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Diabetes mellitus has been described as a chronic endocrine and metabolic disease,
which is characterized by hyperglycemia and the coexistence of multiple complications.
At present, the drugs widely applied in clinical treatment of diabetes mellitus mainly
include insulin, insulin analogs, non-insulin oral hypoglycemic drugs and genetic
drugs. Nevertheless, there is still no complete therapy strategy for diabetes mellitus
management by far due to the intrinsic deficiencies of drugs and limits in administration
routes such as the adverse reactions caused by long-term subcutaneous injection and
various challenges in oral administration, such as enzymatic degradation, chemical
instability and poor gastrointestinal absorption. Therefore, it is remarkably necessary
to develop appropriate delivery systems and explore complete therapy strategies
according to the characters of drugs and diabetes mellitus. Delivery systems have
been found to be potentially beneficial in many aspects for effective diabetes treatment,
such as improving the stability of drugs, overcoming different biological barriers in vivo
to increase bioavailability, and acting as an intelligent automatized system to mimic
endogenous insulin delivery and reduce the risk of hypoglycemia. This review aims to
provide an overview related with the research advances, development trend of drug
therapy and the application of delivery systems in the treatment diabetes mellitus,
which could offer reference for the application of various drugs in the field of diabetes
mellitus treatment.

Keywords: diabetes mellitus, drug delivery, insulin, gene therapy, nanoparticle

INTRODUCTION

In recent decades, the prevalence of diabetes mellitus has increased globally. According to the 9th
edition of Diabetes Atlas by the International Diabetes Federation (IDF), the number of global
diabetes patients in 2019 is estimated to be 463 million, which will increase to 578 million by
2030 and 700 million by 2045 (Saeedi et al., 2019). At present, diabetes mellitus has become a
kind of serious non-communicable disease that causes high mortality and morbidity rate just next
to cardiovascular disease and malignant tumor. As one of the most common chronic diseases,
diabetes mellitus is an endocrine and metabolic disease characterized by hyperglycemia and
multiple complications. Diabetes mellitus is mainly caused by genetic, environmental influence,
microbial infection, immune system dysfunction, and mental factors that result in insufficient
insulin secretion and insulin resistance. Patients with diabetes mellitus have long suffered from
the devastating complications that could lower their quality of life and threaten their lives.
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Long-term metabolic disorders will cause multi-system and
multi-organ targeted damage and chronic progressive lesions
(Wu et al., 2015), such as diabetic retinopathy (Cheung et al.,
2010), diabetic nephropathy (Mauricio et al., 2020) and diabetic
hypertension (Yamazaki et al., 2018). Additionally, serious acute
metabolic disorders will lead to extremes in the spectrum of
dysglycemia, such as diabetic ketoacidosis and hyperglycemia
hyperosmotic state (Nyenwe and Kitabchi, 2016). Therefore,
diabetes mellitus has become a pressing health issue nowadays.
According to the standards of the World Health Organization
(WHO), diabetes mellitus is classified into type 1 diabetes mellitus
(T1DM), type 2 diabetes mellitus (T2DM), gestational diabetes,
and special types of diabetes. In China, patients with T2DM
account for the majority of all patients, about 90% (Alberti and
Zimmet, 1998). This article aims to provide an overview of
pathogenesis and treatment of TIDM and T2DM.

T1DM, also known as autoimmune diabetes, is characterized
by insulin absolutely deficiency due to the damaged pancreatic
B-cell function. Although the etiology of TIDM is not completely
understood, the pathogenesis of this disease is thought to be
linked with many factors. It’s believed that T1IDM is caused by
a combination of polygenic and environmental factors. Most
of these genetic factors are associated with autoimmunity, such
as HLA, PTPN22, CTLA-4, and IL2RA (Robertson and Rich,
2018). It has been reported that HLA on chromosome 6 is
the major genetic risk factors among them (Noble and Valdes,
2011). Otherwise, INS polymorphisms are suggested to influence
the processes of thymic immune tolerance and protect against
T1DM development by regulating the expression and metabolism
of insulin (Katsarou et al., 2017). Additionally, immunity has
great influence on the TIDM. In patients with T1DM, antigen-
presenting cells mistakenly present antigens to helper T-cells,
and then produce plenty of specific antibodies against pancreatic
B-cells. This process impairs the function of pancreatic B-cells,
destroys its ability to synthesize and secrete insulin, which leads
to the onset of TIDM. Moreover, it has been found that the
oxidative stress plays a critical and pivotal role in the failure of
the main glucose regulatory mechanism. As the secretion and
action of insulin are controlled by a molecular pathway called as
insulin signaling cascade, hyperglycemia-induced oxidative stress
could decrease ATP/ADP ratio and disturb the normal Na*t-
K" ratio, which causes a depolarization of the membrane and
more influx of Ca?*, accelerates the decomposition of membrane
phospholipids and damages pancreatic cells (Newsholme et al.,
2016). Besides, the apoptosis of pancreatic B-cells in TIDM
patients is mainly related to the apoptotic pathways formed
by three kinds of cytokines, including IL-B, TNF-a, and IFN-
y. Among them, IL-f can inhibit the normal physiological
function of pancreatic B-cells, while TNF-a and IFN-y can
synergistically enhance the cytotoxicity of IL-f (Kaminitz et al,,
2017). Therefore, the treatment of T1DM should focus on
reconstructing the immune tolerance of pancreatic f-cell and
protecting the function of it.

As a kind of non-insulin dependent diabetes, the pathogenesis
of T2DM is mainly including insulin resistance, impaired
pancreatic B-cells function, obesity, oxidative stress (Ighodaro,
2018) and genetic susceptibility. Among them, it is considered

that insulin resistance and impaired pancreatic B-cell function
are the primary pathophysiological changes of T2DM. Due to
many factors of abnormal metabolic process in vivo, the efficiency
of insulin-mediated glucose uptake and utilization by skeletal
muscle, adipocyte and liver decreases. In order to maintain
normal blood glucose levels, pancreatic p-cells then compensate
for excessive insulin secretion, which results in hyperinsulinemia.
The excessive concentration of insulin in plasma causes less
sensitivity of target cells to it, which leads to the depletion
of pancreatic B-cells and insufficient synthesis and secretion
of insulin (Odegaard and Chawla, 2013). In addition, when
nutrients are ingested than needed, the excess nutrients are
mainly stored as fat in the adipocytes. With storing fat and
increasing adipocytes size, it has been noted that the cells seem to
be suppressed to uptake glucose and synthesis muscle glycogen,
and the hepatic glucose output is excessive. These changes further
aggravate insulin resistance that is described as the main cause of
T2DM (Hotamisligil, 2006). Therefore, the treatment of T2DM
should focus on increasing the sensitivity of target cells to insulin
and protecting pancreatic p-cell. Moreover, according to the
pathogenesis of TIDM and T2DM, it is shown that B-cell plays
a significant role in the onset of diabetes mellitus and we could
see the contribution of B-cell mass and function to pathogenesis
of disease in Figure 1.

