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Diabetes, one of the incurable pandemic diseases, is characterized by insulin deficiency and insulin resistance, leading to
aberrant homeostasis of glucose, protein, and lipid. Genetic
and environmental factors are the primary causes of diabetes.
International Diabetes Federation estimated that 400 million
people are afflicted with this disease worldwide. However,
current oral antidiabetic agents commonly used in orthodox
medicine have unmet efficacy and undesirable side effects
in patients, which, consequently, can develop cardiovascular
diseases, retinopathy, neuropathy, nephropathy, foot ulcers,
and so forth. Therefore, there is an urgent need for development of new remedies for diabetes.
World Health Organization estimates that 80% of
the world population uses complementary and alternative
medicine (CAM) for their primary health care. Therefore,
CAM, including medicinal herbs, acupuncture, moxibustion,
and other therapies, is an extraordinary source of diabetes
therapy. The goal of this special issue was to compile and
update the advancement made on basic and clinical research
into CAM for diabetes and its complications.
This special issue accepted 8 manuscripts out of 36
contributions. They cover a wide range of topics, from
preclinical studies to clinical trials on CAM for diabetes and
its complications. One study by K. Raafat and W. Samy titled
“Amelioration of Diabetes and Painful Diabetic Neuropathy
by Punica granatum L. Extract and Its Spray Dried Biopolymeric Dispersions” describes the effect of ethanol extract
(Pg), casein/Pg dispersion (F1), chitosan/Pg dispersion (F2),
and gallic acid (GA) on diabetes and related neuropathy in

mice treated with alloxan. They first established the diabetic
mice whose 𝛽 cells were destroyed by alloxan. As expected,
those mice had hyperglycemia. In contrast, Pg, F1, F2, and
GA significantly lowered blood glucose in the mice. Besides,
they also tested the impact of the extracts and compound
on neuropathy. The data showed that Pg, F1, F2, and GA
improved the diabetic neuropathy as evidenced by tail flick
and hot plate latency tests. In the paper entitled “Effects of
Dietary Supplementation with Agaricus sylvaticus Schaeffer
on Glycemia and Cholesterol after Streptozotocin-Induced
Diabetes in Rats,” M. B. Mascaro et al. report the protective
action of the mushroom, A. sylvaticus, as shown by plasma
biochemical parameters and islet structure in streptozotocintreated rats. Animal studies indicated that the A. sylvaticus crude extract reduced the levels of cholesterol, HDL,
triglycerides, blood sugar, GPT, and alkaline phosphatase but
increased those of transferrin and urea in streptozotocintreated rats. Histochemical staining data showed that A. sylvaticus suppressed islet atrophy. The overall data imply that A.
sylvaticus protected against type 1 diabetes probably via hepatic and pancreatic regulation. In the paper “Immunomodulatory and Antidiabetic Effects of a New Herbal Preparation
(HemoHIM) on Streptozotocin-Induced Diabetic Mice,” J.J. Kim et al. studied the beneficial effect of the herbal
preparation (HemoHIM), composed of Angelica gigas Nakai,
Cnidium officinale Makino, and Paeonia japonica Miyabe, on
type 1 diabetes in streptozotocin-treated mice. They showed
that HemoHIM treatment reduced hyperglycemia, improved
glucose tolerance, and increased blood insulin. Besides, this
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treatment could restore the thymus weight, the number
of blood white cells, blood lymphocytes, splenic CD4 and
CD8 T cells, and ConA-stimulated IFN𝛾 production. Taken
together, the data suggest that HemoHIM exerts antidiabetic
action via regulation of blood glucose homeostasis and
immunity. Another study by Y.-H. Kuo et al., “Caffeamide
36-13 Regulates the Antidiabetic and Hypolipidemic Signs
of High-Fat-Fed Mice on Glucose Transporter 4, AMPK
Phosphorylation, and Regulated Hepatic Glucose Production,” reports that caffeamide 36-13 (TS), a caffeic acid amide,
improved hyperglycemia and hyperlipidemia in high fat dietfed mice as evidenced by the level of blood glucose, triglyceride, insulin, leptin, and free fatty acid (FFA). Accordingly,
TS diminished abdominal visceral fat, cell size of adipocytes
in visceral fat, and hepatic triglyceride contents. Moreover,
TS increased the level of glucose transporter 4 (GLUT4)
in skeletal muscle, Akt phosphorylation, and AMPK phosphorylation in liver and/or muscle. In contrast, this treatment reduced the expression level of phosphoenolpyruvate
carboxykinase (PEPCK), glucose-6-phosphatase (G6Pase),
fatty acid synthase (FAS), and apolipoprotein C-III (apo CIII) in liver. Overall, this work postulates that TS possesses
glucose- and lipid-lowering activities via a reduction of
hepatic glucose reduction involving reduced PEPCK and
G6Pase and a reduction of FAS and apo C-III, respectively. In
the paper entitled “Protein Fractions from Korean Mistletoe
(Viscum album coloratum) Extract Induce Insulin Secretion
from Pancreatic Beta Cells,” K.-W. Kim et al. show that V.
album coloratum extract (KME) stimulated insulin secretion
in RINm5F, a 𝛽 cell line. Furthermore, DEAE fraction of KME
extract, obtained from DEAE chromatography, increased the
mRNA level of insulin and PDX1. Both protein fractions,
lectin-free fraction and DEAE fraction of KME, could reduce
blood glucose in alloxan-treated mice. This study implies that
KME can exert antidiabetic action via upregulation of insulin
production.
In human clinical studies, Lai and his colleagues (“Bidens
pilosa Formulation Improves Blood Glucose Homeostasis
and Beta-Cell Function in Men: A Pilot Study,”) reports a pilot
study of the antidiabetic herb, B. pilosa, in diabetic patients.
The authors first showed that single or combination use of
B. pilosa could significantly reduce fasting blood glucose and
glycosylated hemoglobin A1c (HbA1c) in diabetic subjects.
Consistently, B. pilosa increased fasting insulin. Moreover,
combination use of B. pilosa with other antidiabetic agents
had better glucose control than B. pilosa alone. The homeostatic model assessment (HOMA) data proposed that the
antidiabetic activity of B. pilosa was via preservation of 𝛽-cell
function. They also showed safety of the B. pilosa formulation
in healthy subjects.
In addition to original research articles, this special
issue also features review articles. A review entitled “Naturally Occurring Anthraquinones: Chemistry and Therapeutic
Potential in Autoimmune Diabetes” describes a class of
naturally occurring anthraquinones (NOAQs) in relation to
type 1 diabetes from chemical, biological, pharmacological,
and clinical aspects. Another review by R. D. Umrani and K.
M. Paknikar, “Jasada Bhasma, a Zinc-Based Ayurvedic Preparation: Contemporary Evidence of Antidiabetic Activity

Evidence-Based Complementary and Alternative Medicine
Inspires Development of a Nanomedicine,” summarizes the
importance of one Ayurvedic medicine, zinc-based bhasma,
on diabetes. The authors discuss the preparations of zinccontaining bhasma in a nanoparticle size and their studies
in cells and animals. The zinc-containing bhasma might
act to delay the severity of diabetes and progression of its
complications. These review articles shed light on further
directions for CAM in diabetes and diabetic complications.
We anticipate that this special issue will be of interest to
the researchers/readers in the field of diabetes and draw more
attention to the use of CAM-based therapies for diabetes and
the related complications.
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B. pilosa has long been purported to have antidiabetes activity, but despite the advancement in phytochemistry and animal models
of diabetes, no human clinical trials have been conducted to date. Here, we evaluated the effect of a B. pilosa formulation on fasting
blood glucose (FBG), fasting serum insulin, and glycosylated hemoglobin A1c (HbA1c ) in diabetic subjects. The B. pilosa formulation
reduced the level of FBG and HbA1c in diabetics but increased fasting serum insulin in healthy subjects. Moreover, combination of
B. pilosa formulation with antidiabetic drugs had better glycemic control in diabetics. The homeostatic model assessment (HOMA)
data suggested that the antidiabetic activity of this formulation was via improvement of 𝛽-cell function. We also tested the safety
of the B. pilosa formulation in healthy subjects and observed no obvious side effects. We conclude that B. pilosa has potential as an
antidiabetes treatment.

1. Introduction
Type 2 diabetes is a global health problem that carries a large
economic burden. According to the International Diabetes
Foundation 382 million people were diagnosed with diabetes
in 2013 and this number is expected to rise to 592 million by
2035 [1]. Current oral antidiabetic drugs have unmet efficacy
and undesirable side effects in patients often leading to lethal
complications [2]. Therefore, continuing the search for new
diabetes treatments is a priority.
Over 1200 plants are purported to have antidiabetic
activity [3, 4]. Among them, B. pilosa has long been used
as an antidiabetic herb in Asia, America, and Africa [5].
However, no clinical trial has ever evaluated the efficacy
and safety of this herb [3, 6]. We and other groups have
shown that B. pilosa has hypoglycemic activity in diabetic
db/db mice and alloxan-treated mice [7–9]. Three polyynes

from B. pilosa were found to have glucose-lowering activity
[8, 9]. Among them, cytopiloyne identified from B. pilosa had
better glucose-reducing activities in diabetic mice than the
other two polyynes [9]. We also demonstrated that B. pilosa
and cytopiloyne lowered blood glucose via insulin secretion
and islet protection [4]. Further, mechanistic studies showed
that cytopiloyne and, probably, B. pilosa exerted antidiabetic
action via their regulation of 𝛽-cell function [4].
Despite some claims of human antidiabetic activity, there
have been no modern clinical evaluations of B. pilosa in
humans. In this study, we evaluated the efficacy and safety of a
B. pilosa formulation in human diabetic and healthy subjects.

2. Materials and Methods
2.1. Efficacy Pilot Study. Fourteen volunteers whose fasting
blood glucose was more than 126 mg/dL and/or whose 2 h
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Test report on pesticides and heavy metals
Test items: 251 pesticides listed by Taiwanese Ministry of Health and
Welfare (MHW)
Methods: LC/MS/MS and GC/MS/MS were used to analyze the
pesticides and the extraction was conducted using Method of Test for Pesticide
Residues in Foods-Multiresidue Analysis (Taiwanese MHW (2012)) and AOAC Official
method (2007) Pesticide Residues in Foods by Acetonitrile Extraction and Partitioning
with Magnesium Sulfate
Results: Negative for the listed pesticides
Test items: Heavy metals
Methods: General Method of Test for Heavy Metals (Taiwanese MHW (2011))
Results: Undetectable for As, Pb, Cd and Hg

Figure 1: Report on the contamination of pesticides and heavy metals in the B. pilosa formulation used in this study. The content of the
pesticides and heavy metals in the B. pilosa formulation was determined and certificated by SGS Taiwan Ltd.

postmeal prandial blood glucose was more than 200 mg/dL
were diagnosed as diabetics based on the American Diabetes
Association criteria. They were grouped into 2 groups. One
group, 6 diabetics, only consumed the B. pilosa formulation
(probetacell) orally at a dose of 400 mg, ter in die, for 3 to
7 months. The other group, 8 diabetics, took antidiabetic
drugs plus the B. pilosa formulation. Their blood samples
were collected before and after their treatment. Biochemical
parameters of the blood samples from both groups were
determined (Table 1) based on the manufacturers’ protocols.
Briefly, triglyceride (TRIG), total cholesterol (TC), high
density lipoprotein (HDL), low density lipoprotein (LDL),
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and blood urine nitrogen (BUN) were analyzed
with 7600 Clinical Analyzer (Hitachi). Serum insulin was
quantified with the ADVIA Centaur ELISA Kits (Siemens).
HbA1c was measured using a DCA 2000 analyzer (Bayer). The
B. pilosa formulation (probetacell) is a commercial functional
food in Taiwan (Chun-Yueh Biomedical Technology Co.,
Ltd.) and HPLC was used to control the quality of the
formulations (see Sup. Figure 2 in Supplementary Material
available online at http://dx.doi.org/10.1155/2014/832314).
2.2. Safety Pilot Study. Blood from seven healthy volunteers
was collected before and after they took the B. pilosa formulation (probetacell) orally at a daily dose of 400 mg per person,
ter in die, for 3 months. The biochemical parameters (Table 2)
of the blood samples were analyzed as above.
2.3. Statistical Analysis. Data from three independent experiments or more are presented as mean ± SEM. Student’s 𝑡test was used for statistical analysis of the differences between
groups. A 𝑃 value (∗ ) of less than 0.05 was considered to be
statistically significant.

3. Results and Discussion
3.1. B. pilosa Formulation Improves Type 2 Diabetes via Promotion of 𝛽-Cell Function. Our group and others previously
demonstrated that B. pilosa exerted antidiabetic activity in
mouse models, so in this study we verified this effect in
humans. First, we evaluated the beneficial effect of the B.
pilosa formulation on subjects with type 2 diabetes. We found
that those who only took the B. pilosa formulation had
fasting blood glucose levels of 201.7 ± 83.3 and 123.3 ± 18.6,
respectively, before and after treatment with the B. pilosa
formulation (Table 1). Similarly, the diabetics had HbA1c
levels of 9.1 ± 1.7 and 7.2 ± 0.7, respectively, before and
after the treatment with the B. pilosa formulation (Table 1).
The HOMA-IR and HOMA-𝛽 are commonly used to assess
insulin resistance and 𝛽-cell function, respectively [10]. Treatment with the B. pilosa formulation significantly increased 𝛽cell function of the participants as shown by the HOMA-𝛽
values. In contrast, the treatment did not affect their insulin
resistance, as shown by the HOMA-IR values (Sup. Figure
1). Accordingly, the B. pilosa formulation boosted serum
insulin level in healthy persons (Table 2). Besides, we tested
the combination effect of the B. pilosa formulation. We found
that those who only took antidiabetic drugs and the B. pilosa
formulation had fasting blood glucose levels of 220 ± 70.9
and 150 ± 51.3, respectively, before and after the combination
treatment (Table 1). However, the combination use of the B.
pilosa formulation seemed better than its single use based on
the data on the decreased ratio of fasting blood glucose and
HbA1c (Table 1).
Overall, the data from this study are in good agreement
with previous studies in mice [4] that suggested that B. pilosa
enhanced insulin secretion and islet preservation via 𝛽-cell
regulation.

7.0 ± 5.3
12.4 ± 6.3

65.6 ± 10.5

61.3 ± 11.6

Age (yr)

Diabetic
history (yr)

3.6 ± 0.9

5.0 ± 2.0

Treatment
time (m)

220 ± 70.9

201.7 ± 83.3
150 ± 51.3

123.3 ± 18.6
0.31 ± 0.14

0.33 ± 0.20

FBG (mg/dL)b
Decreased
Pretreatment Posttreatment
ratioc

0.040

0.048

P value

d

8.6 ± 0.6

9.1 ± 1.7

7.7 ± 0.7

7.2 ± 0.7

Pretreatment Posttreatment

HbA1c (%)

0.10 ± 0.05

0.19 ± 0.07

Decreased
ratioc

0.012

0.033

𝑃 valued

b

All data are presented as mean ± SD.
FBG: fasting blood glucose.
c
Decreased ratio = (value of pretreatment − value of posttreatment)/value of pretreatment.
d
Data are presented as mean ± SD (standard deviation). Student’s 𝑡-test was used for statistical analysis between pretreatment and posttreatment. The 𝑃 values (<0.05) are considered statistically significant.
e
Diabetic patients only consumed BP supplement. The number (𝑛) of volunteers is indicated.
f
Diabetic patients consumed antidiabetic drugs and BP supplement (combination therapy). These antidiabetic drugs included metformin (Glucophage) dominantly and acarbose (Glucobay), glibenclamide
(Euglucon), glimepiride (Amaryl), and insulin (NovoMix 30 or NPH human insulin/Humulin).

a

BP without antidiabetic
drugse (𝑛 = 6)
BP with antidiabetic drugsf
(𝑛 = 8)

Parameters

a

Table 1: Selected biochemical parameters of diabetic subjects after administration with B. pilosa formulation for 3 to 7 months.
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0.35

0.86

0.82

115.1 ± 31.3

90 ± 6.2

5.4 ± 0.3

PBG
(mg/dL)

87.6 ± 2.3 111.6 ± 25.7

FBG
(mg/dL)

5.4 ± 0.3

HbA1c (%)

0.62

4.9 ± 7.7

3.4 ± 1.4

Fasting
insulin
(mU/L)

0.16

23.5 ± 16.4

12.5 ± 10.2

Postprandial
insulin
(mU/L)
TC (mg/dL)

HDL-c
(mg/dL)

LDL-c
(mg/dL)

0.43

0.58

71.6 ± 24.5 161.1 ± 20.9

0.61

53.3 ± 7

1

86.4 ± 19.5

85.1 ± 36.0 168.4 ± 27.3 55.8 ± 10.6 86.4 ± 21.1

TRIG
(mg/dL)

0.16

17 ± 2

21.1 ± 7

0.36

13.6 ± 3.6

15.7 ± 4.9

AST (U/L) ALT (U/L)

0.8

13.4 ± 2.8

13 ± 3.1

BUN
(mg/dL)

Data from seven healthy volunteers are presented as mean ± SD (standard deviation). The number (𝑛) of volunteers is indicated.
b
Student’s 𝑡-test is used to compare the parameters before and after the volunteers took the B. pilosa formulation at a daily dose of 400 mg per person, ter in die. No statistical significance is found.

a

Pretreatment
(𝑛 = 7)
Posttreatment
(𝑛 = 7)
𝑃 valueb

Parametersa

Table 2: Selected biochemical parameters of healthy volunteers after administration with the B. pilosa formulation for 3 months.

0.83

0.8 ± 0.1

0.8 ± 0.1

Creatinine
(mg/dL)
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3.2. B. pilosa Formulation Had No Obvious Side Effects. Next,
we assessed the 90-day safety of the B. pilosa formulation
in 7 diabetes-free volunteers. We found that 90-day administration with the B. pilosa formulation showed no obvious
adverse effects (Table 2). In addition, heavy metals (As, Pb,
Cd, and Hg) and 251 pesticides in the B. pilosa formulation
used in the study were determined and their concentrations
are below the limit of detection (Figure 1 and Sup. Table
1). The Food and Agricultural Organization of the United
Nations recognizes B. pilosa as a staple food [11]. The Ministry
of Health and Welfare in Taiwan also allows its use as an
ingredient in food for human consumption. Previous studies
by our group and others found no toxicity of B. pilosa in
mouse models [5, 6] and rats [12]. However, comprehensive
scientific study of the safety of B. pilosa has not been
conducted. In this work, clinical data suggest that B. pilosa at
400 mg, ter in die, has no noticeable toxicity (Table 2). Largescale clinical trials on the efficacy and toxicology of B. pilosa
in humans are required prior to its further medical use.
In summary, our clinical data demonstrated that the B.
pilosa formulation had an antidiabetic action and no obvious
side effects in humans. This action involves the regulation of
𝛽-cells.

