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Abstract
Treatment of type 1 diabetes mellitus has always posed 
a challenge to balance hyperglycemia control with hy-
poglycemia episodes. The quest for newer therapies is 
continuing and this review attempts to outline the re-
cent developments. The insulin molecule itself has got 
moulded into different analogues by minor changes in 
its structure to ensure well controlled delivery, stable 
half-lives and lesser side effects. Insulin delivery sys-
tems have also consistently undergone advances from 
subcutaneous injections to continuous infusion to trials 
of inhalational delivery. Continuous glucose monitor-
ing systems are also becoming more accurate and 
user friendly. Smartphones have also made their entry 
into therapy of diabetes by integrating blood glucose 
levels and food intake with calculated adequate insulin 
required. Artificial pancreas has enabled to a certain 
extent to close the loop between blood glucose level 
and insulin delivery with devices armed with meal and 
exercise announcements, dual hormone delivery and 
pramlintide infusion. Islet, pancreas-kidney and stem 
cells transplants are also being attempted though com-
plete success is still a far way off. Incorporating insulin 
gene and secretary apparatus is another ambitious leap 
to achieve insulin independence though the search for 
the ideal vector and target cell is still continuing. Finally 
to stand up to the statement, prevention is better than 

cure, immunological methods are being investigated 
to be used as vaccine to prevent the onset of diabetes 
mellitus.
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Core tip: As therapy of type 1 diabetes poses impo-
rtant challenges because of life long insulin dep-
endence,multiple injections, excursions in glucose 
values and inability to simulate the pancreas, newer 
modalities of therapy are emerging. Hence, this is the 
right time to review developments in this front. This 
review conjures up recent advances in continuous glu-
cose monitors, closed loop systems, insulin analogues, 
insulin gene therapy, transplantation and immunologi-
cal vaccination.
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INTRODUCTION
The year 1923 is a watershed in the history of  diabetes 
mellitus when insulin was discovered by Banting and 
Best[1]. Today the world has come a long way from that, 
but living with type 1 diabetes still remains akin to a tight 
rope walk, balancing between hyperglycemia and hypogly-
cemic episodes. Multiple injections, strict control on food 
and exercise are herculean tasks to deal with, especially 
in children. Hence, the need for better therapies is war-
ranted and they have thus evolved from nascent stages to 
actual usage. 

The incidence of  type 1 diabetes varies among differ-
ent countries, which reflects the roles played by genetic 
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and environmental factors in the ultimate expression of  
the disease. It varies from 57.4 cases/100000 per year in 
Finland to 0.6 cases/100000 per year in India[2]. The fact 
that there is a rising trend in the number of  children diag-
nosed to have type 1 diabetes is supported by a number 
of  studies. Whether this can be attributed to an absolute 
increase in the incidence of  the disease is still under spec-
ulation because the proportion of  children with highest 
risk human leukocyte antigen haplotypes have decreased 
and hence, the changing environmental patterns may 
rather be uncovering the latent genetic factors to cause 
earlier expression of  the disease[3]. The changing epide-
miology is bringing more and more children to us to care 
for. Thus, unveiling newer and better therapies becomes 
an onus on us.

In this chapter, we shall be presenting a brief  over-
view of  the recent advances in the management of  type 1 
diabetes, including newer insulins, newer insulin delivery 
options, hypoglycemia prevention through use of  tech-
nology and lastly, advances in the field of  “curing” diabe-
tes through transplant and gene therapy.

ADVANCES IN INSULIN 
The quest for the ideal insulin has led to the discovery of  
a variety of  analogues to match the mighty pancreas and 
yet, many lacunae are left to be filled. The timeline of  
important events in the history of  insulin is presented in 
Figure 1. 

Insulin analogues were designed to overcome the 
problems of  poor stability and erratic absorption profile 
of  the preceding generations of  insulin. 

