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Abstract

Objectives Diabetes mellitus (DM) is a long-standing and non-transmissible endocrine disease that generates significant
clinical issues and currently affects approximately 400 million people worldwide. The aim of the present review was to
analyze the most relevant and recent studies that focused on the potential application of plant extracts and phytocompounds
in nanotechnology for the treatment of T2DM.

Methods Various databases were examined, including Springer Link, Google Scholar, PubMed, Wiley Online Library, and
Science Direct. The search focused on discovering the potential application of nanoparticulate technologies in enhancing
drug delivery of phytocompounds for the mentioned condition.

Results Several drug delivery systems have been considered, that aimed to reduce adverse effects, while enhancing the effi-
ciency of oral antidiabetic medications. Plant-based nanoformulations have been highlighted as an innovative approach for
DM treatment due to their eco-friendly and cost-effective synthesis methods. Their benefits include targeted action, enhanced
availability, stability, and reduced dosage frequency.

Conclusions Nanomedicine has opened new opportunities for the diagnosis, treatment, and prevention of DM. The use of
nanomaterials has demonstrated improved outcomes for both TIDM and T2DM. Notably, flavonoids, including substances
such as quercetin, naringenin and myricitrin, have been recognized for their enhanced efficacy when delivered through novel
nanotechnologies in preventing T2DM onset and associated complications. The perspectives on the addressed subject point
to the development of more nanostructured phytocompounds with improved bioavailability and therapeutic efficacy.
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Introduction

The term "diabetes mellitus" (DM) refers to a variety of long-
term metabolic conditions characterized by hyperglycemia
and an imbalance in the activity or levels of insulin, the only
hormone known to lower blood glucose levels [1]. Although
abnormalities in insulin production and/or activity can lead
to hyperglycemia through pathogenetic routes, the failure
or loss of pancreatic f-cells represents the underlying fac-
tor that connects all types of diabetes. Numerous endocrine
cell types, including essential blood glucose-regulating cells
that release glucagon and insulin, are found in the pancreatic
islets of Langerhans. Genetic anomalies, epigenetic changes,
insulin resistance, autoimmune diseases, inflammation, and
environmental factors are some of the elements causing p-cell
degeneration [2].

DM is a chronic metabolic disease characterized by its com-
plex nature and major clinical concerns and can be correlated
with patient risks and metabolic syndrome development. The
condition is generally associated with a chronic increase in
blood glucose and lipid levels, and oxidative stress, thus lead-
ing to chronic complications that mostly affect kidneys, eyes,
nerves, and blood vessels, among other organs. According to
the World Health Organization, DM is an outbreak that can
cause serious illness and even death. Moreover, pre-diabetes,
as a risk factor, also increases the overall number of fatalities
linked to diabetes by 2%. Although this represents a rather
slight increase, it illustrates the large risk that DM poses [3].

Etiology and classification of DM

DM, featuring complex pathophysiology and various types,
can be classified according to both etiology and pathogenesis
into: T1DM and latent autoimmune diabetes of adulthood,
T2DM, gestational DM, and secondary DM which results as
a consequence of other medications, endocrine or hereditary
diseases, as shown in Table 1. An accurate diagnosis assess-
ment of the diabetes type is critical for the selection of appro-
priate treatment [4].

Patients with DM may develop diabetic ketoacidosis, differ-
ent infections, and other acute or chronic complications such as
vascular diseases, diabetic nephropathy, retinopathy, diabetic
foot, as well as other chronic issues due to long-term carbohy-
drate, lipid, and protein metabolism alterations [5].

Pathophysiology and risk factors

Environmental, metabolic, and genetic factors interact to
raise the risk of developing T2DM. Although there is a
strong genetic component to each patient's susceptibility to
T2DM given inherent risk factors, such as race and genetic
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susceptibility, research has shown that various cases of
TD2M can be prevented by addressing the key variable risk
elements (obesity and poor diet) [6]. DeFronzo proposed
in 2009 that incretin dysregulation, lipolysis, hypergluca-
gonemia, increased glucose reabsorption in the kidney, and
central appetite dysregulation have major roles in the patho-
physiology of T2DM. Later, this association was expanded
to encompass impairments in 12 interconnected pathways,
with p-cell dysfunction serving as the link between these
pathways (Table 2) [7].

Treatment of DM

The management of diabetes enhances lifestyle and miti-
gates complications. Efficient glycemic control reduces the
progression of microvascular issues (e.g.: retinopathy and
nephropathy). A 1 to 2% reduction in HbAlc results in a
25% decrease in retinopathy and a 50% reduction in micro-
vascular complications, respectively. The long-term advan-
tages of intensive primary prevention methods outweigh
those of glycemic control improvement following vascular
injury [8].

Metformin is suggested as the first line of treatment in
both the 2020 European Society of Cardiology/European
Association for the Study of Diabetes (ESC/EASD) and the
2019 update of the American Diabetes Association/Euro-
pean Association for the Study of Diabetes (ADA/EASD)
guidelines [9]. A SGLT-2 inhibitor or GLP-1 agonist should
be given before metformin in treatment-naive recently diag-
nosed T2DM patients with confirmed cardiovascular (CV)
disease or very high-risk patients (i.e., with target organ
damage or multiple CV risk factors), in accordance with the
2019 ESC/EASD guidelines and the 2020 American College
of Cardiology (ACC) Expert Consensus. However, given
that 75% of the patients in the key cardiovascular outcomes
trials (CVOTs) were taking metformin at the beginning of
their treatments, this advice is somewhat questionable. The
2022 ADA Standards of Medical Care guidelines close this
gap and suggest that metformin should be used as first choice
therapy for the majority of patients, but that GLP-1 ago-
nists and SGLT?2 inhibitors can also be used in patients with
atherosclerotic CV disease, heart failure or chronic kidney
disease, with or without albuminuria, regardless of baseline
metformin use and glycemic control [10].

Clinical trials have investigated the decrease in the con-
sequences of major adverse CV events, including nonfatal
myocardial infarction, nonfatal stroke, and mortality. Regard-
less of the glycemic target, the American and European dia-
betes guidelines currently advise using SGLT-2 inhibitors or
GLP-1 agonists for patients with confirmed atherosclerotic
disease or who are at high risk for CV disease [11].
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DM poses an escalating risk for both micro- and macro-
vascular complications, that contribute to growing concerns
in global public health due to its increasing occurrence.
While certain therapies have shown benefits for patients with
DM, the existing treatments come with associated adverse
effects. Therefore, novel approaches are essential to address
the challenges of current antidiabetic medications [12].

Over the past two decades, the number of therapeutic
drugs for managing hyperglycemia in T2DM has signifi-
cantly increased. In 2008, the US Food and Drug Advisory
Committee ordered that CVOTs be used to examine the
safety of all new antihyperglycemic medications, which was
prompted by concerns about rosiglitazone's impact on CV
events, thus typically employing three-point major adverse
events (non-fatal stroke, non-fatal myocardial infarction,
and cardiovascular death) as their primary endpoint. Heart
failure, a frequent consequence of T2DM that increases
death rates, is frequently included, typically as a secondary
endpoint. Recently, trials that exclusively looked at renal
outcomes have shifted their focus [13].

Biguanides are a well-known class of drugs used to treat
diabetes. The only readily available biguanide is metformin.
It is the most widely used oral glucose-lowering drug and
it is sometimes called the “foundation therapy” for those
with newly diagnosed T2DM. Metformin improves insulin
sensitivity and reduces gluconeogenesis. According to the
Biopharmaceutical Classification System, metformin is clas-
sified as a class III medication, meaning it has high solubility
and low permeability [14].

Thiazolidinediones, a third-line therapy, can also be used
in the treatment of DM. Incretin analogues and DPP4-inhib-
itors, which target the incretin system, as well as SGLT2
inhibitors, which target the kidneys' reabsorption of glucose,
represent newer treatments. If metformin is not tolerated or
indicated for the patient, such new drugs can be used alone
or as second or third-line treatments [15]. The primary char-
acteristics of the most common antidiabetic medications are
mentioned in Table 3 and describe their pharmacodynamics
to control hyperglycemia.

medication such as corticosteroids, thiazides,

e associated with certain specific conditions,
syndrome, hyperthyroidism, cystic fibrosis, or
phenytoin etc.)

disorders, or medication (e.g.: Cushing’s

e less commonly represented

Secondary DM

pregnancy

this type
o onset during the 2nd or 3rd trimester of

e | to 14% of all pregnancies are affected by

Gestational DM

e characterized by insulin resistance and
insulin deficiency

o represents 90-95% of all diabetes cases

T2DM

Herbal medicines in diabetes mellitus—
clinical trials

Numerous common herbs have the potential to lower blood
glucose levels, making it possible to achieve improved gly-
cemic control or reduce insulin injections, which is unde-
niably appealing. Nonetheless, the choice of plants can be
influenced by factors such as the stage of diabetes progres-
sion, the presence of other medical conditions, as well by
availability, cost, and safety [22].