5

[5]

[6]

[7]

[8]

[9]

[10]
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Anthraquinones are a class of aromatic compounds with a 9,10-dioxoanthracene core. So far, 79 naturally occurring anthraquinones
have been identified which include emodin, physcion, cascarin, catenarin, and rhein. A large body of literature has demonstrated
that the naturally occurring anthraquinones possess a broad spectrum of bioactivities, such as cathartic, anticancer, antiinflammatory, antimicrobial, diuretic, vasorelaxing, and phytoestrogen activities, suggesting their possible clinical application in
many diseases. Despite the advances that have been made in understanding the chemistry and biology of the anthraquinones in
recent years, research into their mechanisms of action and therapeutic potential in autoimmune disorders is still at an early stage.
In this paper, we briefly introduce the etiology of autoimmune diabetes, an autoimmune disorder that affects as many as 10 million
worldwide, and the role of chemotaxis in autoimmune diabetes. We then outline the chemical structure and biological properties of
the naturally occurring anthraquinones and their derivatives with an emphasis on recent findings about their immune regulation.
We discuss the structure and activity relationship, mode of action, and therapeutic potential of the anthraquinones in autoimmune
diabetes, including a new strategy for the use of the anthraquinones in autoimmune diabetes.

1. Autoimmune Diabetes
1.1. Etiology and Therapies for Autoimmune Diabetes.
Autoimmune diabetes (AID) is a life-threatening metabolic
disease that is initiated and progresses through a complex
interplay of environmental, genetic, and immune factors. As
a result, insulin-producing 𝛽-cells are destroyed by leukocytes leading to insufficient/deficient insulin that fails to
maintain blood glucose homeostasis, and lethal macro- and
microvascular complications ensue. In 2013, the International
Diabetes Federation (IDF) estimated that some 79,000
children under 15 years develop AID annually worldwide [1].
In patients and animal models of AID, at disease onset,
leukocytes infiltrate into the pancreatic islets [2]. Among
the leukocytes, T lymphocytes are the main players in AID

although B lymphocytes, dendritic cells, macrophages, and
NK cells are also implicated in this invasion, a condition
termed insulitis [3, 4]. This invasion contributes to a gradual
loss of pancreatic 𝛽-cells, leading to insulin insufficiency/
deficiency and then hyperglycemia, two hallmarks of AID [5].
So far, insulin injection is the only way to control
AID; however, it fails to cure the disease and can only
ameliorate its complications. Therefore, discovery of novel
and effective approaches to cure AID is necessary. Immune
therapy, replacement therapy using insulin, 𝛽-cells, islets, and
pancreas, and combination therapy have all been tested to
prevent and treat AID (Figure 1) [6]. Migration of leukocytes during diabetes development is viewed as a critical
target through which to interfere with the disease onset and
progression. From the immune perspective, chemokines and
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Interventions

Combination therapy

Immunotherapy

Replacement therapy

(to inhibit immune cells)

(insulin, 𝛽-cells/islets, pancreas, etc.)

↓ Chemotaxis

↓ Immune response
↓ Inflammation
↓ Inflammatory cytokines
↑ Anti-inflammatory cytokines

Disease

Birth

Insulitis

Diabetes

Death

∙ Leukocyte invasion

∙ Hyperglycemia

∙ Inﬂammatory cytokines

∙ Glucosuria

∙ Retinopathy

∙ Polydipsia

∙ Nephropathy

∙ Polyphagia

∙ Foot ulcer

∙ Polyuria

∙ Cardiovascular
diseases

Complications

Figure 1: AID development and intervention. During AID onset, leukocytes start to invade pancreatic islets, a condition termed insulitis,
followed by diabetes. Diabetes is characterized by hyperglycemia, insulin insufficiency/deficiency, and glucosuria. Polydipsia, polyphagia,
and polyuria are found in diabetic patients. Diabetic complications such as retinopathy, nephropathy, foot ulcers, and cardiovascular disease
result in fatality of patients. Immunotherapy, replacement therapy, and combinations of both are common approaches to treat AID.

their pathways are attractive targets for intervention and may
hold the key to stopping insulitis and, thus, delay or prevent
AID [7–10]. Preservation of functional 𝛽-cells is equally
crucial for curing AID [11]. This topic has been reviewed
elsewhere [12], however, and is not within the scope of this
paper.
1.2. Chemotaxis and Its Mechanism in Leukocytes. In mammals, 23 chemokine receptors and over 50 chemokines have
been discovered (Figure 2) [13]. They function in health and
disease in roles such as cell recruitment during embryogenesis, leukocyte trafficking, helper T cell differentiation,
angiogenesis, HIV infection, sepsis, atherosclerosis, inflammation, immune disorders, and cancer metastasis [14]. One
of the most important functions of chemokine/chemokine
receptors is to direct the migration of leukocytes from the
venous system to sites of inflammation. They play an essential
role in inflammation and, as a consequence, inflammatory
diseases such as autoimmune diseases and cancers [15]. Structurally speaking, chemokine receptors belong to a family of 7helix transmembrane G protein-coupled receptors (GPCRs).
Upon chemokine engagement, chemokine receptors initiate
the binding of the G𝛼 subunit to guanosine triphosphate and
the dissociation of the G𝛼 subunit from the G𝛽𝛾 subunit. This
activates protein tyrosine kinases, mitogen-activated protein
(MAP) kinases, and phospholipase C. Secondary messengers,
inositol triphosphate and diacylglycerol, which are converted

from phosphatidylinositol by phospholipase C, induce cellular calcium influx and translocation/activation of protein
kinase C, respectively. The above biochemical cascades lead
to cell chemotaxis and other cell functions (Figure 4(a))
[16]. Hence, chemokines/chemokine receptors have been
proposed as drug targets for inflammatory diseases [14, 17–
19]. For instance, the first FDA approved CXCR4 antagonist,
plerixafor/AMD3100, is used to mobilize hematopoietic stem
cells, which are collected for use in stem cell graft in
patients with hematological cancers. Plerixafor was initially
developed to interfere with SDF-1/CXCR4 interaction and
shows promise for HIV infection, cancers, and autoimmune
diseases such as rheumatoid arthritis [20]. However, this drug
is expensive because of the difficulty in its total synthesis.
There is, therefore, a demand for the discovery of new CXCR4
antagonists that are both cost-effective and potent.
Since T cells and other leukocytes are thought to be
essential players in AID [3, 21], interference with chemokine
receptors in leukocytes could be a promising approach for
treating insulitis and AID prophylaxis. CXCR4 is expressed
in all the leukocytes including naı̈ve T cells [22]. CCR5 is
preferentially expressed in activated T cells and macrophages
[23–25]. And CCR3 and CCR4 are implicated in Th2 cells
whereas CXCR3 and CCR5 are associated with Th1 cells
[14]. On the flip side, genetic studies further showed that
deficiency in CXCR3 and CCR2 accelerated AID in NOD
mice [26, 27]. In contrast, CCR5 ablation delayed AID
[27], which was contradictory to one publication indicating
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Figure 2: Chemokines and their cognate receptors. Twenty-three chemokine receptors and their natural ligands are classified into CCR,
CXCR, and other categories.

that CCR5 positively regulated AID [28]. Anti-CXCL10 was
reported to delay AID in NOD mice, implying that CXCR3
may accelerate AID [29]. Overexpression of D6 in pancreatic
islets reduced AID in NOD mice [30]. Overexpression of
CCL2, a natural ligand for DARC, D6, and CCR2, in the
pancreas reduced AID in NOD mice [31], which is consistent
with a negative regulation of AID by CCR2, D6, and DACR.
Of them, the impact of DARC in AID is unclear.
1.3. Mouse Models of AID. Animal models are indispensable
for dissecting pathogenesis and for preclinical trials in AID
despite some difference between animal models and patients.
The animal models include streptozotocin- (STZ-) treated

mice, nonobese diabetic (NOD) mice, Biobreeding (BB) rats,
Long Evans Tokushima Lean (LETL) rats, New Zealand white
rabbits, Chinese hamsters, Keeshond dogs, and Celebes black
apes [12].

2. Naturally Occurring Anthraquinones
2.1. Chemical Structure and Biosynthesis of Naturally Occurring Anthraquinones. Naturally occurring anthraquinones
(NOAQs) are a group of secondary metabolites structurally
related to 9,10-dioxoanthracene (also known as anthracene
9,10-diones) and their glycosides (Table 1 and Figure 4). Currently, there are 79 known NOAQs [32], which were isolated
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Table 1: Chemical structure of NOAQs in different plants.
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2-Carboxy-1-hydroxy-3-methoxy-AQ
3-Hydroxy-1-methoxy-227
(methoxymethyl)-AQ
28
Anthragallol (1,2,3-trihydroxy-AQ)

H
H
Me
H
H

OH

Me

H
H
H
H

HOOC

MeOOC

MeO

MeO

OH

H

H

H
H
H

H

OH

OH

R3
MeO

H

H

H

H

H

H

H

H
H
H

H

H

H

H

H

OH
H
OH OH
MeO H
H
H
OH
H

H

H

OH MeO
OH
H
OH
H
H
OH

OH

H

H

H

H

OH

OH

OH
OH
OH

OH

H

H

Structure
R4
R5
H
H

H
H
H
H
H

OH

Me

H
H
Me
H

H

H

H

H

H

H

H

H
H
H

H

H

H

R6
H

Table 1: Continued.

Me
MeO
OH
OH
H

H

H

H
H
H
H

H

H

H

H

H

H

H

H
H
H

H

H

H

R7
H

H
H
H
H
H

H

OH

H
MeO
H
H

H

H

H

H

H

H

H

H
H
H

H

H

H

R8
H

Rubia cordifolia [32], Rubia sylvatica [32], Rubia
yunnanensis [43], Rubia lanceolata [32], and Rubia
schumanniana [32]
Rubia cordifolia [50]
Rubia cordifolia [50]
Rubia yunnanensis [32]
Rubia tinctorum [32]
Rubia cordifolia [32]

Rubia cordifolia [50] and Fallopia japonica [52]

Rubia tinctorum [32], Rubia lanceolata [39], and Rubia
oncotricha [39]
Rubia tinctorum [32], Rubia cordifolia [32], and Rubia
peregrine [32]
Rubia cordifolia [50]
Rubia cordifolia [50]
Rubia cordifolia [51]
Rubia cordifolia [51]

Rubia tinctorum [32]

Rubia tinctorum [32]

Rubia cordifolia [32] and Rubia lanceolata [32]
Rubia tinctorum [32], Rubia cordifolia [32], Rubia
oncotricha [39], and Rubia yunnanensis [43],

Rubia tinctorum [32]

Rubia tinctorum [32]
Rubia tinctorum [32, 42], Rubia cordifolia [32], Rubia
munjista [33], Rubia sikkimensis [33], and Rubia
tetragona [32]
Rubia cordifolia [32] and Rubia tinctorum [32]
Rubia cordifolia [32] and Rubia yunnanensis [32]
Rubia cordifolia [32]

Rubia cordifolia [49]

Rubia cordifolia [48]

Species
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S.
IUPAC names
number
3-(𝛽-D-Glucopyranosyloxy)-1,651
dihydroxy-2-methyl-AQ
3-(6-O-Acetyl-𝛽-D-glucopyranosyloxy)52
1,6-dihydroxy-2-methyl-AQ
3-[(2-O-6-Deoxy-𝛼-L-mannopyranosyl53
𝛽-D-glucopyranosyl)oxy]-1,6-dihydroxy2-methyl-AQ
3-[(3-O-Acetyl-2-O-6-deoxy-𝛽-Dmannopyranosyl-𝛽-D54
glucopyranosyl)oxy]-1,6-dihydroxy-2methyl-AQ
3-[(6-O-Acetyl-2-O-6-deoxy-𝛽-Dmannopyranosyl-𝛽-D55
glucopyranosyl)oxy]-1,6-dihydroxy-2methyl-AQ
3-[(3,6-O-Diacetyl-2-O-6-deoxy-𝛽-Dmannopyranosyl-𝛽-D56
glucopyranosyl)oxy]-1,6-dihydroxy-2methyl-AQ
3-[(4,6-O-Diacetyl-2-O-6-deoxy-𝛽-Dmannopyranosyl-𝛽-D57
glucopyranosyl)oxy]-1,6-dihydroxy-2methyl-AQ
3-[(4-O-Acetyl-2-O-6-deoxy-𝛽-Dmannopyranosyl-𝛽-D58
glucopyranosyl)oxy]-1,6-dihydroxy-2methyl-AQ
3-[(6-O-Acetyl-2-O-𝛽-D-xylopyranosyl59
𝛽-D-glucopyranosyl)oxy]-1,6-dihydroxy2-methyl-AQ
Ruberythric acid
60
(1-hydroxy-2-[(6-O-𝛽-D-xylopyranosyl𝛽-D-glucopyranosyl)oxy]-AQ)
Lucidin primeveroside
(1-hydroxy-2-(hydroxymethyl)-3-[(6-O61
𝛽-D-xylopyranosyl-𝛽-Dglucopyranosyl)oxy]-AQ)
H

XylOGluO

HOCH2

OH

OH

H

Me

OH

H

H

H

H

H

H

H

Me

OH

H

H

H

H

H

H

H

XylOGluO

Me

OH

3,6[OAc]2 -6dManOGluO
4,6[OAc]2 -6dManOGluO

H

6-OAc6-dManOGluO

OH

Me

OH

H

3-OAc6-dManOGluO

H

Me

OH

H

6-dManOGluO

6-OAcXylOGluO

Me

OH

H

6-OAcGluO

Me

Me

OH

H

GluO

Structure
R4
R5

H

Me

OH

R3

4-OAc-6dManOGluO

R2

R1

OH

OH

OH

OH

OH

OH

OH

OH

OH

OH

OH

R6

Table 1: Continued.

H

H

H

H

H

H

H

H

H

H

H

R7

H

H

H

H

H

H

H

H

H

H

H

R8

Rubia cordifolia [32], Rubia tinctorum [32], Rubia
iberica [45], and Rubia yunnanensis [43]

Rubia cordifolia [32], Rubia tinctorum [32], and Rubia
iberica [45]

Rubia cordifolia [32]

Rubia cordifolia [32]

Rubia cordifolia [32]

Rubia cordifolia [32]

Rubia cordifolia [32], Rubia akane [39], Rubia
yunnanensis [43], and Rubia schumanniana [32]

Rubia cordifolia [32]

Rubia cordifolia [32], Rubia schumanniana [32], Rubia
akane [39], and Rubia yunnanensis [43]

Rubia cordifolia [32]

Rubia cordifolia [32]

Species
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82

77
78
79
80
81

76

75

74

73

Chrysophanol
(1,8-dihydroxy-3-methyl-AQ)
Rhein-8-glucoside
Alatinone
(1,5,7-trihydroxy-3-methyl-AQ)
Diacerein (diacerhein)
Fistulic acid
5-Hydroxy emodin
1,3-hihydroxy-6,8-dimethoxy-AQ
1,3,5,8-Tetrahydroxy-2-methyl-AQ
1,2-Dihydro-1,3,8-trihydroxy-2-methylAQ

Aloe-emodin (1,8-dihydroxy 3-hydroxy
methyl anthraquinone)

S.
IUPAC names
number
1-Acetyl-3-[(4-O-6-deoxy-𝛽-Dmannopyranosyl-𝛽-D62
glucopyranosyl)oxy]-6-hydroxy-2methyl-AQ
2-[(6-O-𝛽-D-Glucopyranosyl-𝛽-D63
glucopyranosyl)oxy]methyl-11-hydroxyAQ
3-[(2-O-6-Deoxy-𝛽-D-mannopyranosyl64
𝛽-D-glucopyranosyl)oxy]-1-hydroxy-2(methoxycarbonyl)-AQ
3-(𝛽-D-Glucopyranosyloxy)-265
(hydroxymethyl)-AQ
3-(𝛽-D-Glucopyranosyloxy)-8-hydroxy66
2-(hydroxymethyl)-AQ
2-(𝛽-D-Glucopyranosyloxy)-1,367
dihydroxy-AQ
3-(𝛽-D-Glucopyranosyloxy)-1-hydroxy68
2-(hydroxymethyl)-AQ
69
Emodin (1,3,8-trihydroxy-6-methyl-AQ)
70
Cascarin (emodin 6-O-rhamnoside)
71
Rhein (1,8-dihydroxy-3-carboxyl-AQ)
Catenarin
72
(1,4,6,8-tetrahydroxy-3-methyl-AQ)
H

MeOOC
HOCH2
HOCH2
GluO
HOCH2
H
H
H
H

H

OH
H
H
OH
OH
OH
OH
OH
OH

OH

OAc
OH
OH
OH
OH

OH

OH

OH

Me

H
Me
H
H
Me

H

H

H

H

Me

MeCO

OH

R2

R1

H

GluO

OH

HOOC
HOOC
Me
OH
OH

Me

HOOC

Me

CH2 OH

Me

Me
Me
HOOC

GluO

OH

H

H
OH
H
H
H

H

H

H

H

OH

H
H
H

H

H

H

H

6-dManOGluO

GluO

H

H

H

H
H
OH
H
OH

OH

H

H

H

H

H
H
H

H

H

H

H

H

H

H

Structure
R4
R5

H

6-dManOGluO

R3

H

H
MeO
OH
MeO
MeO

H

H

MeO

H

OH

OH
RhaO
H

H

H

H

H

H

H

OH

R6

Table 1: Continued.

H

H
MeO
H
H
H

OH

H

H

H

H

H
H
H

H

H

H

H

H

H

H

R7

OH

OAc
OH
OH
MeO
OH

H

GluO

OH

OH

OH

OH
OH
OH

H

H

OH

H

H

GluOGluO

H

R8

Cassia sp. [54]

Cassia sp. [54]
Cassia sp. [54]
Cassia sp. [54]
Cassia sp. [54]
Cassia sp. [54]

Cassia sp. [54]

Cassia sp. [54]

Cassia sp. [54]

Aloe vera [53], Cassiasp. [53], Rhamnus
frangula,Cascara Sagrada [53], Rhamnus purshiana
[53], and Rheum rhaponticum [53]

Helminthosporium catenarium [28]

F. japonica [28, 52]
Rhamnus sp. [28]
Cassiasp. [28]

Rubia cordifolia [32]

Rubia tinctorum [32]

Rubia tinctorum [32]

Rubia tinctorum [32]

Rubia cordifolia [32]

Rubia cordifolia [32] and Rubia schumanniana [32]

Rubia cordifolia [32]
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R2
Me
H
H
H
OH
CHO
H

R1
OH
OH
OH
OH
MeO
OH
OH

OH
CHO

Me

HOOC

CH2 OH

R3
H
Me

H
H

H

H

H

H
H

H

H

H

Structure
R4
R5
H
H
H
H

H
H

H

OH

OH

R6
MeO
MeO

Table 1: Continued.

Glu: glucosyl; dMan: deoxymannosyl; Rha: rhamnosyl; Xyl: xylosyl; Me: methyl; Et: ethyl; Ph: phenyl; Ac: acetyl.