Short acting insulin
Insulin lispro: Short acting insulin is necessary to deal 
with meal time hyperglycemia. Insulin Lispro which was 
approved in 1996 has rapid onset of  action and shorter 
duration so that post prandial hypoglycaemia can be 
prevented. The inversion of  proline at position 28 with 
lysine at position 29 allowed insulin to exist more in the 
monomeric form that is easily absorbed which could 
counteract meal time hyperglycemia without causing pro-
longed hypoglycaemia. The modification in the amino 
acid sequence did not alter the receptor binding and 
hence, is as effective as regular insulin[4].

Insulin aspart: Substituting proline at position 28 with 
aspartic acid formed insulin aspart which is also short 
acting due to absence of  hexamer formation. Immuno-
genicity and teratogenicity profile was similar to regular 
insulin[5].

Insulin glulisine: This is the newest addition to the list 
of  short acting insulin produced by substituting aspara-
gine at position B3 by lysine and lysine at position B29 by 
glutamine. It is unique in action by causing phosphoryla-
tion of  Insulin Receptor Substrate 2. Increased bind-
ing to insulin like growth factor (IGF) 1 receptor and 
mitogenic activity has however, raised concerns over its 
tumorigenic potential which needs further evaluation[6]. 
Food and drug administration (FDA) approval has been 
obtained for use of  glulisine in children > 4 years.

Long acting insulin
Isophane, Lente and Ultralente failed to ensure long time 
control of  glucose with minimum variations and hence, 
they made way for newer long acting insulins. 

Insulin glargine: Amino acid alterations brought about 
a change in pH from 5.4 to 6.7 that made glargine poorly 
soluble at physiological pH. The stability of  its hexameric 
structure prevents rapid absorption from subcutane-
ous tissue and its activity is maintained for 11 to 24 h. 
Glargine also has affinity to the IGF 1 receptor making it 
mitogenic, but the clinical significance of  this finding is 
still questionable[7]. Safety in the pediatric age group has 
been established but due to the acidic pH burning sensa-
tion has been reported in some children.

Insulin detemir: Detemir binds reversibly to albumin 
and undergoes a slow release process as only free detemir 
is biologically active. Onset of  action is within 1 to 2 h and 
lasts for 24 h. Peakless activity ensures stability[8]. Detemir 
shows more reproducible pharmacokinetics in children 
than glargine[9]. The United States FDA has approved the 
use of  Detemir and Glargine only in children > 6 years.

Insulin albulin: As the name suggests, insulin albulin 
has been developed by directly fusing single human insu-
lin gene to human albumin gene that makes this analogue 
long acting. The peakless effect makes albulin a potential 
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Figure 1  Time line of Insulin and its analogues. NPH: Neutral protamine hagedorn.



agent for long term glycemic control. The affinity of  
albulin to IGF 1 receptors is less compared to other ana-
logues which makes albulin less likely to trigger mitogen-
esis[10]. Insulin albulin still has to evolve to enter clinical 
application. 

Insulin degludec: Approved in 2012, Insulin degludec 
shows a flat profile upon injection with a half-life of  25 h, 
enabling once in 3 d injection. The dihexamers associate 
with each other to form multi hexamers that slowly form 
monomers and enter the bloodstream. When compared 
to other long acting insulins, degludec shows much lower 
variability in day to day glucose levels. Trials investigat-
ing degludec have also included children and adolescents. 
Nocturnal Hypoglycemia, which is the bottle neck in 
intensive glucose lowering, is reported to be up to 25% 
lower with degludec[11]. Increase in adverse cardiovascular 
events is a concern with degludec and use in pediatric age 
group is not yet approved. 

Inhaled insulin
The search for alternative routes of  delivery of  insulin 
paved way to the discovery of  inhaled insulin Exubera 
that was approved in 2006, but withdrawn from the 
market a year later due to poor sales. It was thought that 
the large surface area of  the lungs would facilitate better 
absorption. However, bioavailability was found to be only 
10% and so higher doses were required. Unpredictable 
absorption patterns that varied with age, respiratory tract 
infection and smoking form important hurdles for lungs 
to be the route of  choice[12].

Despite the initial enthusiasm with oral insulin which 
was considered as the “holy grail” for treating diabetes, 
it remains an enigmatic target due to enzymatic digestion 
of  insulin and inadequate intestinal absorption.

