventing downstream signaling [11, 12]. 
RAGE expression tends to be low in most tissues except for the skin and alveolar epithelial 
cells in the lung [29]. RAGE is expressed on a number of immune cells such as T lympho-
cytes, neutrophils, antigen presenting cells (APCs) including macrophages, dendritic 
cells (DCs) and B cells as well as endothelial cells [30]. The precise role of RAGE in these 
cell populations as well its ability to influence cell-cell interactions and behavior still 
eludes us. However, RAGE continues to serve as one of the major players in inflammatory 
and autoimmune conditions creating a perfect opportunity to investigate these links.

3.1 RAGE and T cells

Immune tolerance involves a diverse range of processes that prevent potentially 
harmful immune responses against self-antigens. Given that T1DM is a T cell medi-
ated autoimmune disease, a key event in its development is the failure in the mecha-
nisms of central tolerance, which allows for self-reactive T lymphocytes to escape 
deletion by the immune system. Once in the periphery, these effector T lymphocytes 
can exert deleterious effects with CD4+ T lymphocytes believed to be important ini-
tiators and progressors of autoimmunity. Upon encounter of islet-antigen presented 
by dendritic cells (DCs), CD4+ T lymphocytes become activated which promotes and 
perpetuates the diabetogenic process. The reasons as to why islet autoantigens are 
specifically presented to the immune system by DCs to amplify immune responses 
remains to be fully elucidated. Migration of DCs to pancreatic lymph nodes and islet-
antigen presentation there amplifies recruitment and activation of CD4+ and CD8+ T 
lymphocytes.

An extensive pancreatic β- cell loss or loss of function is hallmark of T1DM. It is 
now well appreciated that autoreactive T cell are amongst key players in this process. 
CD4+ T cells are thought to be initiators of the disease providing help for B cells in 
“auto”antibody production as well as enhancing effector activity of CD8+ T cells and 
islet-resident macrophages. CD8+ effector T cells are considered to cause pancreatic 
islet destruction and commonly dominate islet infiltrates [31–33].
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Tregs are crucial for the maintenance of the peripheral tolerance where they 
dampen the effects of any self-reactive cells which have escaped deletion by central 
tolerance. In T1DM, there is impairment in function of and/or the numbers of Tregs 
present. This imbalance contributes to greater pathogenic activity of effector T lym-
phocytes and leads to a loss of peripheral tolerance. Peripheral tolerance is the local 
backstop to prevent self-antigen production and delete T cells with antigen specific-
ity for self-antigens. Thymic derived Tregs (tTregs) defined as CD4+CD25+Foxp3+ 
Tregs are responsible for suppression of effector T lymphocytes through secretion 
of anti-inflammatory cytokines and competition for IL-2. Both function and fre-
quencies of this subset of Tregs is impaired in both humans and NOD mice [34]. 
Therefore, restoring their functionality and numbers appears to be an attractive 
option for preventing T1DM development and is certainly widely under investigation. 
Currently, there are a number of T cell-centered therapeutic approaches for treatment 
and prevention of T1DM under development. These include Treg enhancement and 
antigen-specific strategies, as well as strategies that dampen activation of T cells using 
CTLA-4-Ig (Abatacept) or anti-CD3 monoclonal antibody (Teplizumab) (reviewed 
here [35]). The latter has produced promising results in at risk antibody positive 
individuals significantly improving β-cell function [36, 37]. If this therapy progresses 
to clinic in the near future, it will make an excellent candidate for combination 
therapies.

RAGE expression is elevated on T cells from “at-risk” islet autoantibody positive 
(IAb+) individuals and is associated with progression to T1DM and increased effector 
function of T cells [38, 39]. The soluble isoform of RAGE (sRAGE) can competitively 
bind RAGE ligands and inhibit RAGE signaling. Previous studies have shown that RAGE 
gene (AGER) polymorphisms result in reduced sRAGE in the circulation which correlates 
with increased risk of T1DM and seroconversion to islet autoantibodies [9, 40]. Murine 
studies have demonstrated a role for RAGE in T cell activation, priming and effector 
function, where RAGE-deficient T cells showed reduced proliferation and production of 
pro-inflammatory cytokines such as IFN-γ [41]. RAGE also plays a role in DC maturation, 
migration, and function as well as T cell priming. In children with acute Kawasaki disease 
and juvenile idiopathic arthritis, RAGE facilitates recruitment and activation of leuko-
cytes and sRAGE is reduced [42].