S.
IUPAC names
number
83
1,8-Dihydroxy-6-methoxy-2-methyl-AQ
84
1,8-Dihydroxy-6-methoxy-3-methyl-AQ
Citreorosein
85
(1,3,8-trihydroxy-6-hydroxymethyl-AQ)
Emodic acid
86
(1,6,8-trihydroxy-AQ-3-carboxylic acid)
Obtusifolin
87
(2,8-dihydroxy-1-methoxy-3-methyl-AQ)
88
2-Formyl-1,3,8-trihydroxy-AQ
89
3-Formyl-1-hydroxy-8-methoxy-AQ
H
H

H

H

H

R7
H
H

OH
MeO

OH

OH

OH

R8
OH
OH

Cassia sp. [54]
Cassia sp. [54]

Cassia sp. [54]

Cassia sp. [54]

Cassia sp. [54]

Cassia sp. [54]
Cassia sp. [54]

Species
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R8

O

CoA
O

O

CO2

O

O

CoA

+ O

O

R1

R7

O

O

O

O
O

R2

CO2
CoA

R3

R6

O

R5

O

R4

(a)

COOH

COOH

COOH COOH

HO

O
HO

R8

O

COOH

O

OH
R1

R7

OH

COOH

R2
OH
R3

R6
R5

O

OH

R4

HOH2 C

(b)

Figure 3: Schema outlining the biosynthesis of anthraquinones. Anthraquinones can be synthesized from acetyl CoA and malonyl CoA via
the polyketide pathway (a), or from shikimic acid (b) via the shikimate pathway.

from lichens, fungi, or higher medicinal plants (e.g., Polygonaceae, Rhamnaceae, Rubiaceae, Fabaceae, and Xanthorrhoeaceae) [32–38]. Although their biosynthetic pathways are
not yet fully clear, NOAQs can be biosynthesized from the
polyketide (Figure 3(a)) or shikimate (Figure 3(b)) pathway
as described in Figure 3 [39]. They can be formed either by
the cyclization of linear octa-𝛽-ketoacyl CoA intermediates
from the addition of one acetyl CoA to three malonyl CoA
or by the addition of succinoylbenzoic acid, resulting from
shikimic acid and𝛼-ketoglutaric acid, to mevalonic acid.
2.2. Mechanism of Action of NOAQs in AID. NOAQs have
widespread applications throughout medicine as well as in
industry. Medicinally speaking, they show a wide spectrum
of bioactivities. Most of them are best known as laxative
compounds for constipation. Apart from laxative activity,
emodin, the most studied anthraquinone, has been reported
to have cathartic, anti-inflammatory, anticancer, antimicrobial, diuretic, DNA-binding, and vasorelaxant activities [2,
55–57]. In addition, emodin, physcion, anthraglycoside B,
citreorosein, and emodin 8-O-𝛽-D-glucopyranoside were
found to have laxative, anti-inflammatory, and other activities
[58–60]. Emodin and physcion are kinase and tyrosinase
inhibitors [61–63] and also show cytotoxicity against cancer cells [55, 64]. In addition, emodin, citreorosein, and
emodin 8-O-𝛽-D-glucopyranoside showed phytoestrogen
activity [60, 65, 66]. Further, anthraglycoside B has been used
to treat acute hepatitis and leukocyte reduction [59].
Recently, NOAQs have been explored for their potential
in AID intervention. In one study, Fallopia japonica, an

anti-inflammatory herb rich in anthraquinones, was tested
for AID. NOD mice received intraperitoneal injection of the
F. japonica crude extract at 40 𝜇g/kg BW, 3 times a week from
4 to 30 weeks (prevention) or from 9 to 30 weeks (therapy).
Twelve-week-old NOD mice started to develop AID, and
100% of NOD mice aged 24 weeks and above developed AID.
Remarkably, 86% and 80% of 30-week-old NOD mice treated
with F. japonica crude extract did not develop AID [67].
Consistent with AID incidence, the crude extract delayed and
reduced the invasion of leukocytes into the pancreatic islets
[67]. Using a chemotaxis-based fractionation and isolation
approach, two anthraquinones, emodin and physcion, were
isolated and identified from this plant [67]. Moreover, in vitro
study showed that emodin and physcion exhibited a reduction in CXCR4-mediated migration of Jurkat cells, a human
T cell line [67]. A negative control, resveratrol, had no effect
on the CXCR4-implicated migration. This reduction in migration involved the inhibition of MAPKs, ERK 1/2, and
MAPKK, MEK 1/2 [67]. Accordingly, at doses from 4 mg/kg
to 40 mg/kg, emodin and physcion dose-dependently
reduced insulitis and AID in NOD mice [67].
In another study, Shen and colleagues showed that
catenarin, cascarin, emodin, and rhein inhibited CXR4mediated chemotaxis in Jurkat T cells [28]. The half maximal
inhibitory concentrations (IC50 ) of the CXCR4-mediated
migration for catenarin, cascarin, emodin, and rhein were
0.18 𝜇g/mL, 0.3 𝜇g/mL, 0.3 𝜇g/mL, and 2.7 𝜇g/mL, respectively [28]. The IC50 of the CCR5-mediated migration for
catenarin, emodin, cascarin, and rhein were 0.5 𝜇g/mL,
0.75 𝜇g/mL, 1.46 𝜇g/mL, and 2.5 𝜇g/mL, respectively [28].
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Chemokine

Chemokine
Chemokine
receptor

Chemokine
receptor

G protein

G protein

Catenarin

Ca2+

Ca2+

MAPKK

MAPKK

MAPK

MAPK

Chemotaxis

Chemotaxis

Insulitis and AID

Insulitis and AID

(a)

(b)

Figure 4: Mode of action of catenarin and other anthraquinones for AID. (a) Upon chemokine binding, a chemokine receptor is activated
and induces G protein activation. A cascade of calcium mobilization and activation/phosphorylation of MAPKK/MAPK pathways leads
to chemotaxis of leukocytes and, subsequently, insulitis and diabetes. (b) Catenarin and probably other anthraquinones inhibit leukocyte
migration mediated by CCR5 and CXCR4 via the inactivation of MAPKs (p38 and JNK), MKKs (MKK6 and MKK7), and calcium
mobilization. As a result, anthraquinones can suppress insulitis and diabetes.

Catenarin had higher antichemotactic activity than the other
anthraquinones. This activity appears to relate to the number
of hydroxyl groups at R5 and R7 in the anthraquinones,
revealing a structure-activity relationship of hydroxyl groups
in anthraquinones. The 𝜇-slide assays, used to follow the
trafficking direction, also demonstrated that, at a dose of
0.5 𝜇g/mL, catenarin could completely stop cell movement
towards the specific chemokine gradient [28]. These data
suggest that the potential of the anthraquinones to inhibit
chemotaxis depends on chemokine properties [28]. Further,
in an in vivo study, 100% of NOD mice developed AID at
the age of 24 weeks or beyond. The diabetic incidence of
NOD mice treated with catenarin at 0.4, 4, and 20 mg/kg,
3 times a week, from 4 to 30 weeks, was 80%, 70%, 30%,
and 0%. NOD mice treated with 20 mg/kg catenarin had
normal blood glucose (<200 mg/dL) and Hb𝐴1𝑐 (<4%), intact
islet structure, and very few leukocytes (CD4+ T, CD8+ T,
dendritic cells, macrophages, and NK and B cells) in the
pancreatic islets [28]. Flow cytometry showed that catenarin
did not influence the expression of chemokine receptors on
the cell surface, excluding the possibility that catenarin (and,
probably, other anthraquinones) work(s) at the level of the
chemokine receptors [28]. In addition, catenarin reduced
calcium mobilization in Jurkat cells whilst being exposed
to CXCR4 ligand, SDF-1, and CCR4 ligand, MIP-1 [28].

Further, catenarin inhibited JNK and p38 but not ERK
1/2 and, in turn, their upstream regulators, MKK 6/7 [28].
These mechanistic studies concluded that catenarin and/or
its derivatives exerted antidiabetic action via chemotactic
regulation of leukocytes involving the Ca2+ /MAPKK/MAPK
pathways (Figure 4(b) and Table 2). Of note, catenarin has
the highest antichemotactic activity, followed in decreasing
order by emodin, cascarin, and rhein. Interestingly, catenarin
has two hydroxyl groups at R4 and R6 in its anthraquinone
ring. Emodin has only one hydroxyl group at R6. Cascarin
and rhein have no hydroxyl groups at R4 and R6. This activity
seems to be related to the number of hydroxyl groups at R4
and R6 in anthraquinones as described in Figure 4(a) and
Table 1.
Diacerein is a commercial drug commonly utilized to
treat human osteoarthritis. It was developed from its prodrug
rhein. Very interestingly, diacerein can be used to treat AID
in NOD mice [68] akin to its prodrug, rhein [28]. Overall, the
data supported the notion that rhein in its stable form, albeit
at low efficacy, may be a better pharmaceutical intervention
than the other anthraquinones with higher activity.
There is lack of information about the impact of the
other chemokines/chemokine receptors in AID. We showed
that NOAQs can target CXCR4 and CCR5 pathways [28,
67]. CXCR3, CCR2, CXCL10, CCL2, and D6 were reported
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Table 2: NOAQs with antidiabetic activities.
S. number
72
69
44
70
71
77

Name
Catenarin
Emodin
Physcion
Cascarin
Rhein
Diacerein

Classification
Anthraquinone
Anthraquinone
Anthraquinone
Anthraquinone
Anthraquinone
Anthraquinone

Molecular formula
C15 H10 O6
C15 H10 O5
C16 H12 O5
C21 H20 O9
C15 H8 O6
C19 H12 O8

to control diabetes development [26, 27, 29–31]. Whether
NOAQs target their pathways remains unclear.

3. Toxicology
Emodin, one of the most well-studied anthraquinones, is
frequently present in laxative herbs. Furthermore, emodin is
reported to be effective against cancer, constipation, inflammation, microbes, and peptic ulcers [69]. However, its safety
and effectiveness in naturopathic treatment have not been
approved by the U.S. Food and Drug Administration (FDA).
Side effects of emodin, and probably other anthraquinones,
include potential carcinogenesis, nausea, diarrhea, and renal
failure. Two anthraquinone-type agents, danthron, a drug for
constipation, and diacerein, an anti-inflammatory drug for
osteoarthritis, were developed and approved by the U.S. FDA
[68, 70]. However, danthron was withdrawn by the FDA in
1999 due to the risk of carcinogenesis [70]. Therefore, clinical
use of the anthraquinones should be considered cautiously.

4. Conclusions and Perspectives
Several NOAQs show anti-inflammatory activity. Among
them, cascarin, catenarin, rhein, physcion, and emodin suppress the chemotactic activity of leukocytes at the insulitis stage of AID development. They suppress chemokinemediated leukocyte migration towards pancreatic islets leading to a decline in AID development. This suppression
involves anthraquinone-mediated inhibition of MAPKK/
MAPK pathway. An antiosteoarthritic anthraquinone drug,
diacerein, has been shown to prevent AID in a NOD model,
suggesting that the antichemotactic activity of the risk-free
anthraquinones can likely be exploited for AID and other
inflammatory diseases.

Abbreviations
AID:
NOAQ:
NOD mice:
GPCR:
MAPK:
MAPKK:
IC50 :
STZ:
BB rats:
LETL rats:

Autoimmune diabetes
Naturally occurring anthraquinone
Nonobese diabetic mice
G protein-coupled receptor
Mitogen-activated protein kinase
Mitogen-activated protein kinase
Half maximal inhibitory concentration
Streptozotocin
Biobreeding rats
Long Evans Tokushima Lean rats.

Biological activities
Antichemotactic [28] and antidiabetic [28]
Antichemotactic [67] and antidiabetic [67]
Antichemotactic [28]
Antichemotactic [28]
Antichemotactic [28]
Antiosteoarthritic [68] and antidiabetic [28]
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The roles of metals in human physiology are well established. It is also known that many metals are required in trace amounts for
normal metabolism and their deficiency leads to diseases. In Ayurveda, metal-based preparations, that is, bhasmas, are indicated for
the treatment of several diseases. Standard textbooks of Ayurveda recommend Jasada bhasma (zinc based bhasma) as the treatment
of choice for diabetes. Modern medicine also recognizes the important role of zinc in glucose homeostasis. Yet, studies that validate
the use of Jasada bhasma are few and uncomprehensive. There is an imminent need for a systematic study on physicochemical
characterization, pharmacological efficacy, and toxicity assessment of several bhasma preparations to generate scientific evidence
of their utility and safety. Interestingly, recent studies suggest that bhasmas comprise submicronic particles or nanoparticles. Thus
a bhasma-inspired new drug discovery approach could emerge in which several metal based nanomedicines could be developed.
This would help in utilizing the age old, time-tested wisdom of Ayurveda in modern medicine. One such study on antidiabetic
activity of Jasada bhasma and the corresponding new drug, namely, zinc oxide nanoparticles, is briefly discussed, as an example.

1. Diabetes
Diabetes mellitus is a metabolic disorder manifested by the
presence of hyperglycemia, that is, fasting glucose levels
>140 mg/dL and postprandial glucose levels >200 mg/dL. It is
a heterogeneous group of disorders influenced by age, genetic
composition, and environmental factors. The pancreatic 𝛽cells and their secretory product, namely, insulin, are central
in the pathophysiology of diabetes [1]. Based on the insulin
levels and pancreatic function, two main types of diabetes
are recognized. Insulin-dependent diabetes mellitus (IDDM)
or type 1 diabetes is due to autoimmune destruction of the
insulin-producing pancreatic 𝛽-cells resulting in an absolute
deficiency of insulin. Therefore, type 1 diabetic patients need
exogenous insulin for survival [2]. In noninsulin-dependent
diabetes mellitus (NIDDM) or type 2 diabetes, muscle, liver,
and fat cells become “resistant” to the actions of insulin. Also,
the compensatory mechanisms that are activated in the 𝛽cells to secrete more insulin are not sufficient to maintain

blood glucose levels within a normal physiological range
[1]. Besides type 1 and type 2 diabetes, several other forms
of diabetes such as “maturity onset diabetes of the young”
(MODY), “gestational diabetes,” and “maternally inherited
mitochondrial diabetes” (MIMD) are reported. However, the
incidence of type 2 diabetes is the highest (∼90%) followed by
type 1 diabetes (∼9%) among the diabetic population [2].
Currently, the only therapy for type 1 diabetes is administration of insulin and/or analogues (which differ from human
insulin by one or two amino acids). Patient discomfort due to
multiple injections a day and weight gain are major demerits.
Considerable efforts have been made for the development
of oral insulin for better patient compliance. However, such
options are not yet available in the market and insulin remains
the mainstay of treatment of type 1 diabetes.
Several oral antidiabetic agents are clinically used for the
treatment of type 2 diabetes (Table 1). Life style and dietary
changes are also recommended in early stage of the disease.
Other than the listed agents, insulin and analogues are used
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Table 1: Summary of the current therapeutic agents for type 2 diabetes and associated side effects.

Drug class/agent

Drug effect/action

Side effects/demerits

Metformin
Insulin secretagogues (sulphonylureas)

Suppresses hepatic glucose output
Increase insulin secretion

PPAR𝛾 agonists (thiazolidinediones)

Increase insulin sensitivity

Αlpha-glucosidase inhibitors (acarbose)

Inhibit glucose absorption

GLP-1 analogues (liraglutide)

Increase glucose stimulated insulin secretion

DPP-IV inhibitors (sitagliptin)
SGLT2 inhibitors (canagliflozin)

Enhance endogenous GLP-1 action
Inhibition of glucose reabsorption in kidneys

Lactic acidosis and GI problems
Hypoglycemia and weight gain
Peripheral edema, weight gain, and
anemia
Loose stools and flatulence
Patient compliance in case of peptide
analogues (injection)
Specificity issues
Urinary tract infections

in the late stage of type 2 diabetes, especially in patients
with poor glycemic control. However, these therapies are
associated with several side effects based on their mechanism
of action [3–5], summarized in Table 1.

2. Need for Newer Antidiabetic Drugs
Most of the antidiabetic agents cannot be used as a single
therapy and are used in combination with each other or
with insulin, increasing the treatment cost. Despite available
polytherapy, current unmet needs are
(i) enhanced insulin secretion without the risk of hypoglycemia,
(ii) increased insulin sensitivity without body weight
gain,
(iii) improvement in dyslipidemia that coexists with diabetes,
(iv) preservation of pancreatic beta cell action and delayed
beta cell failure,
(v) delayed development of diabetes related complications, namely, retinopathy, nephropathy, neuropathy,
and cardiomyopathy.
A single, cost-effective, oral, antidiabetic treatment with
minimal side effects is the need of the day. As an important
part of the continued research on developing newer antidiabetic agents, several metals are being investigated for beneficial effects in both type 1 and type 2 diabetes and associated
complications. These include vanadium, chromium, magnesium, selenium, cobalt, zinc, tungsten, and molybdenum. Of
these metals, zinc is of particular interest due to its pleiotropic
role as discussed below.

3. Role of Zinc in Glucose Metabolism
Zinc is an essential micronutrient, found in all tissues of
the body, 95% of it being intracellular [6]. Being a cofactor
of more than 300 enzymes, zinc is involved in all cellular
functions including signal transduction, transcription, and
replication [7]. Zinc is also a cofactor in DNA, RNA, and
protein synthesis and influences gene expression through
transcription factors [8]. Zinc also plays a role in growth,

Enhanced
insulin
stability

+

Reduced
degradation

+

Increased
receptor
binding

=

Improved
insulin
action

Figure 1: A schematic of the reported mechanisms by which zinc
improves insulin action [9–13].

development, apoptosis, immune function, reproduction,
maintenance of vision, protein digestion, blood clotting, bone
metabolism, and carbohydrate metabolism.
The pancreas is the site of insulin synthesis, storage, and
secretion, and zinc is involved in each of these processes
[9]. Even before any evidence of a relationship between
zinc and insulin existed, it was known that addition of
zinc extended insulin’s duration of action [10]. As early as
1930’s, zinc was known to be important for the integrity
of the crystalline structure of insulin [11]. In the presence
of zinc within the beta cell, insulin monomers assemble
to a dimeric form for storage and secretion as the zinc
crystal. Dimeric insulin assembles further into a hexamer
that is relatively more stable form of insulin [12]. Zinc not
only prevents the degradation of insulin hexamers but also
improves the binding of insulin to its receptors and inhibits
degradation by liver plasma membranes [13]. These reported
mechanisms might be working together to improve insulin
action (Figure 1).
Insulin mimetic actions of zinc are also known, reported
as early as 1980, where zinc chloride stimulated lipogenesis
in rat adipocytes [14]. It is now known that these insulin
mimetic effects in adipocytes are through a complex interplay
of improved insulin signaling, increased glucose transport,
phosphodiesterase activation, and inhibition of free fatty
acids release [15]. Haase and Maret [16] reported PTP1B
inhibition by zinc, thus enhancing insulin signaling. Further,
zinc enhances insulin signaling by increased insulin receptor
tyrosine phosphorylation, enhanced PI3K activity, and inhibition of GSK3 [17].
Zinc also has beneficial effects on glucose metabolism.
Inhibition of intestinal glucose absorption by zinc has been
reported [18]. By inhibiting fructose 1,6-bisphosphatase [13],
zinc favors glycolysis as opposed to gluconeogenesis in the
cell. Zinc induces the translocation of glucose transporters
(GLUT4) to plasma membrane in adipocytes [19, 20], thus
increasing glucose uptake and reducing blood glucose levels.
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Figure 2: A schematic of the several antioxidant actions of zinc.