Some herbal medicines demonstrated efficacy through-
out various diabetes stages. For example, due to its known

pancreatic f3-cells

e represents 5—10% of all diabetes cases
e identified by autoimmune destruction of

Table 1 Types of DM

T1DM
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Table 2 Pathophysiological abnormalities in T2DM resulting in $-cells failure and the corresponding treatment options

Pathway/Organ/Cell type Deficiency Treatment options
o Insulin
o | Fmisdun o Sulfonylurea
B-cells @ M o Meglitinides
© | Mass o DPP4-inhibitors
o GLP-1 receptor agonists
o Amylin analogues
a-cells o o cells including 1 glucagon o DPP4-inhibitors
o GLP-1 receptor agonists
o 1 Glucose reabsorption & s
Kidney ‘ ’ SGLT2 hyperexpression SGLT2 1nh1b1tors .
o 7 it prsaron o oo ot o Non-steroidal selective MRA
Adipose b
tissue Qw
o GLP-1 receptor agonists
Skeletal o 1 Insulin resistance o SGLT2 1ph1b1tors
muscles / o Metformin
o Thiazolidinediones
Liver y
o Poor appetite control .
Brain @ o 1 Sympathetic tone Z (D}](;Pz;rlnirzges)t;rﬁe;%s()nlsts
o | Dopamine activity P &
. o DPP4-inhibitors
GI tract m o | Incretin effect o GLP-1 receptor agonists
o GLP-1 receptor agonists
Inflammation f' o 1 Chronic inflammation o SGLT2 inhibitors
W o Anti-inflammatory agents
- o GLP-1 receptor agonist
Immune system Gt o Immune dysregulation o SGLT2 inhibitors
P o Immune modulators
o GLP-1 receptor agonists
o Irregular emptying o a-glucosidase inhibitors
h . o
S;?;Ea;l teirtli(il/:r , o Gut dysbiosis o DPP4-inhibitors
o 1 Glucose absorption o Amylin analogues
o Metformin
zr?ltflgza(?ZPP) © lljlzrfl’(ieasdeposmon in the o Future therapeutic target

DPP-4 dipeptidyl peptidase 4, GI gastrointestinal, GLP-1 glucagon-like peptide-1, IAPP islet amyloid polypeptide, MRA mineralocorticoid

receptor antagonist, SGLT2 sodium-glucose cotransporter 2
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Table 3 An overview of antidiabetic medications
Class and Representatives Mechanism of action Clinical characteristics Side effects Contraindications/Cau- Ref
tions
Biguanides | hepatic gluconeogenesis ° | LDL /1 HDL choles- ° GI symptoms o Chronic kidney disease  [16]
Metformin 1 insulin-mediated glu- terol ° Metformin-associated o Severe liver failure
cose peripheral use > Low risk of hypogly- lactic acidosis o Lactic acidosis on
cemia metformin
° Weight neutrality
Sulfonylureas 1 insulin secretion by > Hypoglycemia ° Obesity [17]
Gliclazide B-cells o Weight gain ° Severe CV comorbidity
Postprandial glucose
regulators
Repaglinide
Thiazolidinediones 1 insulin sensitivity o | LDL and triglycerides ° Fluid retention o Congestive heart failure [18]
Pioglitazone > 1 HDL o Weight gain o Liver failure
° No risk of hypoglycemia © | risk of heart failure ° History of bladder
cancer
o Osteopenia
GLP-1RA 1 insulin secretion ° No risk of hypoglycemia ° GI symptoms associated ° Chronic pancreatitis [19]
Albiglutide | glucagon secretion > Weight loss with pancreatitis ° Family history of pan-
Dulaglutide creatic cancer
Exenatide
Liraglutide
Semaglutide
DPP-4i 1 endogenous insulin ° No risk of hypoglycemia ° GI upset o Personal history of [20]
Alogliptin suppression of glucagon ~ ° Weight neutrality o Slightly increased risk of ~ pancreatitis
Linagliptin pancreatitis
Saxagliptin
Sitagliptin
Vildagliptin
SGLT-2i glycosuria > Weight loss o Urogenital infections o Recurrent urinary tract  [21]
Canaglifozin | glucose absorption o Reduced blood pressure  ° Euglycemic diabetic infections
Dapaglifozin > CV and renal protection  ketoacidosis o Chronic kidney disease
Empaglifozin ° Fournier’s gangrene

DPP-4i dipeptidyl-peptidase-4 inhibitor, GLP-1 RA glucagon-like peptide-1 receptor agonist, HDL high-density lipoprotein, LDL low-density

lipoprotein, SGLT-2i sodium-glucose transporter-2 inhibitor

benefits and safety, curcumin is recommended as a potential
pre-diabetes treatment to halt T2DM progression. Cinna-
mon may be more appropriate for diabetics with concurrent
hypertension, while Aloe vera leaf ethanolic extract may
increase insulin levels from regenerated pancreatic -cells
[22, 23].

In clinical trials that focus on diabetes treatment, there's
a growing interest regarding the use of plants. However, the
broad inconsistencies in adhering to regulatory standards in
herbal medicine research complicate the regulation process
for such drugs. This section provides a brief overview of
plants or their phytocompounds that have been clinically
tested for their role in diabetic management.

Cinnamomum zeylanicum has been used as a traditional
remedy for diabetes. It contains compounds such as anth-
raquinones, coumarins, flavonoids, tannins and terpenoids.
Given its accessibility, cost-effectiveness, and safety pro-
file, this species is considered as a low-risk alternative for
diabetic patients. Tangvarasittichai et al. conducted a study

examining the influence of cinnamon supplementation
(500 mg capsules) over a 60-day period on insulin sensitivity
and resistance, malondialdehyde levels and total antioxidant
capacity in diabetic patients. The primary active compo-
nents in cinnamon are generally represented by polyphenolic
polymers that are thought to act as antioxidants, enhance
insulin function, and that could help manage glucose intoler-
ance and diabetes. Consistent with prior research, it has also
been shown that cinnamon could serve as a natural insulin
sensitizer. The results demonstrated a significant decrease
in insulin resistance, oxidative stress and inflammation
while insulin sensitivity and total antioxidant capacity were
notably increased [24]. In a separate study led by Anderson
et al., the intake of dried aqueous extract of Cinnamomum
cassia in patients with increased serum glucose resulted in
reduced 2-h postprandial blood glucose and fasting insu-
lin. The treatment group was administered a commercially
available spray-dried cinnamon extract (CinSulin®) capsules
twice per day. The control group received placebo capsules
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comprising of dark brown wheat flour, closely resembling
the appearance of the cinnamon extract. The cinnamon treat-
ment resulted in a decrease in total cholesterol levels [25].

Curcumin, a bioactive component derived from Curcuma
longa, shows a wide range of therapeutic properties (e.g.:
antioxidant, anti-inflammatory, anticancer, neuroprotective,
antidiabetic) [26]. Curcumin is being considered as a poten-
tial approach in the treatment of pre-diabetes to hinder the
progression of T2DM, given its established advantages and
safety. According to a randomized, double-blinded, placebo-
controlled clinical trial led by Chuengsamarn et al., none of
the subjects treated with curcumin over a 9-month period
developed T2DM, while 16.4% of those from the placebo
group did. Moreover, during the final visit, subjects treated
with curcumin displayed enhanced overall -cell function,
with lower C-peptide values and higher homeostasis model
assessment for insulin resistance-f values compared to those
in the placebo group. Moreover, subjects treated with cur-
cumin exhibited notably elevated levels of the anti-inflam-
matory cytokine (adiponectin) in comparison to those in the
placebo group. These increased levels could potentially have
a beneficial impact on minimizing inflammation in p-cells,
thus offering protection against their degradation [27].

During an 8-week randomized, double-blind, and pla-
cebo-controlled clinical trial, capsules infused with green
cumin (Cuminum cyminum) significantly reduced insulin
levels, which was also accompanied by enhanced insu-
lin sensitivity. The primary constituents identified by gas
chromatography were thymoquinone, cumin aldehyde,
p-cymene, limonene, myrcene, terpinene, safranal, sterol
compounds, and f-pinene. Researchers also noted that cumin
supplementation helped regulate inflammatory markers,
specifically Tumor Necrosis Factor-a and high-sensitivity
C-reactive protein [28].

Resveratrol (RSV) is a polyphenolic constituent specifi-
cally belonging to the stilbenoid class. In diabetic patients,
a 30-day dietary supplementation with RSV demonstrated
suppressed postprandial glucagon responses. Another clini-
cal trial involving 62 T2DM patients compared two groups:
one treated solely with an oral hypoglycemic agent (met-
formin and/or glibenclamide) and the other combining this
agent with 250 mg RSV administered daily for three months.
The latter group exhibited improved HbA ¢ levels, indicat-
ing enhanced glycemic control in T2DM patients [29]. Fur-
thermore, a separate study that administered 2 x5 mg RSV
over four weeks to patients with T2DM led to a reduction
in insulin resistance, associated with a decrease in oxidative
stress [30].