Another study explored the effects of dietary AGEs in NOD mice. Here, a T cell 
receptor (TCR) transgenic NOD 8.3 males with CD8+ T cells specific for IGRP206–214, 
one of the main diabetogenic antigens [43], and NOD/ShiLt females and their 
NOD8.3 female offspring were fed low or high AGEs containing diets from concep-
tion to weaning of the offspring. The low AGEs diet resulted in improvements in 
insulin, proinsulin, and glucagon secretion by the islets as well as reduction in AGEs 
and RAGE expression in offspring islets. Furthermore, reduced level of immune cell 
infiltration was seen in the infants whose parents were fed with low AGEs diet in the 
perinatal period [16]. This is consistent with another previous intergenerational study 
of low AGE feeding where decreasing rates of T1DM were seen in subsequent genera-
tions during feeding with a low AGE diet [44]. In the NOD model RAGE antagonism 
using sRAGE, significantly decreases progression to overt diabetes onset in NOD mice 
and preserves β-cell mass and insulin secretory function and that sRAGE therapy 
did not work following specific depletion of Tregs. This was evidenced through 
reduced islet infiltration, preservation of islet integrity and numbers as well as insulin 
expression. Moreover, an increased proportion of Tregs in pancreata, pancreatic 
lymph nodes and spleens of treated animals was demonstrated. sRAGE-induced 
improvements in human Tregs proliferative and suppressive ability ex vivo [45], 
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whilst exposure to RAGE ligands, AGEs impairs Treg suppressive capacity [45]. These 
observations suggest that RAGE inhibition may offer protection against future T1DM 
development [46].

3.2 RAGE and NK cells

Natural Killer (NK) cells are cytotoxic innate lymphocytes that bridge innate 
and adaptive immune systems. NK cells’ importance is firmly cemented in the field 
of cancer immunology due to their unique ability to recognize and destroy tumors 
and virus infected cells. Their killing capacity is driven by the activating and inhibi-
tory receptor-ligand interactions as well as cytolytic granules containing perforin 
and Granzyme B similar to the CD8+ T cells. Some important lectin-like activating 
receptors include NKG2D and KLRG1 whilst inhibitory include NKG2A and KIRs in 
humans and Ly49 in mice [47]. Unsurprisingly, NK cells are coming into focus in the 
context of T1DM as an important effector population for the disease pathogenesis. 
Their interaction with and ability to suppress other effector cells such as CD8+ T cells 
is of vital importance, particularly in the setting of autoimmunity [48].

During early human studies it was shown that proportion of NK cells was signifi-
cantly lower in the peripheral blood of individuals with T1DM compared to controls. 
This was further linked to reduced lytic and cytotoxic capacity of NK cells and more 
frequent occurrence of tumors [49–51]. The dysregulation in NKG2D signaling as well 
as reduction in NK cell proportion was suggested to be a contributing factor to the 
development of T1DM [52].

HMGB1 a known RAGE ligand plays an important role in NK cell killing ability 
upon activation. HMGB1 released from NK cells’ cytotoxic granules is very effec-
tive against oxygen-dependent cancer cells whilst those cells with anaerobic energy 
metabolism were resistant to HMGB1 mediated killing [53]. These observations 
are of importance with respect to pancreatic inflammation and associated patholo-
gies. Narumi et al. proposed an NK cell-RAGE dependent suppression mechanism 
of S100A8/A9 expressing tumors It was proposed that NK cells express RAGE but 
not TLR4 which is also known to bind S100 family of proteins [54]. The ligation of 
S100A8/A9 to RAGE led to activation of NK cells, increasing their cytotoxic abil-
ity evidenced by elevated IFN-γ production, increased NKG2D activating receptor 
activity and amelioration of tumor growth. RAGE blockade reversed these effects, 
highlighting the importance of RAGE-S100 axis for suppression of tumor growth and 
NK cell cytotoxic ability [55]. Whilst there is as yet no direct evidence linking T1DM, 
NK cells and RAGE, the clear involvement of RAGE axis and NK cells in T1DM and 
other autoimmune and proinflammatory disorders warrants future investigation.