In the adipocytes, insulin regulates the activity of hormone sensitive lipase (HSL) and thereby inhibits lipolysis.
This favors lipogenesis and storage of fat. It is known that,
in diabetes, insulin’s regulation over lipolysis is lost. This
results in increased free fatty acids in blood. It is also known
that these elevated FFAs impair beta cell function through
ceramide production and induce apoptosis. The resulting
pancreatic beta cell decompensation worsens the diabetic
situation. Interestingly, zinc suppresses phosphorylation of
hormone sensitive lipase (HSL), thereby inhibiting free
fatty acids release [21]. Zinc deficiency may modify lipid
metabolism and membrane integrity and these could impair
glucose carrier function [13]. Inhibition of GSK3 by zinc [14]
exerts beneficial effects on glycogen metabolism. Also, zinc is
reported to inhibit glucagon secretion [22, 23], thus reducing
gluconeogenesis and glycogenolysis.
Zinc ions also have pronounced effects on redox
metabolism, although they are redox inert. Depending on
how much zinc is readily available, zinc can either increase
the cell’s antioxidant capacity or elicit oxidative stress [24].
Zinc contributes to antioxidant defense as a component of
Cu-Zn superoxide dismutase and metallothionein. Several
mechanisms contribute to the antioxidant effects of zinc [25],
summarized in Figure 2.
Zinc also protects beta cells from death, thereby ensuring
higher plasma insulin levels. This is achieved by reduced production of interleukins and TNF-𝛼, inflammatory mediators
of cell death [17]. Ho et al. [26] reported that zinc protected
beta cells from oxidative damage and death in streptozotocin
and alloxan induced diabetic models.
Thus, zinc plays a pleiotropic role in the maintenance
of glucose homeostasis. These metabolic actions of zinc and
their mechanism are summarized in Table 2.
Interestingly, it is also known that zinc deficiency coexists
with diabetes [12]. Patients with diabetes are more likely
to have suboptimal zinc status and a negative correlation
has been observed between zinc intake and prevalence of
diabetes [27]. Whether zinc deficiency is cause or effect of
hyperglycemia is still debatable. Diabetes itself affects zinc
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homeostasis in many ways resulting in decreases in total
body zinc [12]. Zinc deficiency is associated with impairment
in glucose tolerance and also an increased sensitivity to
diabetogenic agents [26]. Zinc deficiency may also affect the
progress of type 2 diabetes. Reduced zinc may also exacerbate
the oxidative stress mediated complications of diabetes.
Several preclinical studies have demonstrated the antihyperglycemic effects of zinc supplementation in animal models
of type 1 as well as type 2 diabetes [27–29]. Thus, it can be
reasoned that a zinc based agent can be used for diabetes
therapy. Orally active antidiabetic zinc complexes have also
been developed [15, 18, 21, 30, 31]. Despite well proven results
in animal models, these zinc complexes are not yet available
as antidiabetic therapies in modern medicine.

4. Zinc Based Drug in Ayurveda:
Jasada bhasma
Ayurveda is an ancient Indian system of medicine dating
back to 5000 B.C. Ayurveda uses plant-, animal-, mineral-,
and metal-based medicines for the treatment of diseases [32–
34]. “Rasashastra,” an integral part of Ayurveda, deals with
drugs of mineral origin and details their varieties, characteristics, processing techniques, properties, therapeutic uses,
and management of adverse effects in a comprehensive way
[35]. It was known in Ayurveda that metals as compared to
animal and plant products were not compatible with human
body constitution. They could not be consumed in their
natural form, hence needed to be processed into fine and soft
powder termed “bhasma” [36]. The preparation of bhasmas
includes two main stages: shodhan (purification) and maaran
(incineration). Shodhan process involves repeated trituration
with herbal extracts, cow urine, milk, ghee, and so forth.
Maaran process involves repeated cycles of incineration.
Thus, bhasmas are metals that go through a purification and
incineration process that turns them into ash [37, 38].
It was known that incomplete processing would result in
metal ion impurities leading to adverse effects and toxicity.
Therefore, tests were developed to evaluate the particle size,
density, and physical and chemical stability of bhasmas.
Compliance to these tests indicated complete conversion of
metal to oxide form and desired size reduction, thereby
implicating safety of the bhasma [39]. However, these tests
are only qualitative and do not provide information about
the chemical composition of bhasmas [40]. Pharmaceutical
characterization is therefore necessary to identify all the
active ingredients in bhasmas [41], since most of them are
complex herbomineral preparations. Further, standardization of the raw materials, the synthesis procedure, and the
finished product is also needed, which ultimately affects
the purity, quality, and safety of the bhasma [42]. Several
modern tools and techniques (namely, electron microscopy,
X-ray diffraction, and atomic absorption spectrometry) can
be employed to obtain detailed information on the size,
structure, and elemental composition of bhasmas.
A condition similar to diabetes is recognized in Ayurveda,
termed “Madhumeha” which means honey-like urine [43,
44]. Ayurvedic treatment of diabetes includes several herbal
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Table 2: A summary of metabolic actions of zinc and their mechanism.

Metabolic action
Increases insulin action
Improves insulin signaling
Enhances insulin signaling
Beneficial effect on glycogen metabolism
Increases glucose uptake
Decreases lipolysis
Inhibits glucagon secretion
Inhibits intestinal glucose absorption
Reduces oxidative stress
Protects beta cells

Mechanism of action
Increases stability and receptor binding
PTP1B inhibition
Increases receptor phosphorylation and PI3K activity
GSK3 inhibition
GLUT4 translocation in adipocytes
Inhibition of HSL and FFA release
Opening of KATP channels in pancreatic alpha cells
Inhibits alpha-glucosidase enzyme
Enhances SOD activity
Modulates NF𝜅B activation

drugs and also a few mineral preparations including bhasmas
[45]. In the texts of Rasashastra [46], bhasmas of Mandura
(iron), Vanga (tin), Naga (lead), Tamra (copper), and Jasada
(zinc) have been recommended for the treatment of diabetes.
A few scientific reports on the clinical use of bhasmas in
diabetic patients are available [47, 48].
Jasada bhasma (also known as Yashada bhasma) is also
indicated in various disorders, namely, diabetes, anemia,
cough, ulcers, depression, ophthalmic problems, and so forth
[49–52]. Standard textbooks on Rasashastra recommend
Jasada bhasma as the treatment of choice for diabetes. However, studies related to pharmacological/clinical investigation
of Jasada bhasma as antidiabetic agent are few and not comprehensive [53–55]. Clearly, there is a need for undertaking a
detailed and systematic study on the proclaimed antidiabetic
efficacy of Jasada bhasma.
Recent renewed interest in Ayurveda has led to scientific
investigations on therapeutic utility of several bhasmas [56–
62]. Apart from pharmacological validation, pharmaceutical
characterization of these bhasmas is also necessary. Interestingly, detailed investigation on the composition of bhasmas
is being carried out by researchers, using modern analytical
techniques. Recent reports have suggested the presence of
submicronic particles or nanoparticles in bhasma preparations. Gold nanoparticles have been detected in Swarna
bhasma and the formulation is effective antiarthritic agent
in rats [63]. Bhowmick et al. [64] reported zinc oxide
particles of size ∼1 micron in traditionally prepared Jasada
bhasma. Physicochemical characterization of Naga (lead)
bhasma revealed micron sized particles of lead oxide [65].
Similarly, studies on Swarna makshika bhasma revealed that
raw Swarna makshika is a complex compound that gets
converted to simple oxides [66], with micron sized particles
[67].
Reports are also available that provide scientific evidence
of the incineration cycles during synthesis of bhasmas. For
example, Wadekar et al. [38] evaluated tin based bhasma
sample at various stages of calcination and found that
the proportion of tin oxide increased with the number of
calcination cycles while the particles size stabilized at ∼1
micron after the final calcination cycle. Singh and Reddy
[68] detected 300 to 500 nm sized particles in Lauha bhasma.
Further, they observed successive decrease in particle size of
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Lauha bhasma with increase in the number of incineration
cycles. In another study using Lauha bhasma, it was found
that the incineration steps were critical for the formation of
nanostructures [69]. Thus, it may be suggested that bhasmas
contain submicronic particles or nanoparticles of the metal
oxide if prepared extremely well.
It is well known that size reduction of particles increases
solubility and hence bioavailability. Therefore bhasmikaran
is expected to reduce the size of metal oxide particles
enhancing their bioavailability and bioactivity. Interestingly,
in modern science, several researchers have demonstrated
enhanced bioavailability of nanoparticles as compared to
their bulk form. For example, Ishihara et al. [70] reported
higher bioavailability of micronized zinc oxide as compared
to standard zinc oxide. In another report, poor water soluble
iron compounds when formulated as nanoparticles displayed
oral bioavailability similar to soluble salts [71]. Thus, it is safe
to assume that bhasmas contain nanoparticles that lead to
enhanced bioactivity.

5. Scientific Studies on Jasada bhasma and
Its Use in Diabetes Treatment
Over this background of concordance of modern science and
Ayurveda, as a case in point, we undertook a systematic study
on the physicochemical characterization, antidiabetic efficacy, and safety assessment of Jasada bhasma (zinc bhasma).
In an elaborate study conducted in our laboratory, Jasada
bhasma was synthesized using traditional method and evaluated for its composition, size, shape, and morphology using
several modern physicochemical techniques, namely, high
resolution transmission electron microscopy (HRTEM) coupled with selective area electron diffraction (SAED), scanning
electron microscopy (SEM) coupled with energy dispersive
X-ray spectroscopy (EDS), X-ray diffraction (XRD), and
atomic absorption spectrometry (AAS). Efficacy was evaluated using standard pharmacological methods in diabetic
rats. Bioavailability and toxicity of Jasada bhasma were also
assessed in rats.
SEM and HRTEM showed that the traditionally prepared Jasada bhasma consisted of 200–500 nm sized particles
(Figure 3). EDS, SAED, AAS, and XRD analysis revealed that
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Figure 3: Presence of submicronic particles in Jasada bhasma. Images were taken by transmission electron microscopy at low (a) and high
(b) magnification.

the preparation consisted predominantly of zinc oxide with
hexagonal wurtzite crystal structure (details mentioned in
[72]).
Dose range finding studies were carried out in normoglycemic Wistar rats. The dose used in Ayurveda (125 mg,
twice a day) led us to simple calculation of 250 mg per day
divided by average human body weight of 70 kg, for example,
3.5 mg/kg. To evaluate dose dependent effects, the doses of
3 mg/kg and above were selected. The effective dose range of
Jasada bhasma in oral glucose tolerance tests was found to
be 3–30 mg/kg. For efficacy evaluation, Jasada bhasma (1, 3,
10 mg/kg) was administered orally, once daily for 4 weeks, to
streptozotocin (STZ) induced type 1 and type 2 diabetic rats.
For induction of type 1 diabetes, adult rats were administered
45 mg/kg STZ intravenously whereas, for type 2 diabetes, 5day-old pups were injected STZ intraperitoneally at the dose
of 90 mg/kg.
In case of type 1 diabetic rats, Jasada bhasma treatment
showed reduction of nonfasted (∼20% at 10 mg/kg dose) as
well as fasted blood glucose levels (∼33% at 10 mg/kg dose).
These results were comparable to glibenclamide, used as a
positive control. In OGTT, Jasada bhasma showed a trend
of suppressed glucose levels as well as reduced AUC values
(∼16%). Treatment also decreased the nonfasted serum
insulin levels (∼32% at 10 mg/kg dose), suggesting insulin
sensitizing effects. In case of type 2 diabetic rats, treatment
with Jasada bhasma resulted in improved glucose tolerance
(∼19%), lowered nonfasted (∼20%) as well as fasted blood glucose levels (∼27%), and reduced serum insulin levels (∼27%).
These effects were found to be comparable to pioglitazone, a
drug widely used clinically.
Next, we evaluated the solubility of Jasada bhasma using a
simple dialysis experiment. Several researchers have used this
technique to estimate nanoparticle dissolution and predict
bioavailability. It was found that the dialysability was around
30% in gastric pH, suggesting release of zinc ions. Systemic
absorption was assessed by single dose pharmacokinetic
study where serum zinc levels were found to be elevated (3.5
folds) after oral administration of Jasada bhasma [72].

Since there are lots of concerns related to the toxicity
of metallic medicines, we also employed a comprehensive
testing strategy for assessment of toxicity profile of Jasada
bhasma. Cytotoxicity test revealed no loss of cell viability
and no effects on cell morphology. Hemolysis was less than
5% (within acceptable limits) after oral administration of
Jasada bhasma to rats. Acute and subacute toxicity tests
demonstrated safety of Jasada bhasma up to 300 mg/kg
dose in rats [73]. These findings provide concrete scientific
evidence that justifies usage of Jasada bhasma in diabetes
treatment.

6. Relevance of Jasada bhasma to Zinc Oxide
Nanoparticles Based Drug
Encouraged by the results obtained in case of Jasada bhasma,
we extended our work towards the development of a zinc
based antidiabetic agent for modern medicine. Since our
studies clearly demonstrated the presence of submicronic
zinc oxide particles in Jasada bhasma, we hypothesized that
nanoparticles of zinc oxide (≤10 nm size) should also be
able to exert antidiabetic effects. An elaborate study was
undertaken to investigate this possibility [74, 75].
In proof of concept studies, single administration of
zinc oxide nanoparticles resulted in significant suppression
of glucose levels in OGTT carried out in both type 1 and
type 2 diabetic rats (∼22% and ∼30%, resp.). These effects
appeared to be more prominent than those obtained with
similar doses of Jasada bhasma. After 4 weeks of treatment (1,
3, and 10 mg/kg doses) to diabetic rats, significant reduction
in glucose levels was seen in both nonfasted (∼19% and ∼29%
in type 1 and type 2 diabetic rats, resp.) and fasted state (∼26%
and ∼21% in type 1 and type 2 diabetic rats, resp.), suggesting
multiple mechanisms. Reduction of nonfasted glucose levels
can be attributed to insulin secretagogue effects. Reduction
of fasted glucose levels may be due to glucagon inhibition, as
is reported with zinc [22, 23]. Increased serum insulin levels
(∼35% and ∼70% in type 1 and type 2 diabetic rats, resp.)
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suggested insulin secretagogue effects. Reduction in serum
TG (∼48%) and FFA (∼41%) levels was also observed after
treatment indicating beneficial effects on lipid metabolism.
Overall results suggested that zinc oxide nanoparticles were
more potent and efficacious than Jasada bhasma [74].
Differences in efficacy of Jasada bhasma (200–500 nm
particles) and zinc oxide nanoparticles (≤10 nm) suggested possible size dependent differences in bioavailability.
Dialysability experiments revealed better dissolution and
release of zinc ions from zinc oxide nanoparticles (∼40%) as
compared to Jasada bhasma (∼30%). Further, it was found
that >50% of the total zinc was left undialyzed. These results
suggested that under in vivo conditions, Jasada bhasma, and
zinc oxide nanoparticles are encountered as zinc ions as well
as particulates, after oral administration [74].
The soluble fraction of Jasada bhasma and zinc oxide
nanoparticles could get immediately absorbed from the
intestine and result in initial spurt of zinc in blood. The
particulates could be taken up by enterocytes through size
limited endocytosis. It could be expected that the uptake
of particulate fraction of zinc oxide nanoparticles from
the intestine would be higher than that of Jasada bhasma.
In circulation, very small particles (1–20 nm) can slowly
extravasate into the interstitial spaces and then can be taken
up by tissue cells [76]. Once in cells, particles encounter
increasing acidic environment as they move from early to late
endosomes and finally to lysosomes, resulting in dissolution
of particulates [77]. Particulate component would thus result
in slow and continuous release of zinc ions, acting as a depot.
As predicted, pharmacokinetic evaluation showed that
serum and tissue zinc levels in zinc oxide nanoparticles
treated rats were higher than Jasada bhasma treated rats.
Further, serum zinc levels were maintained for 24 h in zinc
oxide nanoparticles treated rats, whereas they declined within
4 h in Jasada bhasma treated rats. Long circulation of zinc
oxide nanoparticles as compared to Jasada bhasma could
possibly increase chances of their passage to tissues and
hence higher cellular uptake, corresponding to the observed
higher tissue zinc levels. These results correlated with in vivo
efficacy studies where zinc oxide nanoparticles displayed a
more potent and efficacious antidiabetic profile than Jasada
bhasma [74].
Next, Jasada bhasma and zinc oxide nanoparticles were
investigated in rat insulinoma (RIN5f) cell line to elucidate the possible mechanism of antidiabetic activity. Jasada
bhasma did not enhance insulin secretion, whereas zinc
oxide nanoparticles resulted in dose- and glucose- dependent
insulin secretagogue effects. These results suggested that
Jasada bhasma had poor cell permeability. Further, zinc oxide
nanoparticles treatment per se enhanced SOD activity of
RIN5f cells and also protected cells against H2 O2 induced
oxidative stress, suggesting antioxidant effects. Since uncontrolled hyperglycemia and oxidative stress contribute to
development of diabetic complications, zinc oxide nanoparticles by virtue of antihyperglycemic and antioxidant effects
may be expected to delay the progression of disease and
development of associated complications [74].
Several toxicity tests were then performed to evaluate the
safety of zinc oxide nanoparticles. Cytotoxicity was not seen
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up to 10 𝜇g/mL concentrations of zinc oxide nanoparticles
(concentrations resulting in insulin secretion) in RIN5f cells.
Further to evaluate genotoxic effects of zinc oxide nanoparticles, in vivo micronucleus test was performed using Wistar
rats. Micronuclei formation was not increased after zinc oxide
nanoparticles treatment, indicating no risk of genotoxicity
[75].
Since significant antihyperglycemic activity was seen at
3 mg/kg dose, toxicity studies were performed at 30 and
300 mg/kg, for example, 10 and 100 times the effective dose.
In acute toxicity study, no behavioral abnormality or clinical
signs or mortality was recorded after zinc oxide nanoparticles
treatment at 300 mg/kg dose. Further, no effect was seen on
body weight and major organ weights and tissue histology.
In subacute toxicity test, 28 days of treatment with zinc
oxide nanoparticles at two doses, 30 and 300 mg/kg, did not
result in any significant effects on body weight gain or organ
weight to body weight ratios. SGOT and SGPT activities
and creatinine and urea levels were not altered in treatment
groups as compared to control group, indicating no major
organ damage. Histological examination of tissue sections
did not reveal any necrotic damage. Taken together, toxicity
studies revealed the safety of zinc oxide nanoparticles up to
100 times the effective dose [75].
Overall, it was clearly evident from our studies that zinc
oxide nanoparticles can elicit potent antidiabetic activity in
type 1 and type 2 diabetic rats [75]. Thus, taking inspiration
from the usage of Jasada bhasma in diabetes, a new chemical
entity (zinc oxide nanoparticles) is proposed in modern
medicine warranting further investigation.