Buccal and skin patches are also candidate routes for 
delivering insulin that await further research. 

INSULIN PUMPS
Parallel to the advancements in insulin, the modes of  
delivery also underwent considerable changes in the last 
50 years. The first pump designed by Dr. Arnold Kadish 
in 1963 was bulky and had to be worn like a backpack as 
in Figure 2. It was replaced by the “big blue brick” model 
which again became obsolete due to inaccuracies. All the 
early models could only provide a single basal delivery 
rate and had to be programmed frequently. The techno-
logical boom that accompanied the dawn of  the 20th cen-
tury brought about further developments and today we 
have insulin pumps that are convenient, small, accurate 
and adjustable. 

CONTINUOUS GLUCOSE MONITORS 
Fear of  hypoglycemia is recognised as the most impor-
tant road block in the path to achieving good glycemic 
control. Continuous blood glucose monitoring system is 
an important aid in the management of  type 1 diabetes 
and an essential prerequisite for closed loop systems. The 
superiority of  Continuous glucose monitors (CGMs) 
over self-monitoring of  glucose in reducing the time 
spent in hypoglycemia has been proven beyond doubt[13].

The basic structure of  a CGM consists of  a sensor, 
wireless transmitter and a receiver as in Figure 3. 

Sensor provides real time blood glucose levels and 
typically consists of  a membrane layer, electrode and 
enzyme matrix. It works on the same principle as the 
conventional glucose monitors using the glucose oxidase 
catalysed oxidation of  glucose to produce hydrogen per-
oxide that generates an electric current at the electrode[14]. 
The membrane layer forms a barrier between the elec-
trode and the surrounding tissues, which mandates ad-
equate permeability to glucose and oxygen. Sensors are 
inserted subcutaneously and detect glucose concentration 
in the interstitial compartment. In the earlier versions, 
blood glucose values were stored and had to be down-
loaded to view the level of  control retrospectively. The 
present CGMs have sensors that display the glucose val-
ues in real time which enables the user to take appropri-
ate steps in case of  skewed values. The CGMs are also 
equipped with systems that would alert the user when 
values are above or below the set thresholds. The receiver 
may either be a display device to be worn like a pager or 
may be connected to an insulin pump.

A drawback that has emerged with CGMs is bioin-
stability. Sensors become unstable secondary to inflam-
matory reaction, granuloma formation, blood clots, etc[15]. 
This brings about drifts in glucose values and a need for 
intermittent calibration with conventional blood glucose 
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Figure 2  Dr. Arnold Kadish with the first insulin pump. (Courtesy: www.
medscape.com).
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Figure 3  Schematic representation of continuous glucose monitors.

Aathira R et al . Advances in management of type 1 diabetes mellitus



a small photometer implanted in the interstitial fluid un-
der the conjunctiva[21].

CLOSED LOOP SYSTEMS
The idea of  closed loop systems came into vogue as the 
repeated discrete subcutaneous doses caused fluctuating 
insulin and in turn glucose levels. Blood glucose concen-
tration stands on a delicate balance between caloric intake 
and expenditure which is modified by the insulin doses 
that necessarily do not mimic the original pancreatic 
secretion. As the CGMs started providing real time feed-
back of  the glucose levels, the extreme variations were 
uncovered. The concept of  artificial pancreas surfaced 
when CGMs were linked to insulin pumps as Continuous 
Subcutaneous Insulin Infusion gained acceptance from 
the 1990s[22]. The principle of  closed loop systems is 
simple as shown in Figure 4. 

In contrast to the pre-programmed insulin pumps, 
closed loop systems modulate insulin delivery at intervals 
of  1 to 15 min. 

The characteristics that are desired in an ideal closed 
loop system would be the following[23]: (1) Response 
to glucose levels in a highly specific way; (2) Response 
within a timescale of  minutes; (3) Monitoring within the 
visceral region; (4) Pulsatile output to avoid desensitiza-
tion of  insulin receptors; and (5) No chemical modifica-
tion of  insulin.