Many studies suggest Aloe vera as a potential medicine,
which is attributed to its rich bioactive compounds such as
alkaloids, anthraquinones, and enthrones. These compounds
are associated with therapeutical properties, including anti-
oxidant, anti-inflammatory, neuroprotective, and antidiabetic

@ Springer

effects [31]. Consistent with demonstrating Aloe vera's
antidiabetic properties in human subjects, several studies
presented evidence of reduced fasting blood glucose as
well as triglycerides levels in diabetic individuals after the
administration of A. vera fractions containing acemannan
and verectin, three times per day for 12 weeks [31].

Olive (Olea europaea) leaves are commonly used in
Europe and Mediterranean areas as a natural remedy for
diabetes, often chewed or consumed as tea by local people,
containing phenolic compounds, such as tyrosol, hydroxy-
tyrosol and oleuropein. In a controlled randomized clinical
trial, diabetic patients who took a daily 500 mg tablet of
olive leaf extract experienced notable reductions in HbAlc
and fasting insulin levels (8.0 to 1.5% and 11.3 to 4.5%,
respectively) over 14 weeks, compared to those from the
placebo group (8.9 to 2.25% and 13.7 to 4.1% respectively)
[32]. Additionally, rats with diabetes induced using strep-
tozotocin (STZ) that were administered olive leaf extract
exhibited a noteworthy decrease in starch digestion and
absorption compared to the control group. This suggests that
the potential mechanism of action may involve disaccharide
digestion inhibition in the intestinal mucosa [33].

Extracts from Cornus officinalis and some of its active
constituents, such as loganin, morroniside and ursolic acid
could enhance the management of diabetes-related compli-
cations through various mechanisms. Ursolic acid primarily
functions by neutralizing reactive oxygen species and inhib-
iting a-glucosidase, while loganin's blood glucose-reducing
effects come from promoting glucose uptake. Notably, dia-
betic mice experienced minimal weight loss when treated
with a combination of loganin and ursolic acid [34].

Several recent clinical trials have demonstrated the anti-
diabetic potential of various medicinal plants, including Cin-
namomum cassia, Ficus racemosa, Portulaca oleracea and
Scoparia dulcis. Subsequent laboratory investigations into
herbal products have resulted in the development of several
branded formulations such as Diabeta Plus®, Diabecon®
and Glyoherb® for diabetic patients [35]. Consequently,
plant supplements could be considered adjuvants or promis-
ing alternative therapies for diabetes management (Table 4).

Patients often prefer herbal medicines for diabetes, either
as primary treatments or as adjunctive to conventional meth-
ods, given their trust in natural resources and cost-effec-
tiveness. As a result, lab research has been translated into
patient care through clinical trials and commercial products.
The use of herbal remedies can serve as an alternative for
managing diabetes as they contribute not only to lowering
glucose levels but also to improving lipid profile. These rem-
edies offer antioxidant benefits and assist in regulating blood
pressure, among other positive effects [36].

However, with the rapid expansion of phytomedicines
for diabetes management, there's a pressing need for vali-
dated testing methods to assess the consistency and potency
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Table 4 Marketed herbal medications for diabetic treatment
Polyherbal formulations Ingredients Mechanism of action Ref
Diabecon® Aloe vera, Asparagus racemosus, Abutilon indicum, Berberis aristate, 1 31.31% in HbAlc [35]
Boerhavia diffusa, Commiphora wightii, Curcuma longa, Glycyr- 1 serum insulin
rhiza glabra, Gymnema sylvestre, Gossypium herbaceum, Gmelina 1 C-peptide levels
arborea, Phyllanthus amarus, Piper nigrum, Pterocarpus marsupium, | blood glucose levels
Sphaeranthus indicus, Tribulus terrestris, Tinospora cordifolia, 1 B-cell function by repair/regeneration
Triphala
Glyoherb® Arogyavardhini, Amala (Phyllanthus emblica), Arogyavardhini, Bang 1 glucose tolerance [35]
Bhasma, Chandraprabha, Chirayata (Swertia chirata), Devdar, | blood glucose levels
Daruhaldi (Berberis aristata), Galo, Gudmar (Gymnema sylves- 1 TGs
tre), Gokshur (Tribulus terrestris), Haritaki (Terminalia chebula), | VLDL
Haridra (Curcuma longa), Indrajav (Holarrhena pubescens), Jambu | LDL
bij (Eugenia jambolana), Karela (Momordica charantia), Katuki
(Picrorhiza kurrooa), Nagarmotha (Cyperus scariosus), Mahamejva,
Methi, Neem, Shuddha Shilajit
Diabeta Plus® Gurmar (Gymnema sylves), Jamun (Syzygium cumini), Karela (Momor-  corrects degenerative complications, [35]

dica charantia), Madagascar periwinkle (Catharanthus roseus),
Shilajit (Asphaltum), Vijayasar (Pterocarpus marsupium)

helps overcome resistance to oral
hypoglycemic drugs when used as

adjuvant

LDL low-density lipoprotein, 7Gs triglycerides, VLDL very low-density lipoprotein

of active ingredients in final products. These products must
undergo rigorous clinical trials in humans, approved and
recognized by the nation's regulatory authorities, in order
to ensure their safety and effectiveness. This will support
consumer confidence in such herbal solutions. Nonethe-
less, comprehensive toxicity studies are essential before
introducing such extracts as supplementary treatments for
diabetes [22].

Nanotechnology and diabetes - general
aspects

A significant demand for antidiabetic drugs was determined
by the increasing number of people with sedentary lifestyles
and the high incidence of obesity, which has led pharmaceu-
tical companies to increase their investment in research and
development to obtain targeted formulations [37].

There are always certain limitations with conventional
drug delivery systems, such as the inability to treat due to
inefficient or incorrect dosage, decreased potency, or altered
effects caused by drug metabolism, as well as the absence of
target specificity. The FDA has approved several nanothera-
peutics in the last 20 years for the treatment of conditions
such as Parkinson's disease, hypercholesterolemia, diabetes,
cancer, hepatitis, neurological, autoimmune, and CV dis-
eases. Employing herbal remedies provides an alternative
approach to diabetes management, aiding not just in reduc-
ing glucose levels but also in improving lipid profiles. These
natural solutions come with antioxidant advantages and
help maintain normal blood pressure, among other positive
effects. Moreover, oral nanodelivery systems bring certain

benefits, such as improved pharmacokinetic parameters,
bypass of the first-pass effect, as well as reduced adverse
reactions [38].

Given that nanotechnology is expected to lead to numer-
ous truly innovative medical breakthroughs that will have an
impact on our daily lives, nanodelivery methods are the sub-
ject of an increasing number of studies. Extensive research
over the years into nanoformulations has led to substantial
progress in the advancement of nanoparticulate drug deliv-
ery systems for antidiabetic medications [39].

Nanotechnology involves researching the characteristics
and uses of materials with a size between 1 and 100 nm.
When the material is reduced to nanoscale, its characteristics
change, and therefore develops special features. The sub-
stance is made up of macroscopic components, molecules,
and atoms. The major distinction between NPs and bulk
materials is the proportionate increase in surface area; in par-
ticular, a ladder structure that stands in for unsettled atoms
with high surface energy is found on the surface of ultrafine
particles. Due to their small particle size, these atoms can
readily attach to other atoms and provide increased amounts
of surface-active atoms. Nanomedicine is mostly focused on
altering the surface of NPs by employing their special quali-
ties to provide targeted, regulated release, simple-to-detect
drug transport carriers, and new techniques for treating local
wounds. Nanotechnology is therefore essential for regenera-
tive medicine [40].

Several plant extracts have been used to manage dia-
betes and its associated consequences. Due to improved
pharmacokinetics and bioavailability, the effectiveness of
herbal extracts can be enhanced by using nanoformulations.
The use of nanotechnology in the treatment of diabetes has
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seen a significant rise in interest over the past couple of
decades. Furthermore, natural polysaccharide nanocarriers
have drawn a lot of attention given their enhanced physi-
ological stability, biocompatibility and biodegradability, and
improved safety compared to other types of hypoglycemic
nanocarriers [41].