7. Conclusions and Future Prospects
The roles of metals in human physiology are well established. It is also known that many metals are required in
trace amounts for normal metabolism and their deficiency
leads to diseases. In Ayurveda, metal-based preparations, for
example, bhasmas, are indicated for the treatment of several
diseases. However, in present day Ayurvedic practice, the use
of bhasmas is limited. This could be because the synthesis procedures of bhasmas are laborious, time consuming, and often
difficult to interpret from ancient texts. Different protocols
exist to get several types of bhasma of the same metal. Hence,
selection of the synthesis protocol requires sound knowledge
of the Ayurveda system. To address this issue, standardization
of the synthesis procedure and its detailed documentation
would be helpful.
Standards for manufacture and quality control are not
yet properly defined and enforced. Development of detailed
testing strategy using modern analytical tools would be
useful for ensuring quality of bhasmas, especially absence of
heavy metal impurities. FDA regulations for sale of bhasmas
need to be clearly defined and executed to avoid the use of
substandard drugs.
Parallely, scientific studies on all the bhasmas described
in Ayurvedic texts are needed. Pharmacological validation studies can be undertaken to generate evidence of
the efficacy of bhasmas. Further, detailed investigation of
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the mechanism of action using modern research tools
(namely, proteomics and genomics) will help solve the mystery of the observed effects of these Ayurvedic medicines. For
example, a report on Rasa-Sindoor (mercury and sulfur) has
detailed the various mechanisms by which it exerts a holistic
effect in neurodegenerative disorders such as Huntington’s
and Alzheimer’s disease [78]. Moreover, Ayurvedic practitioners should be encouraged to publish reports of patient
outcomes. Such reports will add the much needed clinical
evidence of the utility of bhasmas.
Most importantly, the knowledge gained out of Ayurvedic
texts and evidence based studies should be extended to
modern medicine. Although there are several drugs available
for diabetes in the market, none of them is free from adverse
effects. On the other hand, Ayurvedic medicines, namely,
bhasmas, are known to be effective at very low doses and
devoid of toxic effects. Once the active ingredients of bhasmas
are identified, these metal oxides can be synthesized and
evaluated as a new chemical entity in modern drug discovery.
Taking inspiration from the fact that bhasmas contain submicronic or nanoparticles that enhance bioavailability, metal
based nanomedicines can be developed for diabetes. This
would help in utilizing the age old wisdom of Ayurveda for
the development of newer drugs in modern medicine.
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This study was to investigate the antidiabetic and antihyperlipidemic effects of (E)-3-[3, 4-dihydroxyphenyl-1-(piperidin-1-yl)prop2-en-1-one] (36-13) (TS), one of caffeic acid amide derivatives, on high-fat (HF-) fed mice. The C57BL/6J mice were randomly
divided into the control (CON) group and the experimental group, which was firstly fed a HF diet for 8 weeks. Then, the HF group
was subdivided into four groups and was given TS orally (including two doses) or rosiglitazone (Rosi) or vehicle for 4 weeks.
Blood, skeletal muscle, and tissues were examined by measuring glycaemia and dyslipidemia-associated events. TS effectively
prevented HF diet-induced increases in the levels of blood glucose, triglyceride, insulin, leptin, and free fatty acid (FFA) and
weights of visceral fa; moreover, adipocytes in the visceral depots showed a reduction in size. TS treatment significantly increased
the protein contents of glucose transporter 4 (GLUT4) in skeletal muscle; TS also significantly enhanced Akt phosphorylation in
liver, whereas it reduced the expressions of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase).
Moreover, TS enhanced phosphorylation of AMP-activated protein kinase (phospho-AMPK) both in skeletal muscle and liver
tissue. Therefore, it is possible that the activation of AMPK by TS resulted in enhanced glucose uptake in skeletal muscle, contrasting
with diminished gluconeogenesis in liver. TS exhibits hypolipidemic effect by decreasing the expressions of fatty acid synthase
(FAS). Thus, antidiabetic properties of TS occurred as a result of decreased hepatic glucose production by PEPCK and G6Pase
downregulation and improved insulin sensitization. Thus, amelioration of diabetic and dyslipidemic state by TS in HF-fed mice
occurred by regulation of GLUT4, G6Pase, and FAS and phosphorylation of AMPK.

1. Introduction
Diabetes mellitus (DM) is a metabolic disease characterized
by chronic hyperglycemia accompanied by many metabolic
disorders associated with hyperlipidemia, obesity, and coronary heart disease. Type 2 diabetes mellitus (T2D) accounts

for 90% to 95% of all patients [1] and is caused by the combination of 𝛽-cell dysfunction and insulin resistance. Insulin
resistance is characterized by a decrease in insulin-stimulate
glucose uptake in skeletal muscle via glucose transporter 4
(GLUT4) and by impaired suppression of glucose production
in liver [2]. Both genetic (heredity) and environmental factors
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Figure 1: Structure of caffeamide 36-13 (TS).

(obesity and leisure life style) play an important role in T2D.
The C57BL/6J mice have shown to be susceptible to highfat (HF) diet-induced hyperlipidemia, obesity, and type 2
diabetes [3].
Various natural polyphenolic compounds are demonstrated to exert anti-inflammatory, antioxidant, anticarcinogenic, and cardiovascular protective effects [4–6]. Resveratrol
and curcumin are successfully employed in the prevention of a variety of metabolic disorders [7, 8]. (E)-3-[3,
4-dihydroxyphenyl-1-(piperidin-1-yl)prop-2-en-1-one] 36-13
(Caffeamide 36-13; TS) (Figure 1) is one of caffeic acid amide
derivatives and structurally similar to caffeic acid phenylethyl
amide (CAPA) and resveratrol. Several bioactive properties
of similar compounds have been shown with potent antidiabetic activity. Caffeic acid and caffeic acid phenyl ester
(CAPE) are widely distributed in the plant kingdom. CAPE
is known to stimulate glucose uptake through AMP-activated
protein kinase (AMPK) activation in skeletal muscle cells and
improve insulin resistance [9]. One of caffeamide derivatives,
KS370G, has been shown to exert hypoglycemic activity
through insulin-dependent and insulin-independent mechanism [10]. Moreover, CAPA was demonstrated to exhibit
hypoglycemic properties [11]. Since amide is more resistance
to esterase, it is foreseeable that TS is more stable than
CAPE in vivo. The main difference between TS and KS370G
compound is that the structure of TS is a piperidine ring.
There are no reports about TS describing health benefit of
human disorders; thus this study was designed to determine
whether TS could ameliorate diabetes and hyperlipidaemia in
high-fat-fed mice.
GLUT4 is the major insulin-regulated glucose transporter
expressed mainly in skeletal muscle [12, 13]. Insulin stimulates glucose uptake in these cells primarily by inducing
net translocation of GLUT4 from the intracellular storage
sites to the plasma membrane [14]. Impairment of GLUT4
expressions and GLUT4 translocation and/or insulin signaling may affect insulin-stimulated glucose uptake, and
that would result in insulin resistance and hyperglycemia
[15, 16]. Therefore, the improvements of GLUT4 contents
and/or translocation to the plasma membrane have long been
regarded as a potential target in the treatment of diabetes
mellitus. In addition, Akt activation in liver contributes to
the insulin-mediated suppression of gluconeogenesis with
an associated downregulation of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase)
[17].
AMPK is a major cellular regulator of lipid and glucose
metabolism. The identification of AMPK phosphorylation as
a likely mechanism is particularly interesting in relation to

diabetes and obesity because activation of AMPK inhibits
lipid synthesis and can improve insulin action [18, 19]. Based
on a number of studies showing that AMPK regulates a
variety of different metabolic disorders, it is widely recognized as a useful and safe target for the treatment of
metabolic disorders such as T2D and dyslipidemia [18, 19].
Since lipid and glucose metabolism is dysregulated in type 2
diabetes mellitus, AMPK modulators have been suggested to
be promising therapies.
Since activation of AMPK results in increased lipid
and glucose catabolism [20], the effect of TS on AMPK
activity, GLUT4 protein content, and hepatic Akt activation
is investigated in HF-fed mice. Phosphorylation of Thr 172 of
𝛼 subunits is essential for AMPK activity [21]. As one of the
possible mechanisms of action, this study also examined its
effect on the expression of genes involved in antidiabetes and
lipogenesis in the liver tissue, including PEPCK, G6Pase, and
fatty acid synthase (FAS).

2. Materials and Methods
2.1. Preparation of Caffeamide 36-13. Dissolve a 100 mg
caffeic acid in 1 mL N,N-dimethylformamide and 1 mol and
0.08 mL triethylamine in a two-neck bottle and then add into
1.2 mol, 5 mL dichloromethane (CH2 Cl2 ) containing the piperidine, and 1.2 mol benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) to react for 30
minutes at 0∘ C, followed by reacting for 2 hours at the room
temperature. After the reaction is finished, remove CH2 Cl2 .
The resulting solution is then added into 50 mL water, which
is extracted by the ethyl ester. Collect the organic phase, and
wash the organic phase with 1 mol HCL, 1 mol NaHCO3 ,
and water, wherein the organic phase is further recollected,
followed by removing water therefrom by MgSO4 , performing a filtration, a condensation, and a column chromatography. Therefore, the product, (E)-3-[3, 4-dihydroxyphenyl-1(piperidin-1-yl)prop-2-en-1-one] (Figure 1), was obtained in
75% yield. White solid; mp: 144–146∘ C; IR ]max (cm−1 ): 3431,
3115, 3061, 1651, 1618, 1593, 1506, 1423, 1278, 1244, 1045; 1 H
NMR (CD3 COCD3 , 400 MHz): 𝛿 1.54–1.64 (6 H, m), 3.53 (2
H, t, 𝐽 = 6.8 Hz), 3.66 (2 H, t, 𝐽 = 6.8 Hz), 6.82 (1 H, d,
𝐽 = 8.2 Hz), 6.96, 7.43 (each 1 H, d, 𝐽 = 15.2 Hz), 7.01 (1 H,
dd, 𝐽 = 8.2, 1.6 Hz), 7.14 (1 H, d, 𝐽 = 1.6 Hz); UV (MeOH)
𝜆 max (log 𝜀): 325(4.32), 291(4.19), 2.30(4.26), 2.19(4.50) nm;
HRESIMS m/z: 270.1106 [M+ Na]+ (calcd. for C14 H17 NO3 Na,
270.1109).
2.2. Animals and Experimental Design. All animal procedures were performed as per guidelines provided by the
Institutional Animal Care and Use Committee of Central
Taiwan University of Science and Technology. The study
contained two parts including part 1: oral glucose tolerance
test (OGTT). The ICR mice normal mice (𝑛 = 5) were
fasted for 12 h but were allowed access to 40 mg/kg TS or
an equivalent amount of normal vehicle (water) was given
orally 30 min before an oral glucose load (1 g/kg body weight).
Blood samples were collected from the retro-orbital sinus of
fasting mice at the time of the glucose administration (0) and
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every 30 minutes until 3 hours after glucose administration
to determine the levels of glucose. The part 2 animal study,
C57BL/6J mice (4-5 weeks old), were purchased from the
National Laboratory Animal Breeding and Research Center,
National Science Council. Animals were maintained on a 12 h
light/dark cycle (light cycle: 7 a.m. to 7 p.m.). Seven days after
acclimation, the C57BL/6J mice were divided randomly into
two groups. The control (CON) group (𝑛 = 9) was fed lowfat diet (Diet 12450B, Research Diets, Inc., New Brunswick,
NJ 08901, USA), whereas the experimental group (𝑛 = 36)
was fed a 45% high-fat diet (Diet 12451, Research Diets, Inc.,
New Brunswick, NJ 08901, USA) for 12 weeks. The low-fat
diet was composed of protein 20%, carbohydrate 70%, and
fat 10%, whereas high-fat diet was composed of protein 20%,
carbohydrate 35%, and fat 45% (of total energy, % kcal). After
8-week diet-induction period, the high-fat treated mice were
randomly subdivided into four groups (𝑛 = 9 per group).
TS (including T1: 10 and T2: 20 mg/kg/day) or rosiglitazone
(Rosi; 1% methylcellulose 10 mg/kg body weight, obtained
from GlaxoSmithKline product number: BRL49653 C) was
administrated through oral gavage one time per day from
9 to 12 week of the experiment, and the mice were still on
the high-fat diet, while the CON and high-fat control (HF)
mice were treated with vehicle only. The body weight was
measured weekly throughout the study. The compositions
of the experimental diets are shown as described [22]. At
the end of the study, we deprive food from animal (from 10
p.m. to 10 a.m.). The next day (the 85th day), the mice were
sacrificed for blood and tissue collection and analysis. The
mice were untreated with TS or Rosi at the 85th day. Livers
and white adipose tissues (WATs) (including epididymal,
mesenteric, and retroperitoneal WAT) were excised according to the defined anatomical landmarks, and the weights
of tissues were measured. Tissues were immediately frozen
using liquid nitrogen and then kept at −80∘ C for the analysis
of target gene expression. Heparin (30 units/mL) (Sigma) was
added into blood sample. Plasma samples were collected by
centrifugation at 1600 ×g for 15 min at 4∘ C. The separation of
the plasma was finished within 30 min. Plasma were obtained
for insulin and leptin assay.
2.3. Body Weight, Body Weight Gain, and Food Intake Assay.
Body weight and food intake were monitored. Body weight
was measured daily at the same time throughout the study.
The differences between the body weight of the next day
and the former day is defined as body weight gain. The
pellet food was weighed and followed by being placed in
the cage food container. After 24 h, the remaining food was
weighed, and the difference represented the daily food intake.
Unconsumed pellet HF food was discarded each day and
fresh pellet high-fat diet was provided to ensure consistent
food quality throughout the study. The HF food was stored at
4∘ C.
2.4. Blood Parameters Assay. Blood samples (0.8 mL) were
collected from the retro-orbital sinus of fasting mice and the
level of glucose was measured by the glucose oxidase method
(Model 1500; Sidekick Glucose Analyzer; YSI Incorporated,
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Yellow Springs, OH, USA). Plasma triglycerides (TG), total
cholesterol (TC), and free fatty acids (FFA) were analyzed
using commercial assay kits according to the manufacturer’s
directions (Triglycerides-E test, Cholesterol-E test, and FFAC test, Wako Pure Chemical, Osaka, Japan).
2.5. Measurement of Adipocytokine and Insulin Levels in
Blood. The levels of adiponectin, leptin, and insulin in blood
were analyzed by ELISA using a commercial assay kit according to manufacturer’s directions (mouse/rat adiponectin
ELISA kit, B-Bridge International, GmbH, Germany; mouse
insulin ELISA kit, Shibayagi, Gunma, Japan; and mouse
leptin ELISA kit, Morinaga, Yokohama, Japan).
2.6. Histopathology of Adipose and Liver Tissue. Small pieces
of epididymal WAT and liver tissue were fixed with formalin (200 g/kg) neutral buffered solution and embedded
in paraffin. Sections (8 𝜇m) were cut and stained with
hematoxylin and eosin. For microscopic examination, a
microscope (Leica, DM2500) was used, and the images were
taken using a Leica Digital camera (DFC-425-C).
2.7. Measurement of Hepatic Lipids. Hepatic lipids were
extracted using a previously described protocol [23]. For
the hepatic lipid extraction, the 0.375 g liver samples were
homogenized with 1 mL distill water for 5 min. Finally, the
dried pellet was resuspended in 0.5 mL ethanol and analyzed
using a triglycerides kit as used for serum lipids.
2.8. Isolation of RNA and Relative Quantization of mRNA
Indicating Gene Expression. Total RNA from liver tissue
was isolated with a Trizol Reagent (Molecular Research
Center, Inc., Cincinnati, OH) according to the manufacturer’s
directions. The integrity of the extracted total RNA was
examined by 2% agarose gel electrophoresis, and the RNA
concentration was determined by the ultraviolet (UV) light
absorbency at 260 nm and 280 nm (Spectrophotometer U2800A, Hitachi). The quality of the RNA was confirmed
by ethidium bromide staining of 18S and 28S ribosomal
RNA after electrophoresis on 2% agarose gel containing 6%
formaldehyde. Total RNA (1 𝜇g) was reverse transcribed to
cDNA in a reaction mixture containing buffer, 2.5 mM dNTP
(Gibco-BRL, Grand Island, NY), 1 mM of the oligo (dT)
primer, 50 mM dithiothreitol, 40 U Rnase inhibitor (GibcoBRL, Grand Island, NY), and 5 𝜇L Moloney murine leukemia
virus reverse transcriptase (Epicentre, Madison, WI, USA) at
37∘ C for 1 h and then heated at 90∘ C for 5 min to terminate
the reaction. The polymerase chain reaction (PCR) was performed in a final 25 𝜇L containing 1 U Blend Taq-Plus (TOYOBO, Japan), 1 𝜇L of the RT first-strand cDNA product, 10
𝜇M of each forward (F) and reverse (R) primer, 75 mM TrisHCl (pH 8.3) containing 1 mg/L Tween 20, 2.5 mM dNTP, and
2 mM MgCl2 . Preliminary experiments were carried out with
various cycles to determine the nonsaturating conditions
of the PCR amplification for all the genes studied. The
primers are shown in Table 1. The products were run on 2%
agarose gels and stained with ethidium bromide. The relative
density of the band was evaluated using AlphaDigiDoc 1201
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Table 1: Primers used in this study.

Gene

Accession numbers

PEPCK

NM 011044.2

G6Pase

NM 008061.3

FAS

NM 007988

apo C-III

NM 023114.3

Adiponectin

NM 009605.4

GAPDH

NM 031144

Forward primer and reverse primer
Liver
F: CTACAACTTCGGCAAATACC
R: TCCAGATACCTGTCGATCTC
F: GAACAACTAAAGCCTCTGAAAC
R: TTGCTCGATACATAAAACACTC
F: TGGAAAGATAACTGGGTGAC
R: TGCTGTCGTCTGTAGTCTTG
F: CAGTTTTATCCCTAGAAGCA
R: TCTCACGACTCAATAGCTG
F:TCTTCTACAACCAACAGAATCA
R:GTATCATGGTAGAGAAGGAAGC
F: TGTGTCCGTCGTGGATCTGA
R: CCTGCTTCACCACCTTCTTGA

software (Alpha Innotech Co., San Leandro, CA, USA). All
the measured PCR products were normalized to the amount
of cDNA of GAPDH in each sample.
2.9. Western Immunoblotting Analysis. Protein extractions
and immunoblots for the determination of GLUT4, phosphoAMPK (Thr172), and phospho-Akt (Ser 473) proteins were
carried out on frozen skeletal muscle and liver tissue from
mice according to a previous report [24]. Briefly, samples
(0.1 g) were powdered under liquid nitrogen and homogenized for 20 s in 500 𝜇L buffer containing 20 mM Tris-HCl
(pH 7.4 at 4∘ C), 2% SDS, 5 mM EDTA, 5 mM EGTA, 1 mM
DTT, 100 mM NaF, 2 mM sodium vanadate, 0.5 mM phenylmethylsulfonyl fluoride, 10 𝜇g/mL leupeptin, and 10 𝜇L/mL
pepstatin. 40 𝜇g of each homogenate was mixed with an equal
amount of 2x standard SDS sample loading buffer containing
125 mM Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 10% 𝛽mercaptoethanol, and 0.25% bromophenol blue and boiled
for 10 min before electrophoresis. The protein contents of
GLUT4 (Santa Cruz Biotechnology, CA, USA), phosphoAMPK (Abcam Inc., Cambridge, MA, USA), and phosphoAkt (Cell signaling Technology, Inc., Danvers, MA, USA)
were detected by immunoblotting using a rabbit polyclonal
antibody. About 0.1 g of liver tissue and skeletal muscle
of mice (𝑛 = 9) was used for the homogenate samples
containing lysis buffer (pH6.4) and protease inhibitors. The
protein concentration in supernatant was determined with
a BCA protein assay kit (Thermo Scientific, Rockford, IL,
USA). Twenty micrograms of proteins were separated by electrophoresis on a polyacrylamide gel 10% (SDS-PAGE) and
transferred to a nitrocellulose membrane. The membranes
were blocked with 5% slim milk in Tris-buffered saline (TBS)
(Amersham BioSciences, Uppsala, Sweden) containing 0.05%
Tween-20 (Bio Rad, CA, USA) and incubated overnight
at 4∘ C with anti-GLUT4, anti-phospho-AMPK, and antiphospho-Akt at 1 : 200 dilution. Subsequently, the membranes were washed three times with TBS containing 0.05%
Tween-20 and incubated with secondary antibody anti-rabbit
(1 : 1000) (Jackson ImmunoResearch Laboratories, Inc., PA,
USA) for 1 h. Immunoreactive bands were detected with ECL

PCR product (bp)

Annealing temperature (∘ C)

330

52

350

50

240

50

349

47

324

50.5

99

55

reagent kit (GE Healthcare BioSciences, Buckinghamshire,
UK). The density blotting was analyzed using Alpha Easy
FC software (Alpha Innotech Corporation, Randburg, South
Africa). Structural proteins GAPDH (Santa Cruz Biotechnology, CA, USA) and 𝛽-actin (Santa Cruz Biotechnology,
CA, USA) were obtained by stripping the nitrocellulose
membrane proteins of liver and skeletal muscle.
2.10. Statistical Analysis. Data were expressed as mean ± S.E.
values. Whenever possible, data were subjected to analysis of
variance, followed by Dunnett’s multiple range tests, using
SPSS software (SPSS Inc., Chicago, IL, USA). 𝑃 < 0.05 was
considered to be statistically significant.