DRUG THERAPY

As the pathogenesis of diabetes mellitus is relatively complicated,
the crux to control and therapy diabetes mellitus is combined
with the patients’ individual circumstances to make self-
management including diet modification, appropriate exercise,
glucose close monitoring, mood assessment, and drug treatment
in combination. For drug treatment, the anti-diabetic drugs are
mainly consisting of insulin, insulin analogs and non-insulin
hypoglycemic drugs which contain insulin sensitizers, insulin
secretagogues and glucose regulators and gene therapy. This
article reviews the recent perspectives about common anti-
diabetic drugs.

Insulin and Insulin Analogs

In terms of the absolute or relative deficiency of insulin secretion
in patients with TIDM and severe T2DM, insulin is one of the
main and indispensable exogenous drugs in the treatment of
diabetes. The main physiological functions of insulin and its
analogs are to regulate the metabolism of sugar, fat and protein
in vivo and maintain blood glucose levels in the normal range.
They can transport glucose in plasma into cells by stimulating
the target cell membrane carriers in muscle and adipose tissue,
accelerate glycogen synthesis in liver and muscle cells, and inhibit
glycogen decomposition and the synthesis of PEP carboxykinase
(Moroder and Musiol, 2017).

Since insulin was discovered in 1922, it has experienced the
development process from animal insulin, recombinant human
insulin to insulin analogs (Tibaldi, 2014). But as a polypeptide
compound, several disadvantages such as poor stability and rapid
metabolism in vivo limited the application of human insulin
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FIGURE 1 | Models of the contribution of pancreatic f-cell mass and function to pathogenesis of T1DM (A) and T2DM (B). Reprinted from a previous study Chen
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in clinic. Hence, with the further understanding of molecular
structure and composition of insulin, human insulin analogs were
synthesized by genetic engineering technology with the amino
acid sequence and structure locally modified. As the physical,
chemical and pharmacokinetic characteristics of insulin analog
are changed, it can simulate the metabolic process of endogenous
insulin in vivo more accurately and meet the physiological needs
of humans. According to the pharmacodynamic time, insulin
analogs can be divided into three categories: rapid-acting analogs,
long-acting analogs, and premixed insulin analogs.

Compared with human soluble insulin, the rapid-acting
analogs were developed to accelerate insulin absorption,
and simultaneously minimize postprandial glucose rise more
effectively and lower the risk of hypoglycemia due to the high
exogenous insulin concentrations for longer needed (Senior
and Hramiak, 2019). Three rapid-acting analogs are currently
available, including insulin lispro (Humalog), insulin glulisine
(Apidra), and insulin aspart (NovoLog). These insulin analogs are
primarily suitable for patients with postprandial hyperglycemia,
which can be injected 0-15 min before or immediately after meal,
and always with great compliance.

Composed of quick-acting insulin analogs and protamine-
crystallized insulin analogs in an appropriate proportion, premix
insulins were designed to effectively control the fluctuation of
blood glucose after 2 h of the meal and meet the daily needs of
basic insulin supplement through regulating the level of fasting
blood glucose (EI Naggar and Kalra, 2017). Moreover, they
could also maximize patient convenience and reduce the number
of daily injections. Premixed aspartate insulin 30, premixed
aspartate insulin 50 and premixed lysine insulin 25 are commonly
applied in clinical treatments. Doctors should flexibly adjust the
ratio and dosage of antidiabetic drugs according to the patient’s
various conditions to obtain the best pesticide effect.

There are three main treatment strategies of insulin and its
analogs, including supplement therapy, replacement therapy,
intensification therapy (Cichocka et al., 2016).

For patients with supplementary therapy, they are usually
suggested to inject intermediate-acting insulin or long-acting
insulin analogs before bedtime to inhibit the output of liver
sugar and control fasting blood glucose levels. About 6-8 h
after injection, the hypoglycemic effect peaks could effectively

combat the “dawn phenomenon.” For some patients who may
have poor blood sugar control after dinner, they can choose
to increase the injection before breakfast to ensure insulin
concentration after dinner. At the same time, this treatment
should be attached great attention to the possible occurrence
of hypoglycemia at night. Supplementary therapy is always
appropriate for patients whose pancreas function has not been
completely lost. On the basis of reasonable diet and appropriate
exercise, oral hypoglycemic drugs combined with basic insulin
are used to maintain blood glucose homeostasis. This treatment
can not only regulate and control the blood glucose level, but also
alleviate the pancreatic cells burden and protect the pancreatic
function by supplementing appropriate amount of exogenous
insulin. At the same time, it also has the advantages of low
insulin dosage, reducing the incidence of weight gain, and with
high compliance.

The patients suitable for insulin replacement therapy are
mainly consisting of TIDM whose pancreatic function is severely
damaged with absolute loss of insulin secretion, and T2DM
patients with a long duration of disease who are insensitive to
oral hypoglycemic drugs with the liver and kidney hypofunction.
At present, the insulin replacement therapy is widely applied
to clinic. There are always two alternative projects for patients,
one is injecting premixed insulin twice a day before breakfast
and dinner or three times a day before or immediately after a
meal, and another is injecting short-acting insulin before meals
combined with basic insulin injection before bedtime.

Intensification therapy of insulin refers to daily multiple
injections of insulin or using an insulin pump to simulate
insulin secretion under physiological conditions to control blood
glucose to reach normal level. Intensive treatment is applicable to
patients with TIDM, newly diagnosed T2DM with HbAlc > 9%,
T2DM with sudden deterioration and gestational diabetes. This
treatment can not only control the glucose concentration, but
also lessen the further damage of lipotoxicity and glucotoxicity
to pancreatic p-cells function.