The backbone of  the closed loop system is the con-
trol algorithm. Control algorithms direct insulin delivery 
as per glucose levels and account for measurement errors 
and kinetic delays. 

There are two categories of  control algorithms: (1) 
Proportional Integral Derivative (PID); and (2) Model 
Predictive Control (MPC).

PID
The schema of  PID is given in Figure 5. The PID was 
one of  the most initial algorithms developed for artificial 
pancreas. The proportional component detects devia-
tions from target glucose, integral component measures 
the area under the curve between the measured and tar-
get levels and the derivative component assesses the rate 
of  change of  measured glucose levels. However, PID 
is rather a reactive algorithm which implies that skewed 
values of  glucose cannot be prevented but can only be 
shortened in duration because the PID responds to ob-
served glucose levels. Adding announced meals to the al-
gorithm or patient directed insulin boluses can overcome 
hyperglycemia but hypoglycemic episodes may not be 
prevented. 

MPC
This is a proactive algorithm because it can forecast the 
blood glucose values from the current concentration and 
is designed in such a way that it brings the forecasted glu-
cose closer to the target glucose values. Based on the cur-
rent glucose levels further insulin delivery is planned but 
after the first step is executed the system is reassessed and 

measurements. Coating of  the membrane layer with sili-
con oxide nanoparticles containing Polyethylene Glycol 
has been found to prevent bioinstability of  sensors[16]. 
Further research is ongoing to discover the most appro-
priate material to coat the sensors. Another innovation 
that has been successful is replacement of  electrochemi-
cal sensors with fluorescent sensors. When glucose binds 
to the receptors, the fluorophore fluoresces brightly. 
These sensors are highly accurate even with extreme 
values of  glucose[17]. Despite these refinements, there are 
two important shortcomings with the CGMs. First, the 
interstitial glucose measurement does not exactly reflect 
the blood glucose concentration. Second is the time lag 
due to glucose transport to the interstitium and sensor 
processing. The CGMs lag behind blood glucose by an 
average of  4 to 10 min[18].

Another method of  blood glucose monitoring that 
had emerged in 1999 was the Glucowatch Biographer. 
This device was worn like a wristwatch. It used the pro-
cess of  reverse iontophoresis to stimulate the secretion 
of  subcutaneous fluid, and glucose content was measured 
using a biosensor unit. There was good correlation with 
the blood glucose monitoring devices[19]. However, skin 
irritation and false alarms were obstacles to the wide-
spread clinical use of  this device.

A recently developed non-invasive CGM device named 
HG1c uses the principle of  Raman spectroscopy where 
a painless pulse of  monochromatic light is transmitted 
into the skin, and the scattered light is detected for the 
determination of  glucose levels. This device can be worn 
on the abdomen like a band and measures blood glucose 
levels every five minutes. The sensor transmits data to a 
smartphone which is also enabled with alarms during pe-
riods of  glucose excursion[20]. A similar iPhone operating 
system-enabled smartphone-based Wireless Smart Gluco-
Monitoring system has also been developed[21].

Many smartphone based glucose monitors and appli-
cations are helping to make the life of  a diabetic patient 
easier. These allow the user to enter diabetes related data 
like carbohydrates and water consumed, insulin dose 
taken, duration of  exercise, etc. Based on the information 
given these apps can also calculate the amount of  insulin 
required. A device named Eyesense is under development 
which will be able to determine blood glucose level using 
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further delivery is planned. This enables a step by step as-
sessment and reaction, yet in a proactive manner. In this 
way MPC can prevent hypoglycemic episodes and reduce 
the time spent in hyperglycemia. MPC can efficiently deal 
with meals and exercise without any additional inputs[24]. 
MPC also has capabilities to learn the patient’s routine to 
adjust the insulin delivery based on this information us-
ing the run to run control algorithms and also optimize 
according to circadian fluctuations[25].

Innovations in closed loop system
The inherent disadvantages of  interstitial insulin infu-

sion account for the delay in responding to post prandial 
hyperglycemia. Hence, systems have been developed for 
adding meal announcements to cause priming. 