3. Results
3.1. Oral Glucose Tolerance Test (OGTT). The effect of TS on
OGTT is shown in Figure 2(a). TS (40 mg/kg) significantly
decreased the levels of blood glucose at times ranging from 30
to 120 min glucose-loading when compared with the control
in ICR mice.
3.2. Body Weight, Body Weight Gain, Food Intake, and Tissue
Weight. All group mice started with similar mean body
weights (17.6 ± 0.2 g). At week 12, the body weight of all
the high-fat diet treated mice is significantly greater than the
CON group (𝑃 < 0.001). Treatment with T1 and T2 showed
no significant differences in body weight compared with the
vehicle-treated HF group (Figure 2(b)). At week 12, the body
weight gain of the HF group is greater than the CON group
(𝑃 < 0.01). The T2-treated group decreased in body weight
gain compared with the HF group (𝑃 < 0.05) (Table 2). At
week 12, the vehicle-treated HF group is significantly lower
than the CON group in the 4-week food intake (g/day/mice)
(𝑃 < 0.001). Following T1 and T2 treatment, there is no
significant difference in food intake (g/day/mice) (Table 2).
At week 12, the weights of absolute adipose tissue (epididymal, visceral fat, mesenteric, and retroperitoneal WAT) were
markedly greater in the HF group than in the CON group
(𝑃 < 0.001, 𝑃 < 0.001, 𝑃 < 0.001, and 𝑃 < 0.001, resp.).
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Figure 2: (a) Effects of caffeamide 36-13 (TS) on oral glucose tolerance in normal mice. Animals in all groups received oral glucose 30 minutes
after TS administration. Blood samples were collected and centrifuged at 3000 rpm for 10 minutes. Each point is the mean ± S.E. of 5 separate
mice. ∗∗ 𝑃 < 0.01, ∗∗∗ 𝑃 < 0.001 significantly different compared with the control group in the same time by ANOVA. (b) Effects of caffeamide
36-13 (TS) on body weight. Mice were fed with 45% high-fat diet (HF) or low-fat diet (CON) for 12 weeks. After 8 weeks, the HF mice were
treated with vehicle or TS or rosiglitazone (Rosi) accompanied with HF diet for 4 weeks. All values are means ± S.E. (𝑛 = 9). ### 𝑃 < 0.001
compared with the control (CON) group by ANOVA. TS: T1: 10, T2: 20 mg/kg bodyweight; Rosi: rosiglitazone (0.01 g/kg body weight). WAT,
white adipose tissue; epididymal WAT + retroperitoneal WAT, visceral fat.

Table 2: Effects of caffeamide 36-13 (TS) on absolute tissue weight, food intake, liver lipids and blood profiles.
Parameter
Absolute tissue weight (g)
EWAT
MWAT
RWAT
Visveral fat
BAT
Liver (g)
Spleen
Weight gain (g)
Food intake (g/day/mouse)
Liver lipids
total lipid (mg/g)
Triacylglycerol (𝜇mol/g)
Blood profiles
Glucose levels (mg/dL)
Triglycerides (mg/dL)
FFA (meq/L)
TC (mg/dL)
Insulin (𝜇U/mL)
Adiponectin (ng/mL)
Leptin (𝜇g/mL)

CON

HF

HF + T1
0.01a

HF + T2
0.02a

HF + Rosi
0.01a

0.349 ± 0.003
0.278 ± 0.014
0.087 ± 0.010
0.429 ± 0.027
0.127 ± 0.025
0.906 ± 0.035
0.059 ± 0.003
−0.12 ± 0.31
2.01 ± 0.02

1.481 ± 0.158###
0.518 ± 0.070###
0.671 ± 0.059###
2.148 ± 0.198###
0.191 ± 0.023
1.078 ± 0.075
0.075 ± 0.004
2.61 ± 1.04##
1.73 ± 0.05###

0.999 ± 0.105∗
0.406 ± 0.016∗∗
0.472 ± 0.065∗
1.471 ± 0.166∗∗
0.162 ± 0.042
0.999 ± 0.060
0.071 ± 0.003
1.71 ± 0.59
1.62 ± 0.04

0.832 ± 0.082∗∗∗
0.372 ± 0.025∗∗∗
0.373 ± 0.050∗∗
1.205 ± 0.130∗∗∗
0.121 ± 0.014∗
1.030 ± 0.117
0.074 ± 0.006
0.43 ± 0.59
1.62 ± 0.05

1.003 ± 0.103∗
0.238 ± 0.033∗∗∗
0.334 ± 0.057∗
1.330 ± 0.138∗∗∗
0.210 ± 0.023
0.871 ± 0.075
0.080 ± 0.005
0.91 ± 1.45
1.74 ± 0.05

51.0 ± 3.6
30.1 ± 3.3

91.1 ± 5.2###
74.4 ± 6.8###

69.8 ± 3.7∗
53.6 ± 5.6∗

60.2 ± 5.9∗∗
46.1 ± 6.2∗∗

60.2 ± 5.4∗∗
42.6 ± 5.8∗∗

84 ± 5.9
56.4 ± 4.1
1.64 ± 0.08
91.0 ± 4.7
20.13 ± 5.88
7.12 ± 0.31
1.230 ± 0.062

142.3 ± 7.1###
107.4 ± 5.8###
2.68 ± 0.07##
183.4 ± 6.8###
151.03 ± 15.53###
4.39 ± 0.22##
2.923 ± 0.056###

98.5 ± 8.4∗∗
77.5 ± 5.8∗∗
1.32 ± 0.14∗∗
175.0 ± 7.0
53.44 ± 13.85∗
6.72 ± 0.37∗
2.155 ± 0.100∗∗∗

98.0 ± 7.6∗∗
75.9 ± 4.7∗∗∗
1.27 ± 0.09∗∗∗
184.9 ± 23.8
47.45 ± 10.29∗∗
7.35 ± 0.49∗∗
2.009 ± 0.105∗∗∗

88.5 ± 5.8∗∗∗
81.8 ± 5.8∗
1.52 ± 0.16∗
134.9 ± 3.5
51.10 ± 19.97∗
7.51 ± 0.53∗∗
2.063 ± 0.111∗∗∗

All values are means ± S.E. (𝑛 = 9). # 𝑃 < 0.05, ## 𝑃 < 0.01, ### 𝑃 < 0.001 compared with the control (CON) group; ∗ 𝑃 < 0.05, ∗∗ 𝑃 < 0.01, ∗∗∗ 𝑃 < 0.001
compared with the high-fat + vehicle (distilled water) (HF) group. TS: T1: 0.01, T2: 0.02 g/kg bodyweight; Rosi: rosiglitazone (0.01 g/kg body weight). BAT,
brown adipose tissue; RWAT, retroperioneal white adipose tissue; MWAT, mesenteric white adipose tissue; FFA, plasma free fatty acid; TC, total cholesterol;
TG, triglyceride. a Dose (g/kg/day).
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The T1-, T2-, and Rosi-treated groups showed a significant
decrease in the weights of absolute epididymal WAT, visceral
fat, mesenteric, and retroperitoneal WAT compared with the
HF group. No significant difference in the weights of liver
and spleen was observed in T1-, T2-, and Rosi-treated groups
compared with the HF group. The weights of brown adipose
tissue (BAT) were decreased in T2-treated mice as compared
with the HF group (𝑃 < 0.05) (Table 2).
3.3. Plasma Glucose Levels. At the beginning of the study,
all mice started with similar levels. At weeks 8 and 12, the
glucose levels of the HF group were significantly greater than
the CON group (𝑃 < 0.001, 𝑃 < 0.001, resp.). Treatment with
T1, T2, and Rosi showed a significant reduction in plasma
glucose compared with the HF group (𝑃 < 0.01, 𝑃 < 0.01,
and 𝑃 < 0.001, resp.) (Table 2).
3.4. Plasma and Hepatic Lipid. As time passed, the hypercholesterolemia phenomenon was evident for the HF diet. As
shown in Table 2, at week 12, the levels of TC, TG, and FFA
were greater in the HF group than in the CON group (𝑃 <
0.001, 𝑃 < 0.001, and 𝑃 < 0.01, resp.). The T1-, T2-, and Rositreated groups suppressed the HF diet-induced increases in
the concentrations of TG (𝑃 < 0.01, 𝑃 < 0.001, and 𝑃 <
0.05, resp.). No significant difference in the concentrations
of TC was observed in T1-, T2-, and Rosi-treated groups
compared with the HF group. Treatment with T1, T2, and
Rosi suppressed the high-fat diet-induced increases in the
concentrations of FFA (𝑃 < 0.01, 𝑃 < 0.001, and 𝑃 < 0.05,
resp.).
3.5. Leptin, Insulin, and Adiponectin Concentration. As
shown in Table 2, at week 12, the concentrations of leptin and
insulin were greater in the HF group than in the CON group
(𝑃 < 0.001, 𝑃 < 0.001, resp.). Following treatment, T1-,
T2-, and Rosi-treated groups significantly decreased leptin
levels (𝑃 < 0.001, 𝑃 < 0.001, and 𝑃 < 0.001, resp.). T1, T2-,
and Rosi-treated groups significantly decreased the levels of
insulin compared with the HF group (𝑃 < 0.05, 𝑃 < 0.01,
and 𝑃 < 0.05, resp.). The concentrations of adiponectin
were lower in the HF group than in the CON group (𝑃 <
0.01). Following treatment, T1-, T2-, and Rosi-treated groups
increased adiponectin levels compared with the HF group.
3.6. Histopathology of Adipose and Liver Tissue. As shown
in Figure 3(a), feeding the HF diet induced hypertrophy of
the adipocytes compared with the CON group in epididymal
WAT. The average area of the cut of the adipocytes in
the HF group (6765.87 𝜇m) is larger than in the CON
group (3263.78 𝜇m). Treatment with T1 (1827.59 𝜇m) and T2
(1651.31 𝜇m) significantly decreased the hypertrophy compared with the HF group. The average area of the cut of
the adipocytes in the Rosi-treated group is (4600.96 𝜇m).
As shown in Figure 3(b), feeding the HF diet induced the
ballooning of hepatocyte compared with the CON group
in liver tissue. Afterwards, treatment with T1, T2, and Rosi
decreased the ballooning compared with the HF group.
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3.7. Expressions of PEPCK, G6Pase, FAS, Apolipoprotein CIII (apo C-III), and Adiponectin in Liver Tissue. As shown in
Figure 4, at week 12, the mRNA levels of PEPCK, G6Pase,
FAS, and apo C-III were higher in the HF group than in
the CON group (𝑃 < 0.001, 𝑃 < 0.001, 𝑃 < 0.001, and
𝑃 < 0.01, resp.), whereas the expressions of adiponectin were
lower in the HF group than in the CON group (𝑃 < 0.01).
Following treatment, the T1-, T2-, and Rosi-treated groups
decreased the mRNA level of PEPCK, G6Pase, FAS, and apo
C-III, whereas increased the mRNA level of adiponectin as
compared with the HF group (𝑃 < 0.001, 𝑃 < 0.01, and
𝑃 < 0.01, resp.).
3.8. The GLUT4 Protein Contents in Skeletal Muscle. As
shown in Figure 5, at week 12, the protein contents of GLUT4
were lower in the HF group than in the CON group in skeletal
muscle (𝑃 < 0.05). 4-week treatment resulted in increased
GLUT4 protein contents in skeletal muscle in T1-, T2-, and
Rosi-treated groups as compared with HF group (𝑃 < 0.01,
𝑃 < 0.001, and 𝑃 < 0.05, resp.).
3.9. The Phospho-AMPK (Thr172) Protein Contents in Liver
Tissue and Skeletal Muscle. As shown in Figure 5, at week 12,
the protein contents of phospho-AMPK protein were lower
in the HF group than in the CON group in liver and skeletal
muscle (𝑃 < 0.01, 𝑃 < 0.001, resp.). After treatment, the
protein contents of hepatic phospho-AMPK were increased
in the T1-, T2-, and Rosi-treated groups compared with
the HF group (𝑃 < 0.001, 𝑃 < 0.001, and 𝑃 < 0.01,
resp.). Following treatment, the muscular protein contents of
phospho-AMPK were increased in the T1-, T2-, and Rositreated groups compared with the HF group (𝑃 < 0.001,
𝑃 < 0.001, and 𝑃 < 0.001, resp.).
3.10. The Phospho-Akt (Ser 473)/Total Akt Protein Contents in
Liver Tissue. As shown in Figure 5, at week 12, the protein
contents of phospho-Akt/total-Akt were lower in the HF
group than in the CON group in liver tissue (𝑃 < 0.001). 4week treatment resulted in increased phospho-Akt/total-Akt
protein contents in liver tissue in T1- and T2-treated groups
as compared with HF group (𝑃 < 0.001, 𝑃 < 0.001, resp.).

4. Discussion
The principle finding of this study was that TS has effectively
lowered glycaemia and triglycerides which were involved
in the peripheral tissues. In this study, we demonstrated
that the AMPK and GLUT4 are instrumental in TSmediated metabolic function. TS is one of caffeic acid
amide derivatives; those structurally similar constituents
(including KS370G and CAPE) have been shown to exert
antihyperglycemic activity. The main difference between TS
and KS370G is that the structure of TS is a piperidine ring.
However, the antidiabetic and antihyperlipidaemic activity
ofTS is not well defined.
The mouse model C57BL/6J mouse is susceptible to HF
diet-induced not only marked increases in adipose tissue
mass, but also pronounced insulin resistance, hyperlipidemia,
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(a)
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HF + T2
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HF + Rosi

100 𝜇m

100 𝜇m

(b)

Figure 3: Effects of caffeamide 36-13 (TS) on epididymal WAT and liver tissue morphology in the low-fat (CON), high-fat (HF), HF + T1,
HF + T2, or HF + Rosi groups. Pictures of hematoxylin and eosin-stained sections of (a) mean area of adipocytes (𝜇m2 ) for epididymal
WAT (magnification: 10 (ocular) ×20 (object lens)) from mice fed with TS. White adipose tissue (named adipocytes) is polyhedral by H&E
stain, and the appearance showed string-like cytosol surrounding a vacuole. This is because of being embedded in paraffin as immersed in
lipid solvents, and finally all the fats were removed. It was carefully observed unobvious nucleus (N) in the other side of cells; and (b) liver
tissue (magnification: 10 (ocular) ×20 (object lens)) from mice fed with TS. The high-fat diet induced the hepatic ballooning degeneration
in the HF group as compared with the CON group. The ballooning degeneration is a form of liver parenchymal cell death and the nucleolus
was squeezed into the other side named balloon (as the arrow indicated). This may be due to the heap of glycogen in the nucleus. High-fat
diet induced obesity and insulin resistance. Insulin levels affected the storage of hepatic glycogen. Treatment with T1 and T2 significantly
decreased the degree of ballooning degeneration. Each presented is typical and representative of nine mice. Each presented is typical and
representative of nine mice. TS: T1: 10, T2: 20 mg/kg bodyweight; Rosi: rosiglitazone (0.01 g/kg body weight).

Evidence-Based Complementary and Alternative Medicine

CON

HF + T1

HF

HF + T2

HF + Rosi

PEPCK
G6Pase
FAS
ApoC-III
Adiponectin

Target gene/GAPDH mRNA expression

8

GAPDH

4

3
###

##
###

###

2

∗∗∗
∗∗

∗∗∗
∗∗∗

1

∗∗
∗∗∗

∗∗∗

∗∗∗
∗∗∗

∗∗∗
∗∗∗
∗∗∗

∗∗∗
∗∗∗
∗∗∗

##

0
G6Pase

PEPCK

FAS

HF + T2 0.02 g/kg
HF + Rosi 0.01 g/kg

CON
HF
HF + T1 0.01 g/kg
(a)

ApoC-III Adiponectin

(b)

HF

HF + T1 HF + T2 HF + Rosi

3
∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗

2

∗

∗∗∗

∗∗∗

∗∗∗

###

1

∗∗

#

###
##

HF + T2 0.02 g/kg
HF + Rosi 0.01 g/kg

CON
HF
HF + T1 0.01 g/kg
(a)

p-Akt/total-Akt-liver

p-AMPK-muscle

GLUT4

0
p-AMPK-liver

CON
GLUT4-muscle
GAPDH
p-AMPK (Thr172)-liver
t-AMPK (Thr172)-liver
𝛽-Actin
p-AMPK (Thr172)-muscle
t-AMPK (Thr172)-muscle
GAPDH
p-Akt (Ser473)-liver
Total-Akt (Ser473)-liver
𝛽-Actin

GLUT4/GAPDH or
p-AMPK/t-AMPK or p-Akt/total-Akt

Figure 4: Semiquantitative RT-PCR analysis on PEPCK, G6Pase, SREBP1c, FAS, apo C-III, and adiponectin mRNA expression in liver tissue
of the mice by oral gavage caffeamide 36-13 (TS) for 4 weeks. All values are means ± S.E. (𝑛 = 9). ## 𝑃 < 0.001, ### 𝑃 < 0.001 compared with
the control (CON) group; ∗ 𝑃 < 0.05, ∗∗ 𝑃 < 0.01, ∗∗∗ 𝑃 < 0.001 compared with the high-fat + vehicle (HF) group. TS: T1: 10, T2: 20 mg/kg
bodyweight; Rosi: rosiglitazone (0.01 g/kg body weight). Total RNA (1 𝜇g) isolated from tissue was reverse transcripted by MMLV-RT, and
10 𝜇L of RT products were used as templates for PCR. Signals were quantitated by image analysis; each value was normalized by GAPDH.