Natural nanocarriers in the treatment
of T2DM and its complications

Finding effective diabetes therapies is the next step after
a diagnosis has been made. Given that around 80-90% of
diabetes cases are represented by T2DM and just 5-10%
are T1DM, recent research has investigated the potential use
of nanomaterials in both TIDM and T2DM therapies, with
a focus on the latter one. Antidiabetic drugs can be used
efficiently to promote insulin secretion or reduce glucose
production [39]. Contrarily, in TIDM, where the pancreas
produces very little or no insulin, treatment with insulin is
necessary. Despite this, nanomaterials containing natural
(e.g., Momordica charantia, Panax ginseng, Allium cepa,
Euphorbia hirta) and synthetic (e.g., insulin, glibenclamide,
metformin) antidiabetic drugs improved clinical outcomes
in both T1DM and T2DM, due to the innovative properties
of NPs, such as increased drug targeting, sustained hypo-
glycemic effect, and reduced risk of adverse reactions [42].

Several studies have indicated that natural polysaccha-
rides exhibit noteworthy hypoglycemic effects through
various mechanisms. These include the repair of pancreatic
islet cells, enhancement of insulin sensitivity, regulation of
related digestive enzyme activity, and modulation of key
enzymes involved in the metabolism of liver glucose [39].

In the last twenty years, there has been a significant
surge in employing nanotechnology for the development of
medications targeting diabetes, with several normoglyce-
mic nanocarriers being developed. The appropriate term for
normoglycemic nanocarriers is hypoglycemic nanocarriers
which are designed to deliver drugs that lower blood glucose
levels in patients with diabetes. Systems using nanoencapsu-
lation have many benefits and are frequently used in differ-
ent industries. Both hydrophobic and hydrophilic molecules
can be encapsulated, thus improving stability, decreasing
toxicity, and protecting against degradation. Drugs can be
attached to the surface of nanocarriers or enclosed within
their matrix [41]. Apart from possessing the appropriate par-
ticle size, variable surface charge, and drug-loading capac-
ity, nanocarriers also have various other advantages for drug
delivery. Polysaccharide-based nanocarriers, for instance,
demonstrate reduced toxicity, increased safety, enhanced
encapsulation efficiency, targeted drug delivery, controlled
release, and accelerated intestinal absorption [40].
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Polysaccharides can be found in nature in a variety of
sources, such as algae (e.g.: alginate), animals (e.g.: chi-
tosan, chondroitin), microorganisms (e.g.: dextran, xanthan
gum) and plants (e.g.: guar gum, pectin). The diversity of
their structure and properties is a result of the abundance
of reactive groups, a wide range of molecular weights, and
varied chemical composition. Nanoemulsions, nanomicelles,
nanoliposomes, nanoparticles (NPs) and nanohydrogels rep-
resent the primary categories of polysaccharide-based nano-
carriers [42].

Polysaccharide-based nanoliposomes

Liposomes represent some of the most noteworthy potential
carriers for numerous therapeutic drugs. Active molecules
can be encapsulated either in the hydrophilic core or the
hydrophobic lipid bilayer of liposomes, or they can attach
to the vesicle's surface given their limited permeability.
Liposomes offer several advantages, including biodegrada-
bility, lack of toxicity and non-immunogenicity. Polysaccha-
ride-based nanoliposomes can serve as nanocarriers, thus
enhancing drug stability and targeted delivery [43].

Maestrelli et al. developed two distinct metformin-loaded
chitosomes (chitosan-coated niosomes) and niosomes (non-
ionic surfactant vesicles). However, these formulations
lacked a sustained release function. To address this, the
two colloidal dispersions were coated with calcium algi-
nate beads, resulting in a significant increase in gastric drug
release. The amount of calcium alginate was then adjusted
to optimize this effect. Research conducted on rats dem-
onstrated that coating chitosomes and niosomes with algi-
nate beads markedly enhanced the hypoglycemic impact of
metformin. The niosome-alginate bead formulation proved
better at sustaining glucose levels over time, thus enabling a
reduction in dose and adverse effects, while also enhancing
patient compliance [44].

Zhang et al. created a multi-layered insulin loading tech-
nique on an anionic nanoliposome surface by using insulin's
electrostatic interaction with chitosan. In simulated gastric
fluid and intestinal fluid, the layer-by-layer (LbL) coated
nanoliposomes exhibited an insulin loading rate of 10.7%
and demonstrated improved protection with limited release
(only 6% in 1 h) [45]. Insulin, which has a negative charge
depending on the pH, was retained by alternating cationic
layers of chitosan. The coated liposome showed remarkable
stability for 4 weeks in phosphate buffer saline at 37 °C.
The outermost chitosan layer of the LbL-coated liposome
enhanced absorption and transport in Caco-2 cells, and
insulin-maintained bioactivity in a glucose uptake assay on
3T3 L1-MBX adipocytes. The capacity of these liposomes
to protect insulin during intestinal penetration and to ensure
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its delivery into the systemic blood circulation suggests a
potential application for oral protein delivery [45].

Polysaccharide-based nanoparticles

Metformin-loaded pectin NPs were created by Chinnaiyan
et al. for the long-term management of T2DM [46]. The
encapsulation rate was 68.4%, which demonstrated good and
sustained release properties in vitro. The fact that the gener-
ated NPs remained mostly stable in the presence of bovine
serum albumin provided additional proof of their stability
in blood. Metformin and placebo-induced hemolysis rates
were both less than 5%, demonstrating the safety and hemo-
compatibility of the NPs when taken orally. Consequently,
this nanoparticle system might offer advantages in terms of
extended release, fewer doses administered, and increased
patient compliance [47].

Khan et al. created empagliflozin-loaded chitosan NPs
that showed pharmacokinetic benefits. Improved release pro-
file compared to pure empagliflozin and enhanced uptake
suggest that the drug was distributed more effectively
throughout the systemic circulation [47].

Moreover, Zhang et al. developed a novel nanoparticu-
late system designed for targeted delivery of insulin. The
formulation consisted of cholic acid, hydroxypropyl methyl
cellulose phthalate and quaternary ammonium-modified chi-
tosan derivatives. It has been demonstrated that the cholic
acid group significantly enhanced absorption in HepG-2
cells through the bile acid transporter mechanism and nota-
bly improved NP transport across the Caco-2 monolayer.
The adhesive characteristics of chitosan derivatives in this
system can enhance the intestinal absorption of insulin.
Additionally, in the highly acidic stomach environment,
hydroxypropyl methylcellulose phthalate can prevent the
denaturation and degradation of insulin [48].

In their study, Alaa et al. synthesized nanoparticles com-
prising of melatonin loaded in chitosan/lecithin and evalu-
ated their efficacy in treating STZ-induced diabetes in rats.
These NPs exhibited remarkable anti-inflammatory, antico-
agulant, and antioxidant properties and effectively reduced
glucose levels, while also demonstrating a robust capacity
to contribute to the regeneration of pancreatic p-cells. Fur-
thermore, synthesized melatonin loaded chitosan/lecithin
NPs increased insulin levels and reduced the high levels of
cholesterol, creatinine, and urea [49].

Polysaccharide-based nanoemulsions

Nanoemulsions are highly malleable systems that can encap-
sulate drugs within the dispersed phase. They can improve
the drug’s efficacy and minimize the side effects and toxic

responses. The water—oil-water homogenization method was
employed to produce nanoemulsions coated with alginate/
chitosan, intended for oral insulin administration. Chitosan
and calcium chloride were used for coating an alginate-
containing nanoemulsion dispersion. The nanoemulsion
was successfully maintained in simulated gastric liquid,
according to an in vitro investigation. Moreover, compared
to subcutaneous insulin, the nanoemulsion presented a hypo-
glycemic effect that lasted far longer. Consequently, the
alginate/chitosan coating on nanoemulsions may enhance
GI permeability and bioadhesion, while preserving insulin
stability [50].

Kumar et al. created an emulsion cross-linking tech-
nique to formulate a metformin-loaded alginate nanoemul-
sion. This formulation not only enhanced the antidiabetic
effect but also facilitated the intestinal permeability and GI
absorption of the drug. The metformin loading and encap-
sulation efficiencies were 3.12% and 78%, respectively. The
metformin-loaded alginate nanosystem performed better in
in vivo efficacy tests and in vitro drug release studies, with
its effectiveness being nearly three times higher compared
to free metformin. The simple manufacture, low cost, bio-
compatibility, biodegradability, and high encapsulation effi-
cacy were among the most important characteristics of this
nanoformulation [51].

Similarly, Rani et al. successfully created NPs loaded
with glycyrrhizin and metformin through the ionotropic
gelation method, employing chitosan and gum arabic as
polymers. The metformin-loaded NPs dose contained 9.2 mg
of metformin while producing antihyperglycemic and anti-
hyperlipidemic effects equivalent to 150 mg/kg of pure met-
formin for 21 days in diabetic rats [52].

Polysaccharide-based nanohydrogels

Nanohydrogels present a three-dimensional structure that
can retain a large amount of liquids within their composi-
tion. Given their advantages, polysaccharide-based nanohy-
drogels are becoming more widely acknowledged as drug
nanodelivery systems. Such advantages include biodegra-
dability, cost-effectiveness, non-toxicity, biocompatibility,
efficient drug release, and similarity to components of the
extracellular matrix.