Intensification of  insulin delivery saw hypoglycemia 
as the major barrier which induced development of  dual 
hormonal pumps employing glucagon along with insulin. 
Glucagon has been the choice as it is a fast acting counter 
regulatory hormone to insulin and is found to be defi-
cient in type 1 diabetes patients. Glucagon has enabled to 
close the glucose-insulin loop in the initial studies[26].

Intraportal or intraperitoneal insulin infusion to mim-
ic the natural secretory pathway is another gate that has 
been opened for better control of  blood sugar. However, 
the invasive procedure involved in placing the device and 
risks of  infection are the hurdles to its more widespread 
usage[27].

“Low Glucose Suspend” is another feature to combat 
hypoglycemia as the pump would automatically stop insu-
lin infusion for up to 2 h when hypoglycemia is detected 
which is of  benefit especially during nocturnal hypogly-
cemic episodes[28].

Pramlintide is an amylin analogue that delays gastric 
emptying and reduces glucagon secretion. Pramlintide in-
fusion along with insulin is found to enhance peripheral 
tissue sensitivity to insulin[29].

INSULIN GENE THERAPY
Gene therapy is the fancy word for most diseases without 
a cure and so it is for diabetes also. Insulin gene therapy 
envisages introduction of  insulin secretory machinery 
into non beta cells. The requirements for insulin gene 
transfer are schematically represented in Figure 6. 

Gene transfer system
Gene transfer can be achieved by viral or non viral vec-
tors. Among non viral vectors direct injection of  DNA, 
electroporation and gene gun methods were tried but 
gene expression was transient. Retro virus, adeno virus 
and adeno associated virus have been looked upon as the 
living carriers of  the insulin gene (Figure 7). Problems are 
galore even with these viral vectors. Retro viral vectors 
integrate at random sites, have limited insertion capac-
ity and infect only proliferating cells. Adenoviral vectors 
remain as extra- chromosomal DNA and sometimes acti-
vate cellular immune response to viral proteins.

Glucose responsive insulin production
Under normal circumstances insulin biosynthesis is 
regulated at the translational level which is rapid enough 
to react to physiological changes. Transcriptional con-
trol supplements the translational regulation. To ensure 
glucose responsiveness, glucose responsive promoters 
are linked to the insulin producing gene. However, intro-
ducing promoters alone may not be sufficient as trans-
lational regulation is difficult to be mimicked in a non-
beta cell[30]; and since insulin release is controlled at the 
transcriptional level the rapidity of  the response would 
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be compromised. 

Biochemical machinery for processing
Proinsulin is converted to insulin by endoproteases PC1, 
PC2 and an exopeptidase, carboxypeptidase H which is 
another example of  translational control[31]. In non beta 
cells the generic proprotein convertase Furin can cleave 
pro-insulin if  appropriate cleavage sites are introduced by 
mutation but mutated pro- insulin may induce immune 
attack[32].

Appropriate target cell
An ideal target cell ought to have all beta cell character-
istics but has to be free from immune attack. This state-
ment seems utopian as the sophisticated machinery in the 
beta cell for insulin synthesis and release according to the 
metabolic needs is not to be easily found in any other cell 
type. Hepatocyte stood out as a good option as it is en-
abled with glucose sensing system and glucose regulated 
promoter. Unfortunately there are no processing enzymes 
and exocytosis system[33]. The pituitary cell on the other 
hand, has processing enzymes and exocytosis system but 
lacks glucose sensing system. Myocytes are also among 
candidate target cells. K cells, endocrine cells in the gut 
that secrete incretins, are endowed with glucose sensing 
system, glucose regulated promoter, exocytosis system 
and processing enzymes. Genetically engineered K cells 
have been shown to produce enough insulin in a glucose 
regulated manner in murine models though tumor cell 
lines were used. Though the ideal target non beta cell still 
remains elusive, the K cells form a promising option[34,35].