(b)

Figure 5: The protein contents of GLUT4 in skeletal muscle, the ratio of phospho-AMPK (Thr172) to total AMPK in liver tissue and skeletal
muscle, and quantified results for the phosphorylation status of Akt (p-Akt normalized to total Akt (pAkt/Akt)) in liver tissue of the mice by
oral gavage caffeamide 36-13 (TS) for 4 weeks. Protein was separated by 12% SDS-PAGE detected by western blot. All values are means ± S.E.
(𝑛 = 9). # 𝑃 < 0.05, ## 𝑃 < 0.01, ### 𝑃 < 0.001 compared with the control (CON) group; ∗ 𝑃 < 0.05, ∗∗ 𝑃 < 0.01, ∗∗∗ 𝑃 < 0.001 compared with
the high-fat + vehicle (HF) group. TS: T1: 10, T2: 20 mg/kg bodyweight; Rosi: rosiglitazone (0.01 g/kg body weight).
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and hyperinsulinemia [3, 25]. Therefore, we conducted our
animal study using HF diet-induced diabetic states. The
mouse C57BL/6 model fed with a HF diet could induce
insulin resistance, obesity, hyperlipidemia, hyperinsulinemia,
hyperleptinemia, and excess circulating free fatty acid [26,
27]. C57BL/6 mouse fed a HF diet is a robust and efficient
model for early type II diabetes and therefore is used for
both mechanistic studies and as a tool for developing novel
therapeutic interventions [28]. Conversely, the Jackson Laboratory comments that mice do not develop overt diabetes
when on high-fat diet (60%) versus low-fat diet (10%).
It has been shown that hyperglycemia develops within 1
month of introduction of a HF diet in C57BL/6J mouse,
and diabetes/obesity syndrome worsens with time and with
increasing obesity; moreover, C57BL/6J mice fed a HF diet at
16 weeks had developed to the increased abdominal fat mass
[25], and our study result at week 12 was in accordance with
these. Consistent with others observations, feeding C57BL/6J
mice with HF diet was able to induce hyperglycemia, obesity,
hyperinsulinemia, hypertriglycemia, hyperleptinemia, and
excess circulating free fatty acid [25–28]. Following treatment
of HF-fed mice with TS, blood glucose concentration, circulating triglycerides, and visceral fat mass were lowered as
well as a reduction in free fatty acid and improved insulin
resistance.
The present study demonstrated that TS increased the
protein contents of GLUT4 and had favorable effects on
glucose uptake into the peripheral tissues and effectively
lowered glycaemia. Furthermore, TS not only increased the
phosphorylation of AMPK both in skeletal muscle and liver
tissue, but also improved lipid metabolism. The AMPK
activator AICAR has been shown to lower plasma glucose
and ameliorate insulin resistance in animal studies [29, 30].
Based on our findings described, we found that TS may
have favorable effects on glucose level and lipid metabolism.
Further, TS is effective to improve insulin resistance and
dyslipidemia in a mouse model of type 2 diabetes and
dyslipidemia. These findings are involved in the results on
GLUT4 contents and AMPK activation.
One of the difficulties in pursuing the mechanism of
action of the compound at the present stage is its limited
availability due to TS being a newly synthesized organic
compound. Therefore, TS was firstly administered at the
concentration of 0.04 g/kg in OGTT test by ICR mice. It
was found that TS could lower glucose levels. Afterwards, TS
was administered at the concentration of 0.01, 0.02 g/kg in
chronic HF-fed mice. Based on the few amounts of TS and the
duration of 4-week chronic treatment of experimental design
and caffeamide derivative, KS370G at dosage of 10 mg/kg [11]
exerting antihyperglycemic effect [11], the concentration of
TS is lowered to 0.01, 0.02 g/kg in HF-fed mice; the daily
dosage is expected to have an accumulative effect and longlasting in effectiveness by the reason of TS being one of 3∘
amides not easy to cut off the structure; thus, its half life
should be longer than the other derivatives and not easily to
be metabolized.
To pursuing the mechanism of TS compound on antidiabetes, we chose GLUT4 translocation in skeletal muscle as
the primary tissue, because skeletal muscle is the major tissue
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responsible for insulin-mediated glucose utilization [31]. This
clarification measures the movement of the insulin responsive glucose transporter GLUT4 to the cell surface, which
is an essential step for insulin-responsive glucose transport
in muscle that becomes defective in insulin resistance [32].
In this study, the results showed that TS exhibited a strong
effect to stimulate GLUT4 translocation in muscle to a level
comparable with that of treatment with same doses of Rosi.
The present results demonstrated that TS increased contents
of GLUT4 resulting in increased glucose uptake by skeletal
muscle thereby facilitating normoglycemia.
Since the phosphorylation of AMPK is another major regulator of GLUT4 translocation during exercise or in response
to some antidiabetic agents such as AICAR or metformin
[32], we investigated whether the AMPK phosphorylation is
involved. We found that TS was able to increase the phosphorylation of AMPK in muscle to a relative level, suggesting
that the AMPK phosphorylation is likely responsible for the
improvements of GLUT4 contents by TS. Although it is not
clear whether this is by direct or indirect stimulation, it
remains to be further studied.
Lack of skeletal muscle AMPK𝛼2 activity in transgenic
mice exacerbates the development of diet-induced glucose
intolerance and insulin resistance [33]. In contrast, activation
of AMPK improves symptoms of impaired glucose homeostasis and insulin resistance [34–36]. We observed that TS
was able to increase the phosphorylation of AMPK in skeletal
muscle. The AMPK activator AICAR has been shown to
lower plasma glucose and ameliorate insulin resistance in
high-fat-fed rats [29]. Based on our findings described above,
we predicted that TS may have similar effects on glucose
metabolism in high-fat-fed mice.
Liver gluconeogenesis is known to account for approximately the majority of the hepatic glucose production [37].
PEPCK is a key rate-limiting enzyme of gluconeogenesis. The
activities of the gluconeogenic enzymes also including glucose 6-phosphoatase (G-6Pase) were significantly increased
in the liver of diabetic rats [38]. G-6Pase plays a vital
role in glucose homeostasis [39]. Insulin integrates hepatic
carbohydrate metabolism by increasing the biosynthesis of
enzymes of glycolysis and glycogenesis and by inhibiting
gluconeogenesis [40]. TS treatment reduced the expressions
of these enzymes including PEPCK and G-6Pase. Therefore,
downregulation of PEPCK and G-6Pase also contributes to
the antidiabetic effect of TS. The decreased glucose concentration in HF-fed mice might be the results of restoration of these carbohydrate metabolism enzymes. Metformin
activates AMPK and lowers blood glucose concentration by
inhibiting hepatic glucose production and stimulating glucose disposal in skeletal muscle [41]. Liver phospho-AMPK
proteins were increased in TS- and Rosi-treated groups.
This might also indicate that TS has the ability to improve
hyperglycemia through AMPK activities in gluconeogenesis.
In addition, Akt activation in liver contributes to the
insulin-mediated suppression of gluconeogenesis. In this
study we show that TS significantly enhanced Akt phosphorylation in liver in HF-fed mice. Coffee ingestion (contained
in caffeic acids, etc.) is reported to enhance Akt phosphorylation in liver in diabetic KK-𝐴y mice [42]. Therefore, it is
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possible that TS caused glucose lowering by not only AMPK
phosphorylation but also hepatic Akt phosphorylation, thus
inhibiting hepatic glucose production via PEPCK and G6Pase
downregulation. Certainly, the stimulation of glucose disposal in skeletal muscle by TS might also contribute to the
hypoglycemic effect.
AMPK has been shown to regulate a variety of different
metabolic pathways; thus it is recognized as a useful target
for the treatment of metabolic disorders including T2D
and dyslipidemia [30, 43]. Activation of AMPK has been
shown to increase fatty acid oxidation, whereas it inhibits
lipid synthesis and could improve insulin action [29, 30].
For this reason, the second objective of this study was to
look into the antihyperlipidemic effect of TS. PPAR𝛼 ligands
also increase the expression of the lipoprotein lipase gene
and reduce the expression of the apo C-III gene, which
is an inhibitor of lipoprotein lipase [44], thus resulting in
hypotriglyceridemic effect. Our results suggest that TS acts
by apo C-III and improves plasma lipid profiles. In addition,
following treatment with TS, triglycerides lowering occurred
as a result of downregulation of the enzyme, FAS. The AMPK
activator metformin has been shown to downregulate the
FAS expression through AMPK activation [20]. Therefore,
it is possible that TS inactivated these enzymes and/or
downregulated gene expressions through AMPK activation.
In this study WAT histology has revealed that the number
of large adipocytes was decreased while the number of small
adipocytes was increased by TS. Thus, we think TS may be
able to mobilize fat from adipose tissue by increasing lipid
catabolism in liver, because lipids that accumulate in adipose
tissue are largely derived from circulating TG [45] and liver
is a major target tissue for lipid and lipoprotein metabolism.
Based on our results, TS possibly decreased the TG synthesis
in liver which effectively regulated morphometric adipocytes.
Treatment of rat adipocytes with globular domain of
adiponectin is reported to increase in the glucose uptake
and AMPK activation [46]. Our findings show that TS
significantly increased AMPK activation and adiponectin
levels. Hypoadiponectinemia appears to play an important
and causal role in insulin resistance, type 2 diabetes, and
metabolic syndrome [47]. An increase in adiponectin levels
or gene expressions is reported to be beneficial for insulin
resistance [47, 48]. Therefore, TS could provide a therapeutic advantage to improve insulin resistance. In addition,
Minokoshi et al. [31] demonstrated that leptin activated
AMPK, and this activation is strongly associated with the suppression of hepatic lipid accumulation. Considering the two
different mechanisms of AMPK activation of this compound,
it is possible that TS could directly activate AMPK or affect
the secretion or gene expression of adiponectin and leptin
by inducing AMPK activation. The target molecule for TS
should be identified.
In conclusion, this study revealed that TS showed protective effects on diabetes and hyperlipidemia in HF-fed mice,
and such effect might be associated with increased protein
contents of GLUT4 and increased phosphorylation of AMPK
both in liver and skeletal muscle. TS improved glycemic
control primarily by increased contents of muscular GLUT4
to elevate glucose uptake; on the other hand, suppression of
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hepatic glucose production (downregulation of PEPCK and
G-6Pase). Moreover, TS increased hepatic phosphorylation
of AMPK while suppressing lipogenic enzyme expression
(including FAS), thus contributing to the lowering of circulating triglycerides. Therefore, TS may be beneficial for the
management of type 2 diabetes and hypertriglyceridemia.
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HemoHIM (a new herbal preparation of three edible herbs: Angelica gigas Nakai, Cnidium officinale Makino, and Paeonia japonica
Miyabe) was developed to protect immune, hematopoietic, and self-renewal tissues against radiation. This study determined
whether or not HemoHIM could alter hyperglycemia and the immune response in diabetic mice. Both nondiabetic and diabetic
mice were orally administered HemoHIM (100 mg/kg) once a day for 4 weeks. Diabetes was induced by single injection of
streptozotocin (STZ, 200 mg/kg, i.p.). In diabetic mice, HemoHIM effectively improved hyperglycemia and glucose tolerance
compared to the diabetic control group as well as elevated plasma insulin levels with preservation of insulin staining in pancreatic
𝛽-cells. HemoHIM treatment restored thymus weight, white blood cells, lymphocyte numbers, and splenic lymphocyte populations
(CD4+ T and CD8+ T), which were reduced in diabetic mice, as well as IFN-𝛾 production in response to Con A stimulation. These
results indicate that HemoHIM may have potential as a glucose-lowering and immunomodulatory agent by enhancing the immune
function of pancreatic 𝛽-cells in STZ-induced diabetic mice.

1. Introduction
Diabetes mellitus (DM) is one of the leading causes of
morbidity and mortality worldwide [1]. Increases in the aging
population, consumption of calorie-rich diets, obesity, and
sedentary lifestyle have led to a tremendous surge in the
number of diabetics [2]. Likewise, incidence of diabetes in
Korea has increased rapidly in the past 10 years, becoming
the 4th leading cause of death [3].
Type 1 DM results from the selective destruction of
insulin-producing 𝛽-cells in pancreatic islets, and it is primarily a T cell-mediated autoimmune disease directed against
one or more 𝛽-cell autoantigens [4, 5]. This state is characterized by limited weight gain, polyuria, polydipsia, and
polyphagia attributed to the decreased capability of insulin

to stimulate glucose uptake and utilization in target tissues
due to insulin resistance, insulin insufficiency, and changes in
other factors such as glucagon, thyroxin, glucocorticoid, and
catecholamines [1].
A number of studies on oral antihyperglycemic agents
derived from plants used in traditional Oriental medicine
have been conducted, and many of the plants were found
to have good activity [6]. The World Health Organization
(WHO) has also recommended the evaluation of plants’
effectiveness whenever safe modern drugs are unavailable
[7]. This has led to an increased demand for research on
natural products with antidiabetic activity as well as minimal to no side effects [8]. Unfortunately, complete therapy
for DM and its complications has not been established
yet.
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In traditional Oriental medicine, many herbs or herbal
prescriptions comprising several medicinal plants have been
reputed to promote health, improve the defense mechanisms
of the body, and enhance longevity [9]. A new herbal preparation (HemoHIM) was designed to protect self-renewing tissues as well as promote recovery of the immune system [10].
HemoHIM was first prepared by adding its polysaccharide
fraction to the hot water extract of a herbal mixture consisting
of Angelica Radix, Cnidii Rhizoma, and Paeonia Radix [11].
In our previous study, HemoHIM rescued white blood cells,
and lymphocytes were reduced using ionizing radiation (IR).
Also, we previously observed that HemoHIM was effective for
the restoration of impaired immune functions [9] and its antiinflammatory activity against carrageenan-induced edema,
the formation of granulation tissues by cotton pellet, and
experimental colitis by 2,4,6-trinitrobenzene sulfonic acid
[11]. In addition, HemoHIM enhances the therapeutic efficacy
in tumor-bearing mice treated with a chemotherapeutic agent
or IR [12, 13]. Overall, these data suggest that HemoHIM
can act as a potential modifier of biological responses. The
general composition of HemoHIM is 60.4% carbohydrate,
6% protein, and 33.6% other including polyphenols (data not
shown). The immune modulating components in HemoHIM
were the ethanol-insoluble fraction [14, 15], the polysaccharide content of which was 40.9% (±3.8) (data not shown).
Other carbohydrate components in HemoHIM were acidicpolysaccharide ethanol-soluble fraction, the polysaccharide
content of which was 19.5% (data not shown). In addition, the
functional components included in the ethanol-soluble fraction of HemoHIM were gallic acid [0.2% (±0.06)], chlorogenic acid [0.33% (±0.05)], paeoniflorin [1.32% (±0.15)],
nodakenin [0.58% (±0.04)], and benzoic acid [0.17% (±0.05)].
In particular, these herbs are listed as raw materials in the
Korean Food Code. Finally, HemoHIM has been proven to
be safe for long-term administration [16, 17].
Streptozotocin (STZ) is 1-methyl-1-nitrosourea derivative
of 2-deoxy-Dglucose and a broad antibacterial agent that
can cause symptoms of diabetes. Various studies reported
antidiabetic effects using STZ-induced diabetic mice model
[18, 19]. In the current study, we investigated whether or not
HemoHIM could improve immune function and antidiabetic
effect on STZ-induced diabetic mice.

2. Materials and Methods
2.1. Preparation of HemoHIM. A mixture of three edible
medicinal herbs, Angelica Radix (root of Angelica gigas
Nakai), Cnidii Rhizoma (rhizome of Cnidium officinale
Makino), and Paeonia Radix (root of Paeonia japonica
Miyabe) was decocted for 4 h in boiling water to obtain a
total extract. A part of the total extract was fractionated into
an ethanol-soluble fraction and an ethanol-insoluble polysaccharide fraction by precipitation in 80% ethanol. HemoHIM
was prepared by adding the polysaccharide fraction to the
other part of the total extract [9].
2.2. Experimental Animals. Six-week-old male ICR mice
were purchased from Orient Inc. (Charles River Technology,
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Seoul, Korea). The mice were individually housed and maintained at a controlled temperature (22 ± 2∘ C) and relative
humidity (50±5%) under a 12 h light-dark cycle. All mice were
fed a pelletized commercial chow diet for 7 days after arrival.
Next, the animals were randomly divided into four groups
of 10 mice each: nondiabetic control group (nondiabetic),
nondiabetic group administered HemoHIM (nondiabetic +
HemoHIM), diabetic control group (diabetic), and diabetic
group administered HemoHIM (diabetic + HemoHIM).
The mice had access to food and water ad libitum. Both
nondiabetic and diabetic mice were orally administered
HemoHIM (100 mg/kg) once a day for 4 weeks. Body weights
of mice were measured weekly. All mice were treated in strict
accordance with Sunchon National University Institutional
Animal Care and Use Committee (SCNU IACUC) guidelines
for the care and use of laboratory animals. All procedures
were approved by the SCNU IACUC.
2.3. Induction of Diabetes in Mice. Diabetes was induced by a
single injection of STZ (200 mg/kg body weight) (Sigma, St.
Louis, MO, USA) freshly dissolved in 0.1 M citrate buffer (pH
4.2) into the intraperitoneal injection. Nondiabetic mice were
injected with citrate buffer alone. After 48 h, only STZ-treated
mice that exhibited a fasting blood glucose level ≥200 mg/dL
were used in the study.
2.4. Fasting Blood Glucose Levels and Oral Glucose Tolerance
Test (OGTT). Blood glucose levels were monitored in venous
blood drawn from the tail using a glucometer (ACCUCHEK, Roche, Germany) every week after 12 h of fasting.
The OGTT was performed in the 4th week. Following 12 h
of fasting, the mice were orally administered glucose at
1 g/kg of body weight, after which blood glucose levels were
measured from the tail vein at 30, 60, and 120 min after
glucose administration.
2.5. Plasma Insulin Levels. Blood was collected in a heparincoated tube and centrifuged at 3,000 rpm for 5 min at 4∘ C. The
plasma insulin levels were determined using a quantitative
sandwich enzyme immunoassay kit (ELISA kit, Shibayagi
Co., Ltd., Japan).
2.6. Immunohistochemistry of Pancreas. To measure insulin
levels, immunohistochemical analysis was performed using a
mouse anti-insulin monoclonal antibody (BioGenex, Netherlands). Briefly, paraffin sections of 4 𝜇m thickness were
treated with 3% H2 O2 in methanol for 30 min to block any
endogenous peroxidase, followed by washing with 0.01 M
phosphate buffer for 10 min. Next, the sections were processed by an indirect immunoperoxidase technique using a
commercial kit (ABC kit, DAKO, USA) with secondary antibodies. The sections were then counterstained with Mayer’s
hematoxylin, and the staining was visualized by incubation
with diaminobenzidine (DAB) (Zymed Laboratories, San
Francisco, CA, USA) and counterstaining with 1% methyl
green for 1 min [20].
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Table 1: Changes in organ weights in mice administered HemoHIM.

Liver (mg/g)
Kidney (mg/g)
Thymus (mg/g)
Lung (mg/g)
Spleen (mg/g)
Heart (mg/g)

Nondiabetic
39.25 ± 2.74
13.49 ± 0.23
1.30 ± 0.12
4.84 ± 2.74
2.73 ± 0.19
4.65 ± 0.22

Nondiabetic + HemoHIM
38.93 ± 0.97
13.44 ± 0.61
1.14 ± 0.11
4.92 ± 0.10
2.96 ± 0.21
4.74 ± 0.43

Diabetic
48.39 ± 3.45∗
19.79 ± 1.01∗
0.58 ± 0.10∗
6.06 ± 0.36∗
2.56 ± 0.41
4.42 ± 0.11

Diabetic + HemoHIM
42.07 ± 4.55#
15.22 ± 1.61∗,#
1.03 ± 0.14∗,#
5.54 ± 0.26∗,#
2.77 ± 0.44
4.41 ± 0.32

Values are expressed as means ± S.D.
∗
𝑃 < 0.05 compared with nondiabetic group.
#
𝑃 < 0.05 compared with diabetic group.

2.8. Cell Surface Markers Assay. Spleen cells (1 × 106 cells/mL)
were blocked with anti-CD16/32 (Fc𝛾II/III receptor) mAb for
30 min at 4∘ C and then washed with PBS solution containing
1% FBS and 0.1% NaN3 . The cells were stained with PEconjugated anti-CD8 mAb and FITC-conjugated anti-CD4
mAb or FITC-conjugated anti-CD19 mAb for 30 min at
4∘ C. Stained cells were then washed and detected by a flow
cytometer (COULTER Epics XL, USA).