For the treatment of T2DM, Yang et al. designed a
hydrogel for oral insulin delivery, using carboxymethyl-
cyclodextrin-y-carboxymethyl chitosan. The study carried
out on diabetic mice demonstrated that oral administration
of the insulin polysaccharide hydrogel over four weeks could
greatly reduce the symptoms of polyuria, polyphagia, and
weight loss. Moreover, in mice with T2DM, it demonstrates
a notable reduction in fasting glucose levels, a decrease in
insulin resistance, and an increase in insulin sensitivity.

@ Springer



276

Journal of Diabetes & Metabolic Disorders (2024) 23:267-287

The lipid metabolism can be controlled by this hydrogen-
ated insulin polysaccharide, and issues related to diabetes
nephropathy can be avoided. Moreover, the insulin poly-
saccharide hydrogel has the potential to reverse histological
kidney and pancreas degradation in diabetic mice as well as
significantly increase their antioxidant capacity. These find-
ings suggest that insulin polysaccharides hydrogels could
constitute potential therapeutic options for T2DM [53].

In their research, Masood et al. introduced a hydrogel
infused with silver NPs by incorporating chitosan and
polyethylene glycol. This innovative hydrogel aimed to
increase wound healing in diabetic patients [54]. In vitro
tests revealed the antimicrobial and antioxidant proper-
ties of the silver nanoparticle-infused hydrogel. Notably, it
exhibited a significant degree of swelling and a high-water
vapor transition rate compared to a simple chitosan-PEG
hydrogel. Moreover, the developed hydrogel presented a sus-
tained release of silver NPs over a week, indicating a gradual
biodegradation process. These findings suggested that chi-
tosan-PEG hydrogels loaded with Ag NPs could represent an
excellent method for treating chronic diabetic wounds [54].

Natural nanoformulations of plant
compounds

Phytocompounds sourced from medicinal plants, including
alkaloids, flavonoids, polyphenols, saponins, and terpenoids,
have been thoroughly investigated to ascertain their potential
as anti-diabetic agents. Despite the promising pharmaco-
logical properties of various substances, the practical trans-
lation of their advantageous effects when taken orally still
presents significant challenges. In trials, higher phytocom-
pound dosages frequently demonstrated greater therapeutic
effectiveness, which may be connected to their limited bio-
availability. Therefore, further clinical applications depend
significantly on increasing their oral bioavailability [55].

Plants have the potential to assemble specific amounts
of metals in some of their organs. As a result, plant extract-
based biosynthetic approaches have drawn more attention
as an easy, effective, affordable, and accessible way as well
as a great substitute for traditional methods for NPs manu-
facturing. Various plants including Solanum nigrum, Loni-
cera japonica, Datura stramonium, Fritillaria cirrhosa have
been used to synthesize Ag, Se, Zn, and Au NPs, as listed
in Table 5 [72].

Naturally occurring secondary metabolites known as
polyphenols are extracted from plant sources and have a
variety of bioactivities that support good health. Polyphenols
are abundant in plant-based foods, including fruits, vegeta-
bles, grains, cereals, coffee, chocolate, and tea. Typically, the
classification of polyphenols generally relies on the number
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of phenol rings and the structural components that intercon-
nect [73].

Flavonoid subclasses associated with diabetes include
anthocyanins, flavonols, flavones and isoflavonoids, given
that the consumption of foods containing such substances
reduces the incidence of T2DM. For instance, flavonoids
may reduce the risk of developing diabetes by regulating
immunological response, regulating glucose absorption,
blood glucose levels, and insulin secretion [74].

The major enzymes a-glucosidase and a-amylase, which
are involved in the digestion of carbohydrates into glucose,
are inhibited by polyphenols such as flavonoids and tannins,
that play a vital role in carbohydrate metabolism. A few
polyphenols, including RSV, epigallocatechin-3-gallate, and
quercetin, increased the absorption of glucose in muscles
and adipocytes by translocating glucose transporter type 4
(GLUTH4) to the plasma membrane, mostly through activat-
ing the AMP-activated protein kinase pathway [75].

Polyphenolic compounds

A significant category of natural products is represented by
flavonoids, which are one of the largest categories of sec-
ondary metabolites found in plants. This class contains over
6000 phenolic representatives, out of which some present
beneficial health impacts in several diseases, such as dia-
betes, cancer, obesity, and CV conditions. Flavonoids are
abundant in nature and can be classified into six subcat-
egories according to their chemical structure. These include
flavonols, flavan-3-ols, flavones, flavanones, isoflavones, and
anthocyanidins. Flavonoids generally show low bioavailabil-
ity, that could be increased using different nanotechnologies,
with some potentially influencing the development of T2DM
[75].

Some of the most frequently used natural polyphenolic
substances with antioxidant and anti-inflammatory activities
that could prove beneficial in diabetes, or its complications
are discussed below.

Quercetin

Quercetin, a widely distributed flavonol, is renowned for
several pharmacological effects, such as antioxidant, anti-
diabetic, hepatoprotective, and nephroprotective. The phyto-
compound has received significant attention in recent years
as one of the most effective antioxidants due to its important
superoxide anion, peroxyl, and hydroxyl radicals scaveng-
ing activities. Despite numerous reports found in reputable
scientific journals, there is still lack of information regarding
quercetin's multimechanistic role [76].

Various encapsulation approaches have been developed
to enhance the chemical stability and solubility of quercetin,
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Table 5 Green synthesis of metal NPs from various plant extracts
NPs type Species Bioactive compounds Plant extract conditions Conditions for green synthesis  Ref
of NPs
Ag Solanum nigrum caffeine, extract: 4 g% metal salt: 1 mM AgNO; [56]
theophylline, plant material: dried leaves extract: metal salt ratio: 1:24
antioxidants powder method: mixed
solvent: methanol time: 8 h in a rotary shaker
extraction method: Soxhlet temperature: 26 °C
extraction
Ocimum basilicum polyphenols, extract: 10 g% metal salt: 1 mM AgNO; [57]
Ocimum sanctum flavonoids, plant material: dried leaves extract: metal salt ratio: 1:4,5
alkaloids, solvent: sterile deionized water method: magnetic stirring
terpenoids, extraction method: boiled, time: 36 h
steroids, 10 min temperature: 26 °C
glycosides
Momordica charantia polyphenols, extract: 10 g% metal salt: 1 mM AgNO; [58]
antioxidants plant material: dried leaves extract: metal salt ratio: 1:9
powder method: magnetic stirring
solvent: methanol time: 24 h
extraction method: socked temperature: room temperature
Lonicera japonica phenols, extract: 10 g% metal salt: 1 mM AgNO; [59]
saponins, plant material: dried leaves extract: metal salt ratio: 1:44
flavonoids, polysaccharides solvent: deionized water method: magnetic stirring
extraction method: 5 min, time: 5 min
60 °C temperature: 60 °C
Se Hibiscus sabdariffa ascorbic acid, extract: 10 g% metal salt: 50 mM H,SeO, [60]
proteins, plant material: dried leaves method: magnetic stirring
carbohydrates solvent: deionized water time: 5 min
extraction method: 15 min, temperature: 20-22 °C
70 °C
Cassica auriculata hydrolyzable phenolics, extract: 10 g% metal salt: 10 mM Na,SeO; [61]
flavonoids, plant material: dried leaves extract: metal salt ratio: 1:5
tannins solvent: water method: blending condition
extraction method: solid—lig-  time: 24 h
uid temperature: 27 +2 °C
Cinnamomum zeylanicum, C. zeylanicum: plant material: fresh leaves metal salt: 4 mM H,SeO; [62]

Origanum majorana,
Origanum vulgare

protocatechuic acid, coumarin,

cinnamic acid, vanillic acid

O. majorana:

chlorogenic acid, gallic acid,
pyrogallol, resorcinol

O. vulgare:

chlorogenic acid,

gentisic acid

extract: metal salt ratio: 1:2
method: magnetic stirring
time: 24 h in the dark
temperature: 25 °C
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Table 5 (continued)