Non-insulin Hypoglycemic Agents

Non-insulin hypoglycemic drugs are first-line agents for
patients who struggle for maintaining normal blood glucose
levels just through diet adjustment and moderate exercise.
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Currently, there are wide varieties of these drugs commercially
such as biguanide, sulfonylurea, thiazolidinedione and glinide.
Additionally, there are many newly developing drugs including
dipeptidyl peptidase-4 (DPP-4) inhibitors, glucagon-like peptide-
1 receptor agonists and sodium-glucose cotransport protein
2 inhibitors. Furthermore, more attention was focused to the
free fatty acid receptor 1 agonists, glucokinase agonists and
protein tyrosine phosphatase-1B inhibitors, which are still under
research. According to the action mechanism of drugs, they could
be divided into insulin sensitizers, insulin secretagogues, glucose
regulators.

Insulin Sensitizers
Adenosine 5’ -monophosphate activated protein kinase (AMPK)
is a serine/threonine kinase that is ubiquitously expressed in
various tissues and cells, such as brain, heart, liver and skeletal
muscles. As an intracellular fuel-sensing enzyme, it is involved
in bonding the energy sensing to the metabolic manipulation
and also contributes to better energy balance in cells (Coughlan
et al,, 2014). Research shows that AMPK activated by correlative
upstream kinases is able to promote the glucose uptake and
the oxidative metabolism of lipids in skeletal muscles and liver,
and suppress the glycogenesis in liver and lipid synthesis. It
has a strong effect on cell energy metabolism and ameliorates
insulin resistance (Zhang et al., 2009). Additionally, it also plays
a crucial role in controlling many other physiological actions
such as cell growth and proliferation, mitochondrial function
and biogenesis. Moreover, it also modulates physiological events
via the phosphorylation of key enzymes and transcriptional
activators which are associated with insulin resistance, such
as inflammation, oxidative and endoplasmic reticulum stress
(Garcia and Shaw, 2017). Considering its pivotal role in
controlling energy homeostasis, AMPK has attracted widespread
attention as a potential therapeutic target for metabolic diseases,
especially for T2DM. In recent years, AMPK direct activators
under the research mainly include Imeglimin, O-304 and KU-
5039. However, due to the frequent expression of AMPK in vivo,
AMPK activation in the heart and brain may have potential side
effects. Therefore, how to enhance the specificity and selectivity
of these drugs may become the hotspot of future research.
Because protein phosphorylation-dephosphorylation is quite
fundamental and versatile mechanism for the control of
cellular functions, aberrant tyrosine phosphorylation is linked
with the development of many diseases. As a primary non-
transmembrane phosphotyrosine phosphatase in various tissues
and cells, protein tyrosine phosphatase 1B (PTP 1B) is considered
as indispensable part of multiple physiological processes such
as regulating cell growth and differentiation, gene transcription,
intercellular signal transduction, and immune response (Owen
et al, 2013). Currently, PTP 1B has been described as a
promising therapeutic target in the effective management of
diabetes. The effect of PTP 1B on blood glucose level is
mainly related to pancreatic B-cells, leptin signal transduction,
and endoplasmic reticulum stress. When the blood glucose
concentration increases, it stimulates pancreatic p-cells to secrete
insulin, which acts on muscles, liver, fat and other organs
to regulate glucose transport, glycogen synthesis and other

processes to control blood glucose level in the normal range.
Meanwhile, it also acts on pancreatic B-cells itself, promotes its
proliferation and differentiation and inhibits apoptosis. However,
PTP 1B causes negative regulation of insulin signal transduction
and inhibits pancreatic B-cell proliferation (Johnson et al., 2002).
In addition, PTP 1B also affects apoptosis by regulating cytokines
related to pancreatic cell apoptosis.

However, PTP 1B will cause dephosphorylation and
inactivation of leptin-activated JAK2, which in turn affects leptin
signal transduction (Qian et al., 2016). Endoplasmic reticulum
stress could result in obesity-related insulin resistance. Studies
have shown that PTP1B is distributed on the endoplasmic
reticulum membrane and endoplasmic reticulum stress up-
regulates the expression of PTP1B, which in turn inhibits
glucose uptake (Panzhinskiy et al., 2013). Therefore, PTP 1B
inhibitors would enhance insulin sensitivity by blocking the PTP
1B-mediated negative insulin signaling pathway and maintain
euglycemia (Abdelsalam et al, 2019). However, due to the
research issues about cell membrane permeability and selectivity,
there are not many PTP-1B inhibitors currently in research stage,
except TTP-814 and ISIS-PTP1BRx.

Insulin Secretagogues

Free fatty acid receptor-1 (FFAR-1), also known as G protein-
coupled receptor 40 (GPR40), belongs to the family of G
protein-coupled receptors, which is encoded by the FFAR-1
genes in humans. It has been noted that FFARI1 is strongly
expressed in pancreatic B-cells and enteroendocrine cells of
the gastrointestinal tract. When blood glucose levels increase,
intracellular glucose metabolism accelerates, depolarizing the
membrane and closing the ATP-dependent potassium channel
(KATP). The voltage-dependent Ca?™ channel is then opened.
Subsequently, the binding of free fatty acids to GPR40 promotes
extracellular Ca’* influx by the phosphatidylinositol signal
transduction pathway, which further increases the intracellular
Ca’*concentration, and then stimulates glucose-dependent
insulin secretion (Tanaka et al., 2014). As previously reported,
FFAR-1 could not only directly stimulate insulin secretion from
pancreatic B-cells, but also act on the enteroendocrine cells of the
gastrointestinal tract. Its activation stimulates incretins secretion,
activates GLP-1 receptors and indirectly promotes insulin
secretion (Christiansen et al., 2013). The glucose-dependent
secretion of insulin reduces the probability of hypoglycemia,
which makes GPR40 an excellent target for developing therapies
that could be efficacious with fewer side effects. At present,
the agonists of GPR40 are mainly divided into four categories:
thiazolyl derivatives, phenoxyacetamide derivatives, propionic
acid derivatives, and pyrrolyl analogs. It has reported that the
drugs under the research are including JTT-851 in clinical Phase
II, P-11187 and LY-2881835, which are all in clinical Phase I
(Poitout and Lin, 2013).