3.3 RAGE and neutrophils

Neutrophils are phagocytic leukocytes of innate immune system circulating in the 
blood in a dormant state. Their activation is initiated in the early stages of inflamma-
tion and mechanisms for pathogen clearance include release of cytotoxic granules, 
cytokines, and reactive oxygen species (ROS). Neutrophils possess a unique ability 
to form neutrophil extracellular traps (NET) when undergoing altered cell death 
which have unique antimicrobial properties. Moreover, neutrophils can engage with 
and modulate activity of other immune cells such as T and B lymphocytes, NK cells 
and DCs. This can lead to exacerbation of autoimmune disorders such as systemic 
lupus erythematosus (SLE), multiple sclerosis and autoimmune diabetes [56–58]. 
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In NOD mice activated neutrophils are recruited to the pancreatic islets initiating 
development of autoimmune diabetes and facilitating recruitment of CD8+ T cells and 
DCs. Studies in NOD mice shown that migration of neutrophils plays pivotal role in 
disease progression and preventing it halts or reverses disease development [56, 59]. 
Similarly, neutrophil infiltrates were found in human pancreata prior to T1DM onset 
and in individuals with overt disease where there was an evidence of NET formation 
highlighting pathogenicity of the infiltrating neutrophils. Furthermore, neutrophils 
from the peripheral blood of autoantibody negative at-risk individuals, displayed a 
unique molecular signature with overexpression of interferon-related genes [60]. 
These data reinforce the importance of neutrophils in the initiation and progression 
of T1DM.

It was previously demonstrated that RAGE expression on human neutrophils and 
binding to AGEs was associated with impaired neutrophil function, in particular 
bacterial killing [61]. In the murine streptozotocin induced T1DM model the RAGE 
ligand S100 calcium-binding proteins A8/A9 (S100A8/A9) are released by neutrophils 
binding to RAGE on hepatic Kupffer cells leading to increase of IL-6 thrombopoietin 
production associated with atheroprogression in humans [62]. Albeit limited, these 
data support the importance of RAGE axis in effector immune populations which 
may be important for the development of T1DM.

3.4 RAGE and antigen presenting cells

Professional antigen presenting cells (APCs) include dendritic cells (DCs), 
macrophages and B cells. These cell populations have been extensively studied in 
T1D due to their tolerogenic and immunogenic properties and importance in therapy 
development [63].

DCs are categorized into conventional (cDCs), plasmacytoid (pDCs), monocyte-
derived (moDCs) and Langerhans cells (LCs). They are important regulators of 
immune tolerance, can select specific T cell subsets for anergy or deletion and therefore 
play pivotal roles in the pathogenesis of T1DM. Their immunomodulatory abilities have 
been widely explored and are targets for various therapeutic strategies in development 
including antigen specific immunotherapy [64]. Within the pancreata of NOD mice, 
DCs and macrophages can be detected as early as 3 weeks of age [65, 66]. Interestingly, 
studies of chronic high AGE feeding of healthy rats also show the appearance of an 
islet specific infiltrate that is comprised primarily of macrophages [21]. Other studies 
suggested that plasmacytoid DCs (pDCs) are recruited to the pancreata of NOD mice 
where they promote diabetogenic T cell activity and initiate T1DM [56]. Many other 
studies highlighted the importance of DC function in disease initiation and progression 
(reviewed here [67, 68]). Their maturation status dictates the level and type of response 
exerted. The immature or tolerogenic DCs usually exhibit low levels of MHC class II 
and costimulatory molecules expression such as CD80 and CD86, reduced ability to 
stimulate T cells and produce proinflammatory cytokines, however their phagocytic 
and antigen processing and presentation capacity is not affected [68]. Several strategies 
explored immunomodulatory potential of tolerogenic DCs and maintaining them in 
their immature state for treatment and prevention of autoimmune disorders including 
T1DM (reviewed in [64, 68, 69]. DCs will continue to be in the T1DM therapy devel-
opment spotlight due to their proven ability to induce T cell anergy or deletion while 
promoting and increasing regulatory T and B cell populations.

The exposure of immature DCs from human PBMCs to a high glucose environ-
ment and AGEs results in the upregulation of costimulatory markers, increases 



Type 1 Diabetes in 2023 - From Real Practice to Open Questions

196

production of reactive oxygen species (ROS) and proinflammatory cytokines such as 
IL-12 and IL-6, decrease in regulatory cytokines such IL-10 and enhances expression 
of AGEs scavenger receptors SR-A and CD36 and RAGE [70, 71]. In another study by 
Ge et al., AGE-BSA treatment increased DC expression of both SR-A and RAGE but 
pre-treatment of DCs with RAGE neutralizing antibody halted maturation by impair-
ing upregulation of costimulatory markers and expression of IL-12 [72]. Another 
study described the effects of AGEs-stimulation in the presence of the antioxidant 
resveratrol in immature DCs derived from healthy donor PBMCs. Pre-treatment of 
DCs with resveratrol prior to AGE exposure prevented their maturation, MAPK and 
NK-κB activation and production of inflammatory cytokines and reduced RAGE 
expression [73]. This once more highlights that delineating the AGE-RAGE axis in 
inflammatory or aging processes may have future benefit in understanding T1DM 
pathogenesis.