NPs type Species Bioactive compounds Plant extract conditions Conditions for green synthesis ~ Ref
of NPs
Zn Costus igneus cyclohexasiloxane, dodeca- extract: 10 g% metal salt: 0.02 mM ZnC,HO, [63]
methyl, plant material: dried leaves method: magnetic stirring
4-vinyl-2-methoxy-phenol, solvent: distilled water time: 6 h
norfluran extraction method: 30 min, temperature: 60 °C
60 °C
Urtica dioica flavonoids extract: 10 g% metal salt: 1 M Zn(NO;),.6H,0 [64]
plant material: dried leaves extract: metal salt ratio: 1:1
solvent: distilled water method: magnetic stirring
extraction method: 1 h, 60 °C  time: overnight
temperature: 60 °C
pH: 10
Ficus palmata alkaloids, extract: 10 g% metal salt: 1 M Zn(NO;),.6H,0 [65]
flavonoids, plant material: dried leaves extract: metal salt ratio: 1:5
terpenoids, solvent: distilled water method: magnetic stirring
tannins extraction method: 1 h, 60 °C time: 2 h
temperature: 3540 °C,
pH=12
Silybum marianum isosilybin A, extract: 10 g% metal salt: 1 M Zn(NO;),.6H,0 [66]
isosilybin B plant material: dried seeds extract: metal salt ratio: 1:1.5
silychristin, solvent: deionized water method: magnetic stirring
silydianin, extraction method: 1 h, 60 °C time: overnight
silybin A, temperature: 60 °C
silybin B pH:10 with 5 mM NaOH
Au Fritillaria cirrhosa imperialine, extract: 25 g% metal salt: 10 mM Au,Cl¢ [67]
verticinone, plant material: dried plant extract: metal salt ratio: 1:10
peimisine, solvent: Millipore water method: magnetic stirring
verticine extraction method: 30 min, time: 30 min
60 °C temperature: 60 °C
Dittrichia viscosa flavonoids, extract: 10 g% metal salt: 1 mM aqueous [68]
terpenoids plant material: dried leaves HAuCl, solution
solvent: distilled water extract: metal salt ratio: 1:5
extraction method: 15 min,
60 °C
Datura stramonium alkaloids extract: 10 g% metal salt: 1 mM HAuCl, [69]
plant material: seeds extract: metal salt ratio: 1:40
solvent: hot water method: mixed
extraction method: 60 °C
Ziziphus jujuba caffeic acid, extract: 10 g% metal salt: 1| mM [70]
ferulic acid plant material: fruits HAuCl,.3H,0
solvent: double distilled water  extract: metal salt ratio: 1:10
extraction method: 30 min, method: magnetic stirring time:
80 °C 2h
temperature: room temperature
Physalis minima withaferin A, extract: 5 g% metal salt: 1 mM [71]

withanolide A,
stigmasterol,
sitosterol

plant material: plant

solvent: double distilled water

extraction method: 30 min,
80 °C

HAuCl,.3H,0
extract: metal salt ratio: 1:5
method: magnetic stirring
time: 1 h

Ag silver, Au gold, Se selenium, Zn zinc

which primarily consist of biopolymeric colloidal particles.
In their study, Hussein et al. used a quercetin nanoemulsion
to reduce cardiac toxicity and DNA damage in experimen-
tal diabetes [76]. Furthermore, Mandic et al. illustrated that
by controlling the combination of stationary and alternating
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magnetic fields, the release kinetics of quercetin from super-
paramagnetic magnetite nanoparticles could be regulated.
This control extends to the distribution of quercetin among
particles and the suspension within the membrane. Given
that the ratio of the material in the membrane's solution is
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adjusted more in favor of NPs, quercetin is released more
frequently in non-sink conditions. These findings could be
used to better understand the general release of insoluble
flavonoids in aqueous solutions [77].

Additionally, Fei Tong et al. found that quercetin may
reduce diabetic nephropathy and, consequently, could be
an effective therapy for this complication. Recent stud-
ies confirm that using NPs to deliver drugs can increase
effectiveness, while reducing negative side effects. When
administered to Sprague Dawley rats, quercetin/PEG-
B-(PELG-y-PZLL) (quercetin/poly(ethylene glycol)-
block-(poly(ethylenediamine 1-glutamate)-graft-poly(e-
benzyloxycarbonyl-1-lysine) considerably raised the serum
concentration of quercetin. Furthermore, it significantly
reduced diabetic nephropathy and decreased hyperglyce-
mia [78].

To lower the dosage and dosing frequency, Chitkara et al.
produced quercetin-loaded PLGA NPs for the treatment of
diabetes by the use of an emulsion diffusion evaporation
method. In a pharmacokinetic investigation, nano quercetin’s
relative oral bioavailability was shown to be 523% higher
than that of the quercetin solution. The therapeutic impact
on diabetic rats suggested that the same amount of querce-
tin nanoformulation administered every five days provided
results comparable to that of a quercetin suspension admin-
istered daily [79].

Naringenin

Naringenin (NRG) is one of the most significant flavonoids
from a medicinal standpoint. NRG exhibits several notewor-
thy properties, including anticancer and insulin-like activi-
ties, antioxidant, and anti-inflammatory properties under
specific conditions related to hypertension, alongside vari-
ous other activities, such as anti-mutagenic, antiproliferative,
antifibrogenic, antibacterial, anti-atherosclerotic, neuropro-
tective, antidiabetic, immunomodulatory and hepatoprotec-
tive [80].

NRG has demonstrated anti-hyperglycemic effects by
inhibiting the absorption of glucose in the GI tract. The anti-
diabetic effect of NRG is believed to involve mechanisms
such as improved insulin sensitivity, reduction in blood glu-
cose levels, inhibition of macrophage migration into adipose
tissue, blocking monocyte chemoattractant protein-1 and
decreased insulin receptor substrate-2 levels. Nonetheless,
oral administration is constrained by its lack of water solu-
bility, quick biodegradation, and low bioavailability [81].

NRG’s hydrophobic nature results in an extremely poor
in vivo bioavailability, which restricts its utility. It quickly
transforms into its crystalline form and has a short half-
life, resulting in poor absorption via the digestive system.
Numerous initiatives to increase NRG’s bioavailability have
been made as a response to such drawbacks. Implicitly,

nanotechnological delivery methods offer a potential solu-
tion to surmount these limitations. By protecting NRG from
enzymatic and hydrolytic degradation in the GI tract and
encapsulating it within polymeric NPs, the drug's bioavail-
ability can be enhanced [81].

So far, NRG has been delivered using a variety of nano-
carriers that improve water solubility, bioavailability, and
therapeutic efficacy. This, in turn, translates into potential
dose reductions. Some examples are represented by lipid-
based nanocarriers, hydrogels, dendrimers, protein-based
NPs, carbon-based nanocarriers, micelles, nanoemulsions,
nanocomposites and metal oxide NPs. In an alternative
approach, these systems can incorporate NRG into their
layouts and release it under controlled conditions [81].

For instance, a nanovehicle containing NRG was created
using safe and economical polymers. The suggested algi-
nate-coated chitosan core-shell nanocarrier system was safe
concerning processing conditions, including the absence of
dangerous chemicals. Its structural chemistry also produced
NPs with notable encapsulation effectiveness (>90%) and
smaller size. Mucoadhesion analyses and release studies
revealed that the synthesized nanoformulations produced
gradual, sustained and pH-responsive release of NRG. Find-
ings from in vivo studies indicated that administering the
proposed system orally substantially decreased blood glu-
cose levels in diabetic rats [82].

One other study performed by Wang et al. focused on
incorporating NRG into a liposomal system intended for oral
delivery. Thin-film hydration was used to create liposomes
that were loaded with NRG. The in vitro release profiles
were determined in three GI media. When liposomes were
used, tissue distribution analyses revealed greater concen-
trations of NRG in many tissues, particularly the liver. In
addition, after oral administration of the encapsulated medi-
cation to rats, a striking improvement in bioavailability and
solubility was observed. Furthermore, oral administration of
the polymeric NPs was safe, according to histopathological
and blood parameters [83].

Moreover, Maity and Chakrabort used an emulsion-dif-
fusion-evaporation method to create NRG PLGA NPs. The
NPs attained a size of around 129 nm, and the NRG entrap-
ment was about 70%. In addition, the anti-diabetic effects
of free NRG and NRG-loaded PLGA NPs in STZ-induced
diabetic rats were evaluated comparatively. According to
in vivo tests, rats treated with NPs showed a significant
reduction in HbAlc, an increase in insulin levels, and an
improvement in dyslipidemia and oxidative stress param-
eters, while animals treated with free NRG did not [84].

Myricitrin

Myricitrin, a flavonol glycoside, was isolated from species
such as Eugenia uniflora, Myrica rubra, Manilkara zapota,
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and Pouteria gender. The compound is believed to possess
anti-inflammatory, anti-nociceptive, and antioxidant proper-
ties. This flavonoid glycoside is used as a significant addition
in medications due to its great antioxidant action. It has been
discovered that myricitrin prevents reactive oxygen species-
induced venous endothelial cell dysfunction by lowering
malondialdehyde, preventing H202-induced oxidative stress
and controlling the activity of antioxidant enzymes [85].

The primary factors to be taken into consideration are
the flavonoids’ bioavailability and metabolism. The size
and high polarity of this molecule prevent it from passing
through membranes with ease. Furthermore, glycosidases
found in the cells of the GI mucosa, liver, and kidney exten-
sively metabolize and hydrolyze flavonoids [86].