Glucagon-like peptide-1 (GLP-1) is an endogenous glucagon
that is encoded by the proglucagon gene and secreted by
intestinal L cells in the colon and rectum. As shown in Figure 2,
GLP-1 acts through multiple mechanisms to treat diabetes
mellitus. GLP-1 binds to the receptor and directly acts on
pancreatic p-cells to promote glucose concentration-dependent
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FIGURE 2 | GLP-1 mediated insulin secretion in the pancreatic B-cell. Reprinted from a previous study Miller et al. (2019) with permission.

insulin synthesis and secretion (Klinger et al, 2008). GLP-
1 can inhibit the apoptosis of pancreatic B-cells, stimulate
pancreatic ductal cells to differentiate into pancreatic B-cells,
and promote the proliferation and differentiation of pancreatic
B-cells (Piro et al, 2014). GLP-1 also inhibits the glucagon
secretion of pancreatic p-cells. Additionally, by binding to
receptors distributed in the gastrointestinal tract, GLP-1 inhibits
gastrointestinal peristalsis, reduces nutrient absorption and
uptake, and also acts on the central nervous system to suppress
appetite (Ji, 2017). However, given natural GLP-1 is unstable
in vivo, and is easily degraded and inactivated by dipeptidyl
peptidase, GLP-1 receptor agonists come into being, which
could better meet the clinical needs. Due to a combination
of multiple pathways and glucose-dependent insulin secretion,
GLP-1 receptor agonist exhibits a stable hypoglycemic effect
which reduces the probability of hypoglycemic reaction and also
displays many superiorities such as losing weight, reducing blood
pressure, regulating blood lipids, and playing a protective role on
cardiovascular and kidney. At present, GLP-1 receptor agonists
widely used in clinical treatment are mostly injection, and
the common ones include short-acting preparations liraglutide,
benalutide, and long-acting preparations abilutide, somalutide,
etc. (Gentilella et al., 2019).

Dipeptidyl peptidase-4, an enzyme, which could cleave and
inactivate many regulatory peptides containing the CD26 target
sequence such as GLP-1. Secreted from the L cells of the
intestines finishing meals, GLP-1 acts on increasing glucose-
dependent insulin secretion from f-cells and inhibiting glucagon
release. Additionally, it could also retard gastric emptying
and promote satiety by function of the brain (Wang et al,
2018). The predominant glucose-lowering impact of DPP-4
inhibitors is mediated by inhibiting the activity of DPP-4. DPP-
4 inhibitors reduce the plasma activity of DPP-4 by 70-90%
and increase the levels of circulating GLP-1 by approximately
fourfold to strengthen its hypoglycemic effects. At the same
time, DPP-4 inhibitors also have the advantages of reducing
the risk of hypoglycemia, reducing patient weight, reducing
oxidative stress, improving inflammation, and protecting renal
function (Davis et al., 2019). DPP-4 inhibitors constitute a
novel class of hypoglycemic agents confirmed to improve
glycemic control and preserve -cells function, which have gained
widespread use in diabetes treatment. The commercial ones
mainly consist of viglitine, aglitine, liglitine, saglitine, siglitine,
etc. Moreover, DPP-4 inhibitors are usually recommended in
combination with metformin, sulfonylurea, thiane diketone or
basal insulin rather than monotherapy. However, for patients
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who are intolerant to metformin, monotherapy could be
the better choice.

Glucose Regulators
Sodium-glucose cotransporter 2 (SGLT2) inhibitor has been
proposed as a novel class of hypoglycemic drugs that is
independent on the pathway of promoting insulin secretion.
Sodium-glucose cotransporters 1 (SGLT1) and SGLT2 are
indispensable mediators of epithelial glucose transport. While
SGLT1 accounts for most of the dietary glucose uptake
in the intestine, SGLT2 is responsible for the majority of
glucose reuptake in the tubular system of the kidney. Under
normoglycemic conditions, about 180 g of glucose is filtered
from the original urine every day and then almost all of
it is reabsorbed by the proximal tubules, of which about
97% is mediated by SGLT2 and 3% is mediated by SGLT 1
(Bonner et al., 2015). But for patients with diabetes who have
already suffered from hyperglycemia, the enhancement of glucose
reabsorption in the renal tubules would make the blood glucose
concentration for much worse. Therefore, the use of SGLT2
inhibitors competitively bind glucose with transporters, inhibit
renal tubular reabsorption of glucose, and assist excess glucose to
be excreted with urine to regain euglycemia. At the same time,
the inhibitors do not act on pancreatic cells or intestinal cells to
aggravate the burden of insulin secretion, which plays a protective
role in the function of pancreatic p-cells. In addition to having
a good hypoglycemic effect, SGLT-2 inhibitors also have the
function of protecting cardiovascular and kidney and lowering
blood pressure, lipid and uric acid (Nespoux and Vallon, 2018).
However, through the results of clinical trials, SGLT-2 inhibitors
also have some adverse reactions, mainly including ketoacidosis,
hypoglycemia and urogenital system infection. At present, the
listed SGLT-2 inhibitors include daglitazone, englenet, ruglietin,
caglione, eglitoglione, etc. (Wanner and Marx, 2018).
11B-hydroxysteroid dehydrogenase (11B-HSD), a NADP(H)-
dependent enzyme catalyzing the conversion between bioactive
and inert glucocorticoids, is divided into two subtypes, 118-HSD1
and 11B-HSD2. As a class of steroid hormones secreted by
the adrenal tract, glucocorticoids play a significant role in
controlling physiologic homeostasis. When present in excess, it
could antagonize the role of insulin and reduce the sensitivity
of tissues and organs to insulin, which causes insulin resistance.
And it could also reduce the cellular uptake of glucose and
promote gluconeogenesis, which would lead to abnormal blood
glucose levels. At the same time, it has a detrimental impact on
blood pressure and lipid level (Chapman et al., 2013). At the
same time, 118-HSD1, highly expressed in important metabolic
tissues, such as liver, pancreas, skeletal muscle and fat, can
convert cortisone to cortisol and amplify glucocorticoid action
locally in a tissue specific manner. This in turn induces a variety
of glucocorticoid-mediated reactions, including inhibition of
glucose ingestion and promoting gluconeogenesis (Hollis and
Huber, 2011). Therefore, 113-HSD1 inhibitors are used to reduce
the activation of glucocorticoids, enhance the insulin sensitivity
of related tissues and organs, inhibit gluconeogenesis, and then
regain normal blood-glucose levels. In clinical trials, 118-HSD1
inhibitors have been well tolerated and have improved glycemic

control, lipid profile and blood pressure, and induced modest
weight loss. Therefore, the drugs including VTP-34072, HIS-388,
EQ-1280, CNX-010 and so on are under development, which
could be great choices for diabetes treatments.