Failure of peripheral and central tolerance not only results in autoreactive T cells 
but also autoreactive B cells and their migration to pancreas and pancreatic lymph 
nodes. B cells can present autoantigens to islet specific CD4+ and CD8+ effector T 
cells, which in turn causes destruction of pancreatic β-cells. B cells are necessary for 
the development of autoimmune diabetes in NOD mice in particular autoantibody 
production and B cell depletion prevents development of the disease [74–76]. In 
newly diagnosed individuals with T1DM, B cell depletion using anti-CD20 monoclo-
nal antibody rituximab showed initial preservation of β-cell function and the need for 
exogenous insulin was reduced for up to 1 year post treatment. However, following a 
two-year follow up period, initial improvements in C-peptide (a marker of beta cell 
insulin secretion/function) were diminished and the clinical trial was terminated 
[77, 78]. Nonetheless, despite disappointing therapeutic results, B cell importance in 
T1DM progression is well appreciated and several improvements to the B cell deple-
tion therapeutic approaches have since been proposed [79].

In murine models of antibody mediated autoimmune disorders such as systemic 
lupus erythematosus (SLE) and rheumatoid arthritis (RA) the absence of RAGE 
tended to cause reduction in germinal center B cells along with decreased anti-dsDNA 
autoantibody titers and increases in follicular B cells [80]. Germinal centers play 
important role in B cell maturation, clonal expansion, and class-switching as well an 
antibody production? [81]. Though these modest changes in B cells in RAGE−/− ani-
mals may not be sufficient to prevent autoimmunity, they are indicative that RAGE 
signaling is an important contributor to these processes [80]. Another study explored 
the effects of RAGE/HMGB1 interactions on activation of autoreactive B cells. In 
that particular study, it was concluded that HMGB1 binding promotes activation of 
autoreactive B cells through TLR9 rather than RAGE [82].

Macrophages act alongside DCs for antigen presentation [83, 84]. Though human 
pancreatic islets have macrophages present, it is unclear whether there are changes 
between resident and infiltrating populations in T1DM [85]. The phenotype of mac-
rophages can in general be divided into M1/pro-inflammatory cytotoxic and M2/anti-
inflammatory, alternatively activated cells. However, the local microenvironment plays 
important role in the process of monocyte to macrophage differentiation. Human mac-
rophages represent less than half of the APC population seen in T1DM and form a mix-
ture of both M1 and M2 phenotypes [86]. In NOD mice APCs are represented almost 
entirely by macrophages and they have an intricate relationship with lymphocytes, 
although this may be due to limitations in assessing APC phenotypes in mice. Some 
studied observed that the absence of resident macrophages arrested T1DM develop-
ment in NOD mice [87]. Depletion of islet-resident APCs caused complete elimination 
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of pancreatic lymphocyte infiltration which was restored upon re-introduction of DCs 
and macrophages [88, 89]. Following the depletion of macrophages, lymphocytes are 
also unable to initiate T1DM in the NOD-SCID adoptive transfer mouse model [90].

Monocytes, macrophages as well as RAGE- ligands axis are known players in the 
diabetic vascular complications. RAGE expression is associated with activation of 
both monocytes and macrophages which has been well explored in diabetes com-
plications such as atherosclerosis [91, 92] and kidney disease [93–95]. Furthermore 
hypoxic environments can enhance monocyte adhesion and chemotaxis as well as 
induction of macrophage proinflammatory phenotype mediated by RAGE activity 
[96]. Furthermore, HMGB1 signaling through RAGE promotes secretion of IL-10 by 
M2 macrophages is of particular significance in the hypoxic environments of certain 
metastatic tumors [97]. In the individuals with T1DM suffering from retinopathy and 
nephropathy, the mRNA RAGE expression in monocytes was significantly reduced 
compared to controls. Upon exposure of monocyte cultures to glyceraldehyde-derived 
AGEs both mRNA and protein levels of RAGE were decreased [98]. This was a 
surprising result considering that upregulation of RAGE is associated with proin-
flammatory processes. Another study highlighted increased RAGE expression and 
activation in the M2 macrophages necessary for tumor vascularization and invasion 
[99]. Despite significant gaps in our knowledge there is unequivocal evidence that 
upregulation of RAGE upon binding its ligands leads to activation of proinflamma-
tory cascades which likely impart detrimental effects in autoimmunity.