In a study conducted by Ahangarpour et al., SLN incorpo-
rating myricitrin exhibited both antidiabetic and antioxidant
properties. These effects included the restoration of body
and tissue weight, mitigation of oxidative stress and pan-
creatic apoptosis, reduction in hyperglycemia, maintenance
of skeletal muscle glycogen content, improvement in insulin
resistance and enhancement of GLUT-4 gene expression,
all of which were affected by STZ-nicotinamide-induced
T2DM. Myotube cells subjected to a hyperglycemic state
showed better antioxidant protection, glycogen content, and
cellular viability after in vitro testing with myricitrin SLNs.
Additionally, certain outcomes were more prominent in the
groups that were administered SLN compared to the one
receiving metformin [87].

Mpyricitrin is sensitive to high temperatures, hence
myricitrin SLNs have been prepared using the cold homog-
enization process. In mice with STZ-nicotinamide-induced
diabetes and hyperglycemic myotubes, SLNs containing
myricitrin demonstrated antioxidant, anti-diabetic, and antia-
poptotic properties [88].

Curcumin

Curcumin has a wide range of biological properties that
could be used for future treatments. Given its certain disad-
vantages, such as poor pharmacokinetics and bioavailability,
rapid metabolization, low physico-chemical stability, low
penetration and decreased absorption, curcumin has limited
clinical efficacy [89].

In one study, Ganugula et al. developed biodegrad-
able nanosystems encapsulating curcumin (nCUR), thus
improving oral bioavailability by at least 9 times. They also
described how nCUR could prevent STZ from inducing
inflammation and death in rat pancreatic islet B-cells, which
would result in lower glucose levels and less oxidative stress
[89].

In pancreatic tissue homogenates, levels of inflamma-
tory cytokines were dramatically reduced by both cur-
cumin and nCUR, which was closely connected with a
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low histiocytic infiltration. 8-0x0-2’-deoxyguanosine,
a known biomarker of reactive oxygen species-induced
DNA damage in the pancreas, was inhibited by the pro-
posed nanosystem rather than the curcumin pre-treatment.
According to study results in healthy rodents, a 25 to
100 mg/kg nCUR daily dose for 28 days did not have any
negative effects on the carrier’s health. Additionally, the
obtained data shows that nCUR is risk-free and offers a
certain degree of protection against diabetes in rats, since
it reduces oxidative stress, inflammation, and pancreatic
apoptosis [90].

Curcumin-loaded PLA-PEG NPs were successfully
created by El-Naggar et al. using the emulsion-diffu-
sion evaporation method. PLA and PEG represented the
hydrophobic and hydrophilic portions of the copolymer,
respectively, in this amphiphilic system. The section of
the hydrophobic polymer that contained curcumin was
enclosed and stabilized using a cationic surfactant (cetyl-
trimethylammonium bromide). The outcome proved that
the encapsulated curcumin was superior to polymer NPs
alone and free curcumin in raising plasma insulin levels,
lowering plasma glucose levels, preventing liver inflamma-
tion, and improving the hepatic function in STZ-induced
diabetic rats [91].

Liu et al. developed a safe and efficient method to accel-
erate the healing of skin wounds in diabetics. To increase
the solubility and stability of curcumin, self-assembled
NPs were created using the reprecipitation technique.
These NPs were subsequently enclosed in gelatin micro-
spheres, that can react to matrix metallopeptidase 9, which
is typically overexpressed and exists in diabetic patients’
non-healing skin wounds. It was shown that the loaded
gelatin microspheres can release curcumin to the wound
bed and after being mixed with a thermoresponsive polox-
amer hydrogel can coat the skin wound of diabetics [50].

Hu et al. reported a hyaluronic acid and chitosan-based
hydrogel for loading and delivering nanotechnologically-
modified curcumin and epidermal growth factor. This
biomaterial’s tremendous therapeutic potential as a dia-
betic wound dressing is demonstrated by the significantly
increased wound healing with optimal re-epithelialization,
granulation tissue development, and skin appendage regen-
eration [92].

According to Chauhan et al., curcumin-loaded chitosan
NPs exhibited a more promising effect on the relocation of
GLUTH4 to the cell surface in L6 rat skeletal muscle cells
compared to free curcumin [93]. Moreover, Akbar et al.
generated curcumin-loaded mixed polymeric micelles,
using alginate, chitosan, maltodextrin, and tween 80.
The obtained results indicated that the curcumin-loaded
micelles exhibited a comparable antidiabetic effect to that
of metformin in diabetic rats [94].
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Resveratrol

Resveratrol, a very popular polyphenol found in various
plants, particularly in red grapes, has been shown to offer
multiple pharmacological properties, being a potent anti-
oxidant, anti-inflammatory, analgesic, antiplatelet, cardio-
protective, neuroprotective, and anti-aging agent. RSV sig-
nificantly reduces oxidative damage and influences glucose
metabolism, demonstrating its potential as an antidiabetic
agent in pancreatic f cells. This is reflected in reduced blood
glucose levels, enhanced insulin production, cellular protec-
tion, and antioxidant effects during RSV treatment [95].

In one study, Yucel et al. assessed the antidiabetic and
antioxidative effects of nano-sized liposomal formulations
containing RSV. The effects of RSV-loaded nanoliposomes
against oxidative damage in diabetes were evaluated using
the superoxide dismutase and glutathione peroxidase
enzymes tests. The outcomes indicated that the formu-
lated liposomes notably elevated insulin levels, decreased
elevated glucose levels in groups of diabetic cells, and dis-
played extended antioxidant effects over 24-h, outperforming
the effectiveness of the RSV solution. Consequently, these
nanoliposomes might be beneficial in treating T2DM and
related oxidative stress complications [96].

Polydatin is a resveratrol glycoside derived from the roots
of Polygonum cuspidatum. Abdel et al. developed chitosan
NPs loaded with polydatin for oral administration, aiming
to optimize the therapeutic potential of polydatin in T2DM
treatment. The newly developed NPs not only exhibited
biocompatibility but also showcased significant effective-
ness in combating diabetes compared to free polydatin. This
enhanced efficacy is likely a result of prolonged-release
characteristics and improved absorption, proving the poten-
tial of such NPs as efficient carriers for sustained polydatin
delivery [97].

Rosmarinic acid

In a retinopathy mouse model, rosmarinic acid, known for its
antioxidant properties, exhibited promising effects. Evidence
showed a considerable dose-dependent decrease of retinal
endothelial cell proliferation, as well as in vitro prevention
of tube formation angiogenesis. Furthermore, rosmarinic
acid did not cause any retinal damage. According to these
findings, the compound could represent a powerful inhibi-
tor of retinal neovascularization and could be used to treat
vasoproliferative retinopathies [98].

In one other study, Da Silva et al. assessed the safety,
permeability, mucoadhesiveness, and possible use of carri-
ers containing rosmarinic acid in ocular cell-based models,
employing chitosan NPs. A small size range and a proper
particle size must be chosen for ophthalmic nano-drug deliv-
ery systems to guarantee low irritancy, good bioavailability,

and biocompatibility. NPs exhibiting mucoadhesive prop-
erties had an extended retention duration over the ocular
mucosa following delivery. Moreover, when used topically,
such particles may develop into efficient medication delivery
systems for use in oxidative eye disorders [99].

Gallic acid

Gallic acid’s bioavailability and therapeutic efficacy have
been demonstrated to be improved by several types of nano-
structured systems [100]. A promising antidiabetic nano-
formulation was obtained by using chitosan NPs encapsu-
lating gallic acid, that demonstrated enhanced inhibition of
a-glucosidase activity [101].

An efficient oral formulation to reduce hyperglycemia
has been reported to contain hydroxyapatite NPs delivering
insulin and gallic acid. In vitro studies revealed that these
particles enhanced hepatic glucose metabolism by stimulat-
ing PI3K/Akt/GLUT4 activation. It has been suggested that
the proposed formulation is a stable, non-toxic, and efficient
option for orally delivering a combination of insulin and gal-
lic acid to address diabetes symptoms [102].

Anthocyanins

The consumption of fruits from the Vaccinium genus may
significantly delay the onset and progression of T2DM, cer-
tain CV diseases, chronic neurological decline, and gradual
weight gain considering their high anthocyanin (ACN)
content.

An ACN-rich Vaccinium meridionale extract was
included into non-ionic niosomes and its impact was
assessed in a diet-induced obesity mice model to determine
its ability to promote metabolic activity. ACNs may delay
degenerative processes linked to T2DM and other chronic
diseases, but there is still debate on their bioavailability
[103, 104].

ACN-loaded particles had a 57% encapsulation effective-
ness, a relatively monodisperse surface charge, and were
negatively charged. In the diet-induced obesity mice model,
insulin resistance and glucose intolerance were reduced
by ACN-loaded niosomes. In addition, they decreased the
weight of the animals and the levels of total cholesterol,
leptin, glucose, and insulin in mice with obesity [103, 104].