Gene Therapy

Currently, it has been found that the treatments of non-
insulin hypoglycemic drugs, or insulin and its analogs can only
temporarily minimize the symptoms of hypoglycemia, but could
not permanently improve the function of islet cells, maintain
blood glucose homeostasis, and avoid various complications.
Additionally, it is impossible to administer exogenous insulin
to produce an insulin profile that exactly mimics the natural
dynamics of insulin. And the cycle pathway of insulin injection
systemically is quite different from the one taken by insulin
secreted from the endocrine pancreatic B-cells. Gene therapy
refers to transfer exogenous genes into appropriate recipient
cells in patients to prevent or cure a particular disease (Yan
et al, 2018). Gene therapy is a promising strategy for the
treatment of diabetes mellitus as it actually targets the root
cause of diseases and enables us to arrest or reverse a condition.
The main genetic drugs used in gene therapy include DNA,
small interfering RNA (siRNA), mRNA, microRNA or antisense
oligonucleotides. The gene therapy for diabetes mellitus could
be divided into replacement gene therapy, immune gene therapy
and regulatory gene therapy.

Replacement Gene Therapy

Given that different degrees of damage has been found in the
pancreatic cells of patients with TIDM and T2DM, as shown
in Figure 3, non B-cells are capable of secreting insulin, which
can be constructed to replace the damaged pancreatic B-cells
to play a role in remedying and redressing the deficiency of
insulin synthesis and secretion. Successful replacement gene
therapy should satisfy several important conditions (Yoon and
Jun, 2002): (1) an effective insulin gene transfer system; (2)
a regulatory system with response to glucose to control the
expression and release of insulin; (3) the transfected cells are
capable of processing proinsulin into mature and active insulin;
(4) target cells with biochemical properties similar to B-cells but
not be attacked by the immune systems.

Viral vectors such as lentivirus and adeno-associated virus,
and non-viral vectors such as liposomes and plasmids have
been utilized to deliver genes into target tissues or cells,
such as pancreas, liver, intestinal endocrine K cells and
muscle cells. Among them, intestinal endocrine K cells,
which have many similarities with pancreatic B-cells, could
produce glucose-dependent insulinotropic polypeptide (GIP)
and contain prohormone converting enzymes essential for
proinsulin processing (Ahmad et al., 2012). Studies demonstrated
that transgenic mice induced by streptozotocin (STZ), after
transferring the GIP promoter into K cells of the gastrointestinal
tract area, showed long term euglycemia (Tuduri et al.,, 2012).
These results indicated that K cells could produce sufficient
amount of insulin to maintain glucose homeostasis. Romer
and Sussel (2015) introduced adeno-associated viral vectors
carrying insulin and glucokinase genes into the skeletal muscle
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of STZ-induced diabetic mice and dogs. The co-expression
of these two genes enhanced the translocation of GLUT4
and glucokinase, and elevated glucose transport into muscle
cells. In addition, glucokinase could act as “glucose sensor” to
regulate the secretion of insulin according to the changes in
blood glucose concentration. Xiao et al. (2018) infused adeno-
associated viruses as vectors to carry Pdx1 and MafA expression
cassettes to reprogram a-cells into functional p-cells to restore
the damaged B-cell function. As a potentially ideal source of
B-cells replacement, a-cells possess the following advantages.
As endocrine cells, the growth process of a-cells is similar to
that of P cells, which may be beneficial for reprogramming
(Bramswig and Kaestner, 2011). Particularly, a large percentage
of a-cells are found in human islets, which constitute a potentially
abundant source for reprogramming (Bramswig and Kaestner,
2010). Appropriate reduction in the number of a-cells does
not affect the normal glucose metabolism and is conducive to
control the blood glucose (Shiota et al., 2013). Furthermore, it
is suggested that the extreme loss of B-cells may be the trigger
of a-to-p cell conversion (Thorel et al.,, 2010). Lastly, ATAC
sequencing (ATAC-seq) studies have shown that a-cell genomes
are notably accessible and easier to transdifferentiate (Ackermann
et al,, 2016). At the same time, the results of this study revealed
that normal glucose level was observed in alloxan (ALX)-induced
diabetic mice for 4 months, and it was also found that new INS+
cells were almost derived from a-cells. The results proposed that
a-cells may be the ideal target cells in replacement gene therapy.

Immune Gene Therapy

Immune gene therapy is generally applied to patients with early
TIDM. In view of the complicated autoimmune mechanism
of TIDM involving diversified cells and multiple signaling

pathways, current researches attempt to block or reverse the
process of autoimmune response by transducing target genes.
The immunological intervention might be able to protect the
function of islet cells and reduce the reliance of the patient on
insulin administration.

IL-10, an anti-inflammatory cytokine with multidirectional
biological activities, possesses the function to change the immune
response of the organism and the expression of MHC class 1I
antigens. It could also mediate the mutual regulations between
Thl and Th2 cells and have suppressive effect in preventing
autoimmune disease (Xu et al., 2015). It has been reported
that intramuscular recombinant adeno-associated viral vector
encoding murine IL-10 (rAAVIL-10) was injected into non-
obese diabetic mice. Among them, 60% of the non-obese
diabetic mice receiving high-dose of rAAV-IL-10 maintained
euglycemia for at least 117 days, while diabetes mellitus
recrudesced within 17 days in those mice which received a
low-dose of rAAV-IL-10 (Zhang et al., 2003). The high level
of IL-10 expression had a positive effect on the reduction
of autoimmunity. The ability to alter antigen specificity of
T cell receptor (TCR) or chimeric antigen receptor (CAR)
gene transfer promotes personalized cellular immunotherapy
for cancer. In contrast, this method can reduce inflammation
by changing the specificity of regulatory T cells (Tregs) in
the autoimmune environment (Ehlers, 2016). Howard et al.
(Yeh et al, 2017) designed an efficient protocol, lentiviral
gene transfer of TCRs, which recognizes T1DM-associated
autoantigens to achieve tissue-specific induction of antigen-
specific tolerance and prevent B-cell destruction. Hereby, it has
been shown that rapid amplification of antigen-specific Tregs
was feasible to alleviate P-cell autoimmunity. Meanwhile, a
study conducted by Coleman et al. (2016) demonstrated that
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immune precursor cell-mediated gene therapy mitigated the
destruction of pancreas and restored long-term tolerance of islet
antigens by terminating the response established of antigen-
specific memory T cells. Therefore, gene therapy mediated by
immune precursor cells may be one of the interventions for
immunotherapy against T1IDM.