TRANSPLANTATION
Whole pancreas transplant
Despite developments in closed loop systems and en-
couraging results from insulin gene therapy, completely 
mimicking the beta cells still remained a distant dream. 
Thus, pancreas transplant was considered as a viable op-
tion. Whole pancreas transplant was tried initially in pa-
tients requiring kidney transplant but complications were 
galore like pseudocyst, fistula, thrombosis and pancreati-
tis. Moreover, transplanting the whole pancreas when the 
patients were only in need of  the islets of  Langerhans 
which constitute a meagre 2% of  the pancreatic mass was 
like losing the battle for want of  a horse shoe nail[36].

Islet cell transplant
In addition to transplanting only the endocrine compo-
nent, islet cell transplantation is minimally invasive and is 
associated with lower morbidity. After pancreas retrieval, 
the islets are isolated and cultured which is the most 
formidable step in the whole procedure. The most com-
monly used anatomical site for islet transplant is the liver 
due to the convenience of  access and good entrapment 
and engraftment in the sinusoids though spleen, renal 
capsule and the gonads have been tried[37]. Islet cell trans-
plantation done in animals resulted in universal reversal 

of  diabetes but reproduction of  these results in human 
beings was a Himalayan task in the 1990s as only 11% 
achieved insulin independence. However, in 2009, the 
Collaborative Islet Transplant Registry reported that the 
overall incidence of  sustained graft function was 77% af-
ter first 6 mo, 66% after 1 and 45% at 3 years[38]. Though 
independence from exogenous insulin can be achieved, 
extrapolation of  results from studies done in adults to 
children with type 1 diabetes mellitus (T1DM) would be 
a precocious decision and awaits more research.

Stem cell therapy
The interest stem cell therapy created in almost all chron-
ic diseases is also reverberating in type 1 diabetes. Gen-
eration of  sufficient mass of  beta cells, releasing insulin 
in response to physiological signals and protection from 
autoimmunity are the most important challenges. Stem 
cells can be converted to beta cells by sequential transient 
activation of  specific transcription factors like Pa x 4, Nk 
x 6.1 and Nk x 2.2[39]. The possibility of  teratogenicity 
with embryonal stem cells makes mesenchyme derived 
stem cells a better option. An alternative approach is by 
neogenesis of  beta cells from mature beta cells with the 
use of  GLP analogue (Exendin), Epidermal Growth 
Factor and gastrin. The common endodermal origin of  
pancreas, liver and small intestine allows trans-differen-
tiation of  any of  these cell types to beta cells[40]. Trans- 
differentiation involves reprogramming mature cells by 
certain transcription factors into alternate developmental 
lineages. 

IMMUNOLOGIC VACCINATION
The principle behind this model is to induce lymphocytes 
against a specific antigen in such a way that on encounter-
ing that particular epitope the lymphocytes would induce 
cytokines that suppress autoimmunity like interleukin 4 
that are produced by Th1 cells. Insulin given orally and 
subcutaneously in mice models prevented T1DM[41]. Rep-
licating these findings in humans will take time but these 
provide some light at the end of  the tunnel. 

CONCLUSION
Novel therapies are continuing to emerge for the ultimate 
cure of  type 1 diabetes, but emulating the intricate con-
trol system of  the beta cell that is tailor made for minute 
to minute control of  blood sugar is a difficult goal to 
attain. We hope that sustained efforts toward this distant 
goal will provide the elixir for millions of  children with 
T1DM. 

Continuous glucose monitors have evolved from 
retrospective display to real time monitors enabled with 
alarms connected to smartphones and to more non-inva-
sive methods. Closed loop systems have been undergoing 
developments to simulate the pancreas by incorporating 
better sensors, feedback, control algorithms and response. 
Newer insulin analogues have more predictable half-life 
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and activity. Inhalational, buccal and transdermal delivery 
routes are awaited for clinical application. Insulin inde-
pendence is aimed at by incorporating insulin gene into 
non beta cells with reliable glucose response apparatus. 
Islet cell transplantation is also continually transforming 
to reach the point of  complete cure. Immunological vac-
cination is in its nascent stages to prevent the occurrence 
of  type 1 diabetes. 
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