RAGE is an immunoglobulin type receptor comprised of a ligand binding V-type 
domain, C1 and C2 domains, transmembrane and cytoplasmic domains. C-truncated 
soluble RAGE can result from proteolytic cleavage or endogenous splicing of the RAGE 
gene, AGER. RAGE as a pattern recognition receptor can bind a wide range of ligands 
including AGEs, HMGB1, S100 calgranulins. Commonly, upon ligation downstream 
signaling via Diaphenous-1 and JAK-STAT pathways ROS production and NF-κB activa-
tion occurs stimulating inflammatory processes [11]. In T1DM, RAGE is postulated 
as important for various mechanisms of central and peripheral tolerance which fail to 
suppress the escape and activation of autoreactive T cells. This occurs in the presence of 
already dampened regulatory mechanisms where both function and number of Tregs are 
reduced This leads to further activation and expansion of pathogenic islet specific T cells 
aided by antigen presentation by DCs. CD8+ T cells migrate to pancreatic islets facilitat-
ing immune destruction and, pancreatic β-cell death and further formation and release 
of diabetogenic antigens. Pancreatic β-cells may also act as APCs by presenting MHC 
class I molecules and engaging with cytotoxic CD8+ T cells [100]. Inflamed and apoptotic 
β-cells can also release molecules that act as RAGE ligands further perpetuating the 
inflammatory cascade by maturation and activation of DCs and macrophages leading 
to pancreatic injury. NK cells can directly engage with β-cells through NKG2D-RAE1 
interaction known to cause pancreatic β-cells death [101]. Furthermore, NK cells can 
release large quantities of cytotoxic granules and HMGB1 that may directly interact with 
RAGE expressed on β-cells [53]. Similar to NK cells, neutrophils can also release RAGE 
ligands and interact with other RAGE expressing cells including pancreatic β-cells [61].

3.5 RAGE, diabetes and COVID-19

The severe acute respiratory syndrome coronavirus (SARS-CoV)-2 pandemic has 
affected millions of people globally in recent years [102]. Life threatening severe lung 
inflammation and infections of cardiovascular and central nervous systems as well 
as the gastrointestinal tract have been reported during SARS-CoV-2 infection [103]. 
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Emerging evidence suggests that individuals with diabetes have poorer prognosis 
when infected with SARS-CoV-2. Given that the greatest basal expression of RAGE in 
the body is within the lungs, it is highly likely that RAGE mediated immune processes 
contribute to these poorer outcomes. In hyperglycemia priming of neutrophils may 
result in the uncontrolled formation of NETs and release of HMGB1 further increasing 
vascular permeability. RAGE levels were elevated in both rodent models and humans 
with acute lung injury and associated with inflammasome formation and IL-1β 
release [104–106] Whilst most recent SARS-CoV-2 studies focused on comorbidities 
associated with type 2 diabetes, a common theme of imbalanced immune responses, 
upregulation of RAGE ligands such as HMGB1 and S100 proteins, insulin resis-
tance, hyperglycemia and release of pro-inflammatory cytokines is seen [107, 108]. 
Furthermore, several studies reported a significant increase in diabetic ketoacidosis 
(DKA) in recent onset T1DM during the pandemic [109–111]. These findings have 
important implications on future treatment and management of patients with dysgly-
caemia and severe respiratory conditions.

4. Conclusions

The robust evidence pointing towards involvement of RAGE and its ligands in 
inflammation and autoimmunity paves a new pathway towards understanding the 
pathophysiology of T1DM. Valuable lessons can also be learned about approaches to 
undertake when designing new therapies to target this axis from previous findings. 
Further understanding of the role of greater RAGE expression on immune cells and 
pancreatic islets during T1DM pathogenesis is required and is likely to be multifaceted 
given the myriad of inflammatory diseases which involve RAGE mediated processes. 
T1DM is incredibly complex and heterogeneous disorder, and it is unlikely for a ‘silver 
bullet’ therapy to emerge. This highlights the importance of exploring alternative 
mechanistic pathways for therapy which have not been previously considered. Indeed, 
it is likely that the best approach to T1DM may be combination therapies which are 
targeted towards various aspects of disease and provide greater coverage of the vast 
immune dysfunction which may be present.
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