Regulatory Gene Therapy

In terms of the generation and maturation of pancreatic p-cells,
and the synthesis and secretion of insulin, there are dozens
of cytokines involved in regulation. The expression of various
genes and the activation and inactivation of diversified proteins
are regulated with a set of precise procedures. Therefore, the
researchers attempted to transfer the genes encoding interrelated
cytokines into the organism to facilitate the normal secretion of
insulin and maintain blood glucose homeostasis.

Insulin-like growth factor 1 (IGF1) is a B-cell mitogen and
pro-survival factor which could enhance the absorption of
glucose and amino acids, promote the synthesis of glycogen,
and improve the sensitivity of organs to insulin. In addition,
IGF1 regulates immune functions and is one of the main
participants in the crosstalk between immune and endocrine
system (Smith, 2010). It has been found that IGF1 overexpressing
in B-cells arrested the overexpression of human interferon-
B (IFN-B) in P-cells, prevented the islet infiltration and
immune cell-mediated p-cell death in transgenic mice (Casellas
et al,, 2006). In a study conducted by Mallol et al. (2017),
AAV of serotype 8 (AAV8-IGF1-dmiRT) encoding IGF-1 was
constructed and injected into the pancreatic alveolar cells
of adult mice, while using microRNA target sequences to
achieve tissue-specific gene expression. The results showed
that the expression of IGF1 in pancreas could prevent the
onset of diabetes in non-obese mice by blocking p-cell-
directed autoimmune attack. Therefore, AAV-mediated IGF-1
gene transferring with microRNA has great therapeutic potential
for TIDM treatment and prevention.

The Challenges of Drug Therapy Faced
Though various antidiabetic drugs are flooding into the market
and widely applied into diabetes management, complete and
successful cure of diabetes mellitus still remain untouched
because of several intrinsic deficiencies and adverse effects of
these drugs revealed. The optimal drug concentration needed
couldn’t reached in focal areas due to the chemical instability
and sensibility to proteolytic degradation of drugs in harsh
physiological environment. Moreover, the conventional dosage
forms can’t be intelligently adjusted according to the wide
fluctuation in glucose concentration, which results in high risk
of hypoglycemia. The drugs could not also accumulate into
the desired site, which might cause severe side-effects on other
organs. In addition, other challenges of drugs therapy faced, such
as difficulties in effective absorption and uptake by the target
cells, shorter plasma half-life time, narrow therapeutic window,
low bioavailability and poor patient compliance, also should be
settled urgently.

APPLICATION OF DRUG DELIVERY
SYSTEMS IN DIABETES MELLITUS
TREATMENTS

Due to the challenges of pharmacological therapy faced and
the superiorities of nanoparticles (NPs) in drug delivery and
imaging (Rai et al., 2016), researches have put increasing interest
in nano carriers in the treatment and management of diabetes
mellitus. The composition of systems for drug delivery mainly
includes liposome, polymer-based NPs, and inorganic NPs.
Among them, diverse polymer-based NPs including nanospheres,
nanocapsules, micelles, and dendrimers are developed as suitable
drug carriers. Table 1 contains several types of nano carriers used
for loading insulin and other antidiabetic drugs, and summarizes
their reported effects in vivo. These nano carriers have been
found to be potentially beneficial in many aspects, such as
protecting drugs from enzymatic degradation, improving their
stability, overcoming different biological barriers in vivo, and
increasing bioavailability. They could also act as an intelligent
automatized system to mimic endogenous insulin delivery and
possess a non-linear response to an external signal, which
reduces the risk of hypoglycemia and obtain better compliance
of patients. Moreover, they have great performance in more
precisely delivering drugs to the targeted sites and sustaining
and controlled release of drugs within targeted sites over a
long period, which could minimize the undesirable side-effects
and maximize the therapeutic effect (Wang J. Q. et al., 2019).
Otherwise, quantum dots and metal-oxide NPs are widely applied
to the detection of pH and chemical analytes and imaging in drug
delivery because of their unique photoluminescent properties. At
the same time, the properties of polymer materials, the mean
particle size and polydispersity, the surface electrical charge and
hydrophilicity of nanoparticles are crucial for the delivery of
antidiabetic drugs (Souto et al., 2019). Therefore, it is quite
necessary and significant to develop appropriate NP delivery
systems for effective diabetes treatment.

Nanoliposome

Liposomes are described as spherical vesicles composed of one
or more lipid bilayers, which are formed by the self-assembly
of phospholipids. Both hydrophilic and hydrophobic drugs with
low permeability could be encapsulated either in hydrophilic
interior aqueous core or hydrophobic lipid bilayers, or even
be bound to the surface of the vesicle (Wong et al.,, 2018a,b).
The advantages of great biocompatibility, biodegradability, poor-
immunogenicity, protective effect against enzymatic degradation
and cell-specific targeting make liposomes attractive vehicles in
the field of drug delivery.

As shown in Figure 4, in the CRISPR/Cas9 system, cationized
Cas9 proteins and a single guide RNA (sgRNA) constitute
a highly anionized RNP (ribonucleoprotein) complex (Gupta
et al,, 2019). For better cell membrane permeability and protein
stability, the complex could be encapsulated with cationic
liposomes and then delivered to cells by endocytosis and
macropinocytosis. As positively charged lipid vesicles, cationic
liposomes interact with negatively charged gene therapy drugs
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TABLE 1 | Delivery systems applied for the treatment of diabetes mellitus.