Rutin

Rutin, a well-known flavonoid glycoside, is present in vari-
ous plants, such as Ruta graveolens L., Sophora japonica
L. and Eucalyptus spp. and possesses different clinical ben-
efits such as antidiabetic, antioxidant, anti-inflammatory, and
anticarcinogenic properties [105, 106].
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Nevertheless, the use of this bioactive compound is con-
strained by its low bioavailability and stability. To address
these issues, Amjadi et al. encapsulated rutin in nanophyto-
somes and assessed the therapeutic efficacy of this nanocar-
rier in diabetic rats. The in vivo evaluation of the formulation
demonstrated managed weight loss and food consumption in
diabetic rats. This therapeutic approach proved more effec-
tive than free rutin in lowering plasma glucose, alanine
aminotransferase, aspartate aminotransferase, total hemo-
globin, and HbA 1c. Furthermore, it elevated insulin levels,
ameliorated hyperlipidemia, and mitigated oxidative stress
parameters [107].

Other natural compounds
Glycyrrhizic acid

Licorice is a traditional medicinal herb widely used in
Europe and Asia. It is usually used as dried roots and rhi-
zomes of certain Fabaceae family members (Glycyrrhiza
glabra, G. inflata, and G. uralensis). The primary bioactive
component of licorice is glycyrrhizic acid (GA), commonly
known as glycyrrhizin [108].

Several pharmacological effects of GA, including anti-
inflammatory, antioxidant, antiviral, immunoregulatory,
anticancer, and antidiabetic activities, have been demon-
strated in several studies. GA has therapeutic effects in
T2DM, including lowering blood glucose levels, boosting
insulin sensitivity, enhancing glucose tolerance and homeo-
stasis, and controlling lipid metabolism [109].

Given that GA presents low bioavailability, it has been
further used to generate NPs. In nicotinamide plus STZ-
induced T2DM mice, GA-loaded NPs enhanced lipid profile
and decreased fasting blood glucose levels [99]. Addition-
ally, GA-loaded NPs and thymoquinone-loaded nanocap-
sules were combined, and the results demonstrated greater
anti-diabetic action compared to when administered indi-
vidually in nicotinamide and STZ-induced T2DM mice.
Another biochemical measure for determining the extent of
diabetes is glycosylated HbAlc; a high level of this marker
indicates ineffective blood glucose regulation. GA-loaded
NPs proved useful in lowering glycosylated HbAlc [109,
110].

Oleanolic acid

The oleanane group naturally produces oleanolic acid
(3-hydroxy-olean-12-en-28-oic acid), which can be found in
several plants either in its free acid form or as a triterpenoid
saponin. Oleanolic acid, a naturally occurring substance
found in many plant foods and medicinal herbs, possesses a
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variety of pharmacological activities, although their thera-
peutic potential has only been partially explored [110].

Oleanolic acid is frequently discovered in these plants'
epicuticular waxes, which function as a line of defense
against pathogens and water loss. In addition to its ecologi-
cal functions in plants, the phytocompound has been shown
to have some pharmacological benefits in various disease
models, including antioxidant, antitumor, anti-inflammatory,
antidiabetic, and antimicrobial properties [111].

Wang et al. discovered that oleanolic acid demonstrated
antioxidant effects by upregulating the expression of thiore-
doxin peroxidase and catalase, and enhancing glutathione
synthesis, by a direct chemical reaction with free radicals
[111]. Zhang et al. converted a naturally occurring insulin
sensitizer from plants into a biocompatible nano-transport
system. Oleanolic acid was conjugated to polygalacturonic
acid, a naturally occurring polymer, to create self-assembled
micelles, which were then administered orally as nanomedi-
cine for the treatment of insulin resistance in T2DM [112].

Oleanolic acid loaded polygalacturonic acid micelles have
been shown through in vitro and in vivo research to have the
proper stability to pass through GI barriers and to enhance
drug intestinal absorption, maintaining plasma drug concen-
trations for a longer period. The formulation demonstrated
long-term results in glucose level management even after
drug elimination in the T2DM rat model of insulin resist-
ance [112, 113].

Asiatic acid

Due to its pharmacological characteristics and therapeutic
potential in treating a wide variety of disorders, asiatic acid,
a pentacyclic triterpenoid, has received a large amount of
attention. It has been discovered that the use of nanotechnol-
ogy can help overcome pharmaceutical restrictions, improve
compliance, and increase the beneficial effects of this sub-
stance [114].

After administering asiatic acid tromethamine salt-loaded
SLN orally, the bioavailability in rats was reported to be
2.5 times higher. PEGylated asiatic acid-loaded nanostruc-
tured lipid carriers also enabled improved absorption and
transportation of the compound within the small intestine
of rats. The increase in the elimination half-life showed that
the nanoformulation increased the oral bioavailability of asi-
atic acid. Nevertheless, a comprehensive investigation of the
effects of asiatic acid NPs on diabetes is still pending [115].

Triterpenes

In their study, Escobar et al. developed a nanoformulation using
PLGA with encapsulated triterpene-enriched fractions: oleanolic
acid, ursolic acid, and an ursolic acid lactone extracted from the
leaves of Eucalyptus tereticornis. The administration of the oral
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nanoformulation improved insulin sensitivity, glucose tolerance,
and dyslipidemia, resulting in decreased fasting glucose levels
in a diet-induced obesity mouse model. Moreover, the bioactive
compounds induce alterations in hepatic gene expression and
cellular events, impacting both carbohydrate and lipid metabo-
lism. These findings emphasize the existence of another option
to address obesity and certain associated metabolic issues [116].

The current section reviewed some of the most important
and recent nanoformulations including polyphenols, as well
as other natural compounds that could prove useful in the
treatment of T2DM. A summary of such nanoformulations
can be found in Table 6.

Conclusions and perspectives

More than 4 million people with DM die annually, which
represents a major problem for modern society. Decisional
efforts have been made to mitigate occurrence and manage-
ment of DM. According to literature review, prolonged use

of antidiabetic medications is responsible for altering the
activity of the liver, kidney, digestive system, and of other
organs. Consumption of natural food containing specific
phytocompounds are frequently associated with health ben-
efits for DM early management. Furthermore, nanomedicine
has opened new opportunities for the diagnosis, treatment,
and prevention of this condition. Nanotechnology is particu-
larly crucial for emerging drug delivery systems. It should
also be noted that the body's enzyme breakdown process and
the pH difference in the digestive tract impose a number of
restrictions on the oral administration of phytocompounds.
To resolve such issues, nanosystems provide several benefits
over conventional medication delivery. Such systems may
be employed for sophisticated drug delivery applications,
including targeted drug administration, controlled release,
and increased permeability and retention effects, in addi-
tion to overcoming pharmacokinetic and pharmacodynamic
restrictions of many potential active substances. Innovative
delivery systems have been designed to improve produc-
tion processes, pharmacokinetics, pharmacodynamics,

Table 6 Recent nanoformulations containing plant compounds with potential applications in the treatment of T2DM

Compound Nanoformulation Treatment outcomes Ref
Quercetin PEG-B-(PELG-y-PZLL) | diabetic nephropathy [78]
| hyperglycemia
PLGA 1 bioavailability [79]
Naringenin alginate-coated chitosan | hyperglycemia [82]
liposomes 1 drug solubility [83]
1 bioavailability
PLGA 1 dyslipidemia [84]
1 oxidative stress parameters
| HbAlc levels
Myricitrin SLN antioxidant, antidiabetic, antiapoptotic [87]
Curcumin PLA-PEG | plasma glucose levels [91]
| liver inflammation
1 hepatic function
Resveratrol nanoliposomes | hyperglycemia [96]
antioxidant properties
Rosmarinic acid chitosan oxidative eye disorders [99]
Gallic acid chitosan 1 hepatic glucose metabolism [101]
Anthocyanins niosomes | weight [104]
| total cholesterol,
| leptin
| glucose
linsulin
Glycyrrhizic acid GA-loaded NPs | HbAlc levels [109]

+ thymoquinone-loaded nanocapsules

Oleanolic acid polygalacturonic acid

Asiatic acid

Asiatic acid-loaded nanostructured lipid carriers

modified with PEG

Asiatic acid tromethamine salt-loaded SLN

treatment of insulin resistance in T2DM
1 drug intestinal absorption

[112]

[115]
[116]

1 oral bioavailability
1 oral bioavailability

GA glycyrrhizic acid, PEG polyethylene glycol, PEG-p-(PELG-y-PZLL) poly(ethylene glycol)-b-(poly(ethylenediamine L-glutamate)-g-poly(L-

lysine), PLGA poly(lactic-co-glycolic acid)
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biodistribution, biocompatibility, therapeutic efficacy, and
long-term safety. Nevertheless, there are currently only a few
effective nanomedicines available that considerably enhance
the quality of life for diabetics. Therefore, the perspectives
outlined by the current literature analysis can be associated
with the development of more nanostructured phytocom-
pounds with improved bioavailability.
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