Type of delivery system

Drug

Administration route

Effects in vivo

References

Liposomes Complexes of Cas9-RNP Subcutaneous Alleviate insulin resistance and the damage of Cho et al., 2019
liver and kidney
Liposomes Bovine serum albumin and Oral Conquer the mucus and epithelium barriers Wang A. H. et al., 2019
insulin
Dextran nanoparticles Insulin Subcutaneous Prolonged hypoglycemic effect Gu et al,, 2013a
Polyethylene glycol (PEG) Insulin Oral Enhance hypoglycemic effects Wu et al., 2017
nanoparticles Improve bioavailability
PLGA nanoparticles Insulin Oral Prolonged hypoglycemic effect Sheng et al., 2015
Chitosan nanoparticles Insulin Oral Overcome the mucus and epithelium barriers Wong et al., 2017
Enhance bioavailability
SiOg nanoparticles Metformin Transdermal Enhance hypoglycemic effect Zhang et al., 2018
Lower risk of hypoglycemia
Hydrogels Insulin Oral Targeted delivery Wood et al., 2008
Enhance bioavailability
Dendrimers Human and bovine Subcutaneous Enhance glucoregulatory effects Kesharwani et al., 2018
pancreatic insulin Calcitonin
Micelles Lyophilized human and Oral Prevention of aggregation of insulin LiX. H. etal., 2015
porcing insulin Enhance bioavailability
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FIGURE 4 | Cationic polymeric nanoformulation and their application in CRISPR/Cas9 system delivery for gene therapy. Reprinted from a previous study Chen K. F.
et al. (2019) with permission.

that are effectively compressed from extended structures to
smaller particles through electrostatic interaction to form a
transfection complex (Song, 2017). Lecithin liposome was

through polymer fusion self-assembly for target delivery to liver.
In this delivery system, the sgRNA was specifically optimized for

designed as a nano carrier to encapsulate complexes of Cas9-RNP
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dipeptidyl peptidase-4 gene (DPP-4) to inhibit the degradation of
glucagon-like peptide 1 to enhance the secretion of insulin (Cho
etal., 2019). Results showed that T2DM mice injected with nano
carrier Cas9-RNP complexes exhibited the remarkably down-
regulation of DPP-4 gene, accompanied by euglycemia, insulin
response, and alleviated liver and kidney damage. These results
suggest that the nano-liposomal carrier system with therapeutic
Cas9-RNP had great potential for the treatment of T2DM.

Wang A. H. et al. (2019) designed a delivery system to
conquer the mucus and epithelium barriers and improve the
oral bioavailability of insulin. In this system, bovine serum
albumin (BSA) is adsorbed to cationic liposomes (CLs) loaded
with insulin to form protein corona liposomes (PcCLs). Further
study of the behavior of PcCLs suggests that BSA corona could
be shed from PcCLs when they cross the mucus layer, which
leads to the exposure of CLs to enhance the transepithelial
transport. And investigation shows that, the uptake amounts
and transepithelial permeability of PcCLs are 3.24-fold and

7.91-fold higher than that of free insulin with in vitro and
in vivo experiments. Moreover, administration of PcCLs in type
1 diabetic rats performs a prominent hypoglycemic effect and
enhances the oral bioavailability up to 11.9%.

Polymer Nanosphere/Capsule

Relying on the inherent nature of immature dendritic
cells to induce immunological tolerance, Silvia et al
(Rodriguez-Fernandez et al, 2018) designed an effective
liposome with optimum size and composition that contained
phosphatidylserine (existing in the apoptotic cell membrane) and
B-cell autoantigens. Acting as apoptotic cell with dynamic typical
clearance, phosphatidylserine accelerated the phagocytosis of
liposomes and protected dendritic cells viability. The immature
dendritic cells then secreted related cytokines, inhibited the
proliferation of T cells, reduced the response of antigen-specific
T cells to antigens presented by dendritic cells. And then they
induced the production of regulatory T cells and re-established
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immune tolerance to dendritic cells to prevent the further
development of TIDM.

As shown in the Figure 5, Yu et al. (2017) exploited a novel
painless microneedle-array patch for glucose-responsive insulin
delivery, which contained insulin-loaded vesicles self-assembled
by hypoxia and H,O, double-sensitive diblock copolymers.
When blood glucose increases, glucose diffuses through the
polymer bilayer membrane to interact with GOx, which produces
H,0; and local hypoxia in the microenvironment, and then the
polymersome-based vesicles dissociate and subsequently release
insulin. This system can effectively eliminate the H,O, produced
by the glucose oxidation, avoid causing tissue damage to the
body, enhance the activity of GOx, and improve the glucose
responsivity. In vivo experiments revealed that this intelligent
insulin patch can effectively regulate and control the blood
glucose of type 1 diabetic mice for up to 10 h.

Given that the multiple obstacles in the gastrointestinal
tract always exist in oral administration and the inspiration
of “molecular exchange” between intestinal microbiota and
host cells (Li H. et al, 2015), Wu et al. (2017) developed a
sort of polyethylene glycol (PEG) nanoparticles incorporated

with microbiota metabolite butyrate for oral insulin delivery.
Relying on the specific interaction between butyrate and the
monocarboxylate transporter (MCT) on cell membranes (Ley
et al., 2006), butyrate-dependent cellular uptake was enhanced,
and transepithelial transport and intestinal absorption were also
obviously improved. Finally, it was suggested that this system
induced a stronger hypoglycemic response on diabetic rats and
possess a better bioavailability to 9.28%.

As shown in Figure 6, an injectable and acid-degradable
polymeric network was designed for glucose-dependent and
self-regulated delivery of insulin (Gu et al, 2013a). They
prepared acetal-modified dextran nanoparticles loaded with
recombinant insulin, GOx and CAT, which were then coated
with positively charged chitosan and negatively charged sodium
alginate using secondary emulsification. This system formed
by electrostatic interaction between oppositely charged dextran
nanoparticles possessed a stable three-dimensional porous
structure. The system can increase the specific surface area
of the system and greatly improve the interaction between
glucose and its oxidase, which made the system’s glucose
faster response. In vivo studies confirmed that a single
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injection of the developed nano-network facilitated stabilization
of euglycemia state in mice with T1DM induced by STZ
for up to 10 days.

Polymer Nanogel

As prospective nano carries for drug delivery according to
the change of permeability of the polymer membrane, smart
nanohydrogels loaded with antidiabetic drugs could be able to
rapidly transform their structure-swell or shrink-responding to
pH and temperature changes in surrounding media, which are
common triggers turning hydrogels from “oft” to “on” state.
Acting as novel polymeric devices, nanogels could protect protein
drugs from enzymatic degradation, delivery them to reach the
intestine unmolested, and effectively control the release rate of
preloaded drugs (Narayanaswamy and Torchilin, 2019).

Kristy et al. (Wood et al, 2008) designed a class of pH
responsive wheat germ agglutinin functionalized composite
hydrogels for oral insulin delivery. The nanogel was composed
of methacrylic acid (MAA) and PEG (called P (MAA-g-EG).
The complexation of the hydrogel was through the temporary
physical cross-linking formed by the hydrogen bond between
the carboxyl group of MAA and the ether-oxygen of the PEG
chain, which made it swelled and dissolved. When reaching
the intestinal environment with neutral pH, the carboxyl
group of MAA was deprotonated, resulting in ion exclusion
between the polymer chains, and the sieve pore size of the
hydrogel network increased to release drugs. Therefore, this
system could utilize the pH transition between the stomach
and the small intestine (from pH 2 to 7) as an environmental
trigger to release the drug and deliver it to the target
site. At the same time, wheat germ lectin can bind to the
mucin in the mucous layer (Gabor et al., 2004), improve the
mucosal adhesion characteristics of the carrier and increase
the residence time of the carrier at the absorption site, which
increase the local concentration of the drugs and improve the
bioavailability of the drugs.

As shown in Figure 7, Gu et al. (2013b) designed uniform
injectable nanogel with proton sponge effect for closed-loop
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FIGURE 8 | The multifunctional hybrid nanogel for optical detection of glucose
and smart-regulated drug delivery. Copyright 2010, American Chemical
Society. Reprinted from a previous study Wu et al. (2010) with permission.

delivery and release system of insulin. The nanocapsules loaded
with GOx and CAT were encapsulated in the nanogels formed
by cross-linking of a pH-responsive chitosan matrix. Under
hyperglycemic conditions, a large number of amino groups on
the side chain of chitosan are protonated with the formation
of gluconic acid. The gel “sponge” exhibited a fivefold volume
change due to the electrostatic repulsion, thus releasing the
insulin loaded in it.

As shown in Figure 8, optical detection of glucose, smart-
regulated drug delivery, and high drug loading capacity are
simultaneously possible using a multifunctional hybrid nanogel
(Wu et al, 2010). This delivery system was composed of
a copolymer gel shell of poly (4-vinylphenylboronic acid-co-
2-(dimethylamino)ethyl acrylate) [p(VPBA-DMAEA)] and Ag
NP cores. As a glucose sensing element, p(VPBA-DMAEA)
gel shell could swell/shrink in response to the change of
glucose concentration with high sensitivity and selectivity, thus
controlling the release of preloaded drugs. At the same time, Ag
NPs can provide fluorescence signal for hybrid nanogel (Derfus
et al., 2004). The swelling/shrinkage of gel shell will affect the
fluorescence intensity of Ag NPs. Therefore, the change of glucose
concentration can be converted into optical signal for detection
and achieving great control of diabetes treatment.

CONCLUSION AND PROSPECT

Up to now, owing to the development and advances of drugs
therapy, the clinical treatment of diabetes has made significant
progress and the condition of patients with diabetes has been
well controlled. With the in-depth study of the etiology and
the characters of diabetes mellitus, the exploration of novel
antidiabetic drugs has been gradually broadened, not only paying
great attention to the new targets of non-insulin hypoglycemic
drugs and the development and utilization of nano carriers,
but also actively looking for treatments that are expected to
completely cure diabetes mellitus, including gene therapy and
stem cell therapy.

For non-insulin hypoglycemic drugs, new targets such
as enzymes and receptors directly related to carbohydrate
metabolism and upstream regulatory factors related to energy
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metabolism have received extensive attention and research.
However, given that blood glucose regulation is a complex
process of multiple organs, various hormones and diverse signal
pathways and the interaction mechanism between targets is not
completely clear, great attentions should be paid to the different
degrees of adverse reactions that may occur while studying their
antidiabetic effect. As the pathogenesis of diabetes mellitus is
complicated and more genetic drugs targeting different sites
should be developed. Additionally, combination therapy with
different kinds of drugs might be a good choice for better
therapeutic efficiency.

At present, there are many methods of drug administration
for diabetes treatment, such as transdermal delivery, oral
delivery, nasal insulin delivery, and pulmonary delivery (Vieira
et al,, 2019). Among them, oral administration has the most
advantage and potential. However, oral drug delivery is faced
with many barriers (Reinholz et al., 2018). These barriers mainly
include low pH of gastric medium in the stomach, digestive
enzymes in the stomach and small intestine, and the mucus
and intestinal epithelium. These difficulties seriously limit the
bioavailability and therapeutic efficacy of drugs, especially for
insulin and genetic drugs. Therefore, it is really important
to develop a safe, non-toxic and biodegradable drug delivery
systems that can protect drugs from these obstacles and
promote their blood absorption. Additionally, overtreatment
with antidiabetic drugs may result in hypoglycemia, which can
lead to serious side effect such as behavioral and cognitive
disturbance, seizures, brain damage, and even worse death.
Therefore, it is indispensable to develop more smart delivery
systems with appropriate materials and reasonable structures
that could achieve controlled and sustained release of drugs
in blood after oral administration (Meng et al, 2019). At
the same time, the construction of the vehicles should also
take into account of the individual differences in pathogenesis,
physical fitness and adaptability among patients with diabetes
(Zhou et al., 2019).

It has been shown that some organisms with specific structures
and function could be utilized to solve the series of barriers
in stomach, intestine and blood. For instance, some microbiota
metabolites could cross the mucus and intestinal epithelium
to blood (Silva et al., 2018). Red blood cells could afford
blood circulation up to 120 days because they can avoid
the opsonization, immune clearance, and negotiation with
vascular systems (Qing et al., 2019). However, their limited
source impeded their application. Therefore, bioinspired and
biomimetic nanocarriers can be developed for diabetes mellitus
treatment. These bioinspired nanocarriers are remarkably
potential in resembling the structure and recapitulating one
or more functional modules of their native counterparts. They
could deliver their cargoes in the way that mimics the natural
systems, which is benefit for enhancing blood absorption after
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