45

40

Body weight (g)

2.7. Plasma Hematological Change and Biomarkers. Hematological change analysis was carried out using an automatic analyzer (HEMAVET 850, USA) for white blood
cells (WBCs) and lymphocytes. Serum GOT (glutamate
oxaloacetate transaminase), GPT (glutamic pyruvic transaminase), LDH (lactate dehydrogenase), and ALP (alkaline
phosphatase) activities were determined using an automatic
analyzer (FUJI DRI-CHEM 3500, Japan).

35
∗
#

#

30

∗

∗

1 week

2 week

∗
#

∗
#

∗

∗

3 week
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25

20

2.9. Cytokines and Immunoglobulins Analysis. Spleen cells (5
× 106 cells/mL) were treated with Con A (1 𝜇g/mL) or LPS
(10 𝜇g/mL) for 24 or 48 h, after which culture supernatants
were harvested and stored at −20∘ C until use. Cytokine and
immunoglobulin contents were measured by an enzymelinked immunosorbent assay kit (ELISA) (Pharmigen, San
Diego, CA, USA). All samples were tested in triplicate in
accordance with standard curves. The sensitivity of each assay
was as follows: IL-2, IFN-𝛾, IL-6, and TNF-𝛼, 10 pg/mL; IgM
and IgG1, 100 pg/mL.

0 day

Nondiabetic
Nondiabetic + HemoHIM

Diabetic
Diabetic + HemoHIM

Figure 1: Effects of HemoHIM on changes in body weight of STZinduced diabetic mice. ICR mice orally administrated HemoHIM
(4 weeks) before being injected with STZ. Mice body weights were
measured weekly. Values are expressed as the mean ± S.D. ∗ 𝑃 <
0.05 compared with nondiabetic group. # 𝑃 < 0.05 compared with
diabetic group.

2.10. Statistical Analysis. All data are presented as the mean ±
SD. Statistical analyses were performed using the SPSS program (SPSS, Chicago, IL). Student’s t-test was used to assess
the differences between the groups. The nondiabetic group
was compared with the nondiabetic + HemoHIM, diabetic,
and diabetic + HemoHIM groups. The effects of HemoHIM
administration were also compared within diabetic mice
groups. Values of 𝑃 < 0.05 were considered to be statistically
significant.

HemoHIM administration suppressed the reduction of body
weight due to diabetes from the 1st week in diabetic mice
(Figure 1).
Relative weights of the liver, kidney, and lung were
significantly higher in diabetic control mice compared to
nondiabetic control mice, whereas thymus weight was lower.
Although HemoHIM administration did not affect the organ
weights of nondiabetic mice, it effectively recovered those of
diabetic mice (Table 1).

3. Results

3.2. Blood Glucose Level and Oral Glucose Tolerance Test
(OGTT). HemoHIM administration did not affect blood
glucose levels in nondiabetic mice. However, it significantly
reduced blood glucose levels in diabetic mice treated with
HemoHIM compared to the diabetic control group from

3.1. Body Weight and Organ Weight Changes. During the
experimental period, the body weight of diabetic mice was
significantly lower than that of nondiabetic mice. However,
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Figure 2: ICR mice orally administrated HemoHIM (4 weeks) before being injected with STZ. Blood glucose levels were monitored in venous
blood drawn from the tail (a). The oral glucose tolerance test was performed in the 4th week. Following 12 h of fasting, the mice were orally
administered glucose at 1 g/kg of body weight, after which blood glucose levels were measured from the tail vein at 30, 60, and 120 min after
glucose administration (b). Values are expressed as means ± S.D. ∗ 𝑃 < 0.05 compared with nondiabetic group. # 𝑃 < 0.05 compared with
diabetic group.

the 2nd to 4th week. At the end of experiment, HemoHIM
administration had significantly reduced the fasting blood
glucose level by 26% in diabetic mice (Figure 2(a)).
To determine the effects of HemoHIM on the postprandial glucose level, we performed an oral glucose tolerance test.
Blood glucose reached its highest level at 30 min after glucose
administration. Blood glucose levels of the diabetic group
treated with HemoHIM were significantly lower than those
of the diabetic control group (Figure 2(b)). Thus, HemoHIM
effectively improved fasting glucose and postprandial blood
glucose levels in STZ-induced diabetic mice.
3.3. Plasma Insulin Level and Pancreatic Immunohistochemistry. There was no difference in the plasma insulin level
between nondiabetic mice and nondiabetic mice administered HemoHIM. The plasma insulin level of the diabetic
control group was significantly reduced compared to that
of the nondiabetic group, whereas HemoHIM significantly
increased the plasma insulin level by approximately 2-fold
(Figure 3(a)).
Reduction of the 𝛽-cell population was evident in the
diabetic control group compared to the nondiabetic group
based on changes in the immunohistochemistry of the
pancreas. In the nondiabetic group, insulin-positive 𝛽-cells
were found throughout the islets, whereas only a few insulinpositive 𝛽-cells were sporadically scattered in the islets of the
diabetic group. On the other hand, the insulin-positive 𝛽-cells

in the diabetic group treated with HemoHIM showed strong
staining and were preserved within distinct boundaries compared to those of the diabetic control group (Figure 3(b)).
3.4. Splenic Lymphocyte Subpopulations. Splenic lymphocyte
CD4+ T (helper T cell) and CD8+ T (cytotoxic T cell) cell
populations were significantly reduced in diabetic control
mice compared to nondiabetic mice (Figure 4). However,
HemoHIM increased the number of CD4+ and CD8+ lymphocyte subpopulations compared to the diabetic control
group. Counts of CD19+ cells were not different between the
groups (Figure 4).
3.5. Production of Cytokine and Immunoglobulins by Splenocytes. The IFN-𝛾 level of the diabetic group was reduced to
about 56% of that of the nondiabetic group. On the other
hand, the diabetic group treated with HemoHIM showed
restored IFN-𝛾 levels. The IL-6 level increased in the diabetic
group, showing values significantly higher than those of
the nondiabetic group, whereas the diabetic group treated
with HemoHIM showed restored IL-6 levels (Table 2). After
stimulation with LPS, immunoglobulins were measured in
the supernatant of splenocytes. Levels of IgM and IgG1
were increased in the diabetic mice compared with the
nondiabetic group. On the other hand, the diabetic group
treated with HemoHIM showed reduced immunoglobulin
secretion levels (Table 2).
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Figure 3: ICR mice orally administrated HemoHIM (4 weeks) before being injected with STZ. Effect of HemoHIM administration on plasma
(a) and pancreatic 𝛽-cell ((b), ×200) insulin levels in STZ-induced diabetic mice.Pancreas was immunohistochemically stained as described
in Materials and Methods. Values are expressed as means ± S.D. ∗ 𝑃 < 0.05 compared with nondiabetic group. # 𝑃 < 0.05 compared with
diabetic group.
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GPT, LDH, and ALP activities were significantly higher in the
diabetic group than in the nondiabetic group by 2.2-, 2.2, 1.7,
and 2-fold, respectively, HemoHIM administration reduced
them compared to the diabetic control group (Table 3).

4. Discussion
(%)

30.0
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∗

10.0
∗
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Nondiabetic + HemoHIM

#
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Figure 4: Effects of HemoHIM on splenocyte subpopulation in
STZ-induced diabetic mice. Spleen cells (1 × 106 cells/mL) were
stained with PE-anti-CD8, FITC-anti-CD4, or FITC-anti-CD19 for
30 min at 4∘ C after blocking Fc𝛾II/III receptor. Stained cells were
analyzed by a flow cytometer. Values are expressed as means ± S.D.
∗
#
𝑃 < 0.05 compared with nondiabetic group. 𝑃 < 0.05 compared
with diabetic group.

3.6. Blood Hematological and Plasma Biomarker Changes.
Lymphocyte and WBC numbers were significantly reduced
in the diabetic groups compared to nondiabetic groups.
However, HemoHIM treatment recovered these numbers too
close to nondiabetic values (Figure 5). Although serum GOT,

This study was conducted to investigate the effects of a
new herbal preparation (HemoHIM) on immune function
and hyperglycemia in STZ-induced diabetic mice as a novel
diabetic remedy. HemoHIM consists of three kinds of edible
herbs, Angelica gigas Nakai, Cnidium officinale Makino, and
Paeonia japonica Miyabe, which have been reported as
possessing antidiabetic and antihyperglycemic activities [21–
23].
Since STZ is known to cause selective destruction of
𝛽-cells within islets of Langerhans, resulting in marked
reduction of insulin levels, it makes sense that glycogen
levels in tissues decrease as they depend on insulin for influx
of glucose [24–26]. HemoHIM administration significantly
reduced fasting blood glucose levels while elevating plasma
insulin levels in STZ-induced diabetic mice. The plasma
insulin level of diabetic control mice was about 35% of that
of nondiabetic mice. However, HemoHIM administration
elevated the plasma insulin level by 200% compared to
that of the diabetic control group. In this study, OGTT of
diabetic mice was significantly higher than that in nondiabetic mice. However, HemoHIM administration effectively
improved postprandial blood glucose levels. As such, these
results suggest that constituents of HemoHIM may inhibit
the increase in blood glucose levels due to enhancement
of insulin secretion in STZ-induced diabetic mice. We also
observed that HemoHIM effectively preserved pancreatic 𝛽cells compared to the diabetic control group using immunohistochemistry assay. In addition, some studies reported that
STZ-diabetic mice induce infiltration of lymphocytes to the
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Table 2: Cytokine and immunoglobulin production by spleen cells in mice administered HemoHIM.

Cytokines (ng/mL)
IL-2
IFN-𝛾
IL-6
TNF-𝛼
Immunoglobulin (ng/mL)
IgM
IgG1

Nondiabetic

Nondiabetic + HemoHIM

Diabetic

Diabetic + HemoHIM

1.21 ± 0.22
6.61 ± 1.60#
1.03 ± 0.28#
0.39 ± 0.08

1.21 ± 0.19
6.74 ± 2.37#
1.15 ± 0.30#
0.35 ± 0.15

1.22 ± 0.29
2.85 ± 1.86∗
1.57 ± 0.28∗
0.53 ± 0.23

1.22 ± 0.10
5.01 ± 2.39
0.90 ± 0.31#
0.35 ± 0.08

616.0 ± 163.2
5.0 ± 2.7#

586.4 ± 93.4#
5.2 ± 2.7

873.5 ± 231.9
9.7 ± 3.6∗

566.6 ± 290.6
6.7 ± 1.2

The spleen cells (5 × 106 cells/mL) were treated with Con A (1 𝜇g/mL) or LPS (10 𝜇g/mL) for 24 hours and culture supernatants were harvested and stored
at −20∘ C until use. IL-2 and IFN-𝛾 were measured in the Con A-stimulated supernatant. IL-6, TNF-𝛼, IgM, and IgG1 were measured in the LPS-stimulated
supernatant. Values are expressed as means ± S.D.
∗
𝑃 < 0.05 compared with nondiabetic group.
#
𝑃 < 0.05 compared with diabetic group.
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Figure 5: ICR mice orally administrated HemoHIM (4 weeks) before being injected with STZ. Hematological change analysis was carried
out using an automatic analyzer (HEMAVET 850, USA) for white blood cells (WBCs) and lymphocytes. Values are expressed as means ± S.D.
WBC: white blood cell. ∗ 𝑃 < 0.05 compared with nondiabetic group. # 𝑃 < 0.05 compared with diabetic group.

pancreas [27]. To investigate the infiltration of lymphocytes,
pancreas was stained with H&E (see Supplement Figure
1 available online at http://dx.doi.org/10.1155/2014/461685).
This experiment revealed that lymphocytes infiltration was
reduced by HemoHIM in the diabetic mice.
Diabetic mice exhibit hyperglycemia in the form of
polydipsia, polyphagia, polyuria, and body weight loss [28].
The body weight of the diabetic control group decreased due
to insulin deficiency and dysfunctional energy metabolism
[5, 10]. During the experimental period, the nondiabetic mice
showed an approximately 20% body weight gain, whereas
the body weight of diabetic mice decreased by about 8%
over the same time period. However, loss of body weight
was suppressed by HemoHIM. Failure of STZ-induced diabetic animal models to gain body weight has already been
reported [29, 30]. Kidney and liver weights are higher in
diabetic animals, as STZ-induced diabetic animals undergo
glomerular hypertrophy [31] and triglyceride accumulation
[30] in the kidney and liver, respectively. In the current study,
HemoHIM attenuated hypertrophy of organs (kidney, liver,

and lung) and the thymus in STZ-induced diabetic mice
[32, 33]. However, HemoHIM protected loss of kidney weight
in the STZ-induced diabetic mice but did not affect creatinine
(data not shown). Dağistanli et al. [34] reported that thymic
atrophy is caused by elevation of intracellular calcium levels,
leading to apoptosis in STZ-induced diabetes. We also found
that the relative thymus weight was dramatically reduced
by 44% in STZ-induced diabetic mice compared to the
nondiabetic group. However, HemoHIM supplementation
significantly improved thymic atrophy by 1.8-fold compared
to the diabetic control group, which indicates that HemoHIM
may protect the decline of immune response.
Furthermore, hyperglycemia is toxic to multiple immune
cell populations, including lymphocytes [35]. Therefore, we
determined whether or not HemoHIM affects splenocyte
subpopulation in diabetic mice. Recently, immunological
injury was reported to be associated with DM. Avanzini et
al. [36] reported that IFN-𝛾 is reduced in DM, as the percentage of peripheral CD4+ and CD8+ cells was found to be
significantly lower in DM patients. The current study showed
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Table 3: Plasma biomarkers in mice administered HemoHIM.
GOT (U/L)

Nondiabetic
55 ± 7

Nondiabetic + HemoHIM
50 ± 9

Diabetic
126 ± 27∗

Diabetic + HemoHIM
73 ± 12#

GPT (U/L)
LDH (U/L)

24 ± 6
368 ± 117

21 ± 6
301 ± 31

52 ± 23∗
618 ± 108∗

28 ± 6
489 ± 112

ALP (U/L)

124 ± 11

120 ± 10

281 ± 56∗

193 ± 20#

GOT: glutamate oxaloacetate transaminase, GPT: glutamic pyruvic transaminase, LDH: lactate dehydrogenase, ALP: alkaline phosphatase. Values are expressed
as means ± S.D.
∗
𝑃 < 0.05 compared with nondiabetic group.
#
𝑃 < 0.05 compared with diabetic group.

that spleen cells from the diabetic group produced significantly less IFN-𝛾 in response to Con A. However, HemoHIM recovered IFN-𝛾 production in STZ-induced diabetic
mice. Further, the HemoHIM-treated diabetic group showed
increased CD4+ and CD8+ cell numbers in the spleen. In
aged mice and airway inflammation mice, HemoHIM has
been shown to restore the Th1/Th2 balance [9, 37]. Various
immunoglobulins are increased in DM [38, 39]. Specifically,
IgM and IgG1 were increased in the diabetic group in the
present study. On the other hand, immunoglobulin levels of
the HemoHIM-treated diabetic group were reduced compared with the diabetic control group. These data suggest
that HemoHIM treatment can overcome immunological
injuries in diabetic mice. Thus, HemoHIM has potential
immunomodulatory activity in DM. Further, GOT, GPT,
LDH, and ALP were significantly increased in the diabetic
group, whereas the diabetic group treated with HemoHIM
showed restored levels. In addition, hematological results
indicated that HemoHIM could reduce liver toxicity in STZinduced diabetic mice.
In conclusion, HemoHIM improved the symptom of
STZ-induced diabetic. The evidence of these characteristics
of HemoHIM includes (1) restoration from destroyed 𝛽cells by STZ; (2) increase in blood insulin level; (3) decrease
in blood glucose level by increased insulin; (4) protection
of body and organs weight from disruption by STZ; (5)
inhibitition of immunological changes by STZ. On the basis
of the results described herein, we suggest that HemoHIM has
antidiabetic potential against increase in blood glucose levels
and even immune system disruption.
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Aims. To evaluate the effect of Punica granatum (Pg) rind extract and its spray dried biopolymeric dispersions with casein (F1) or
chitosan (F2) against Diabetes mellitus (DM) and diabetic neuropathy (DN). Methods. We measured the acute (6 h) and subacute (8
days) effect of various doses of Pg, F1, and F2 and the active compounds on alloxan-induced DM mouse model. We evaluated DN
utilizing latency tests for longer period of time (8 weeks). In addition, the in vivo antioxidant activity was assessed utilizing serum
catalase level. Results. The results proved that the highest dose levels of Pg extract, F1, F2 exerted remarkable hypoglycemic activity
with 48, 52, and 40% drop in the mice glucose levels after 6 hours, respectively. The tested compounds also improved peripheral
nerve function as observed from the latency tests. Bioguided fractionation suggested that gallic acid (GA) was Pg main active
ingredient responsible for its actions. Conclusion. Pg extract, F1, F2, and GA could be considered as a new therapeutic potential for
the amelioration of diabetic neuropathic pain and the observed in vivo antioxidant potential may be involved in its antinociceptive
effect. It is highly significant to pay attention to Pg and GA for amelioration and control of DM and its complications.

1. Introduction
Diabetes mellitus (DM) is a major endocrine disorder and the
global annual cost of treating DM and its complication could
reach US $ trillion [1]. Amelioration of DM is a high priority
in medical research. Self-management of DM is cornerstone
to achieving good glycemic control and reducing the risk
of developing microvascular (retinopathy, nephropathy, and
neuropathy) and macrovascular (cardiovascular and cerebrovascular) complications [2]. Natural extracts have been
used in management of diabetes and its related complications
because they are safe and readily available [3]. Many plant
species are used in folk medicine for their hypoglycemic
properties and therefore potentially used for treatment of DM
[4].
Punica granatum (P. granatum) L., universally known as
pomegranate, from family Punicaceae, is a distinctive fruit
bearing plant with various medicinal and dietary importance,

native to the Middle East. P. granatum has shown to possess
free radical scavenging, anticarcinogenic, anti-inflammatory,
and effectiveness in the treatment of cancer, cardiovascular
disease, Alzheimer’s disease, arthritis, and erectile dysfunction [5]. Folk medicine suggests some possible benefits of P.
granatum to diabetes and some related complications. Some
in vitro studies were done to show the antihyperglycemic
effect of P. granatum [6, 7]. The available research suggests
that ellagic acid is the effective antihyperglycemic compound
in P. granatum [8]. None of these investigations were done
to show the antinociceptive effect of P. granatum on diabetic
neuropathy (DN).
Oxidative stress, mediated mainly by hyperglycemiainduced generation of free radicals, helps in the development
and progression of DM and its complications [4]. Diabetic
peripheral neuropathy, which is one of the most frequent
long-term complications of DM, is frequently accompanied
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with inferior quality of life [9]. This complication occurs in
about one-quarter of diabetic patients [10]. Painful diabetic
neuropathy is associated with symptoms and signs such
as burning, tingling, or lancing type of spontaneous pain,
allodynia, and hyperalgesia [11]. Thus, novel therapeutic
targets are required for the satisfactory treatment of diabetic
neuropathic pain [9, 12]. Abnormal free radicals high levels
cause membrane damage leading to decline of antioxidant
defense mechanisms causing cell and tissue damage [13]. The
recent strategy for alleviating the oxidative damage in DM is
based on supplementation with certain dietary antioxidants
such as vitamins E and C and flavonoids [14].
Due to its unique physicochemical properties, casein, a
natural biopolymeric surfactant, has a potential use in the
preparation of conventional and novel pharmaceutical drug
delivery systems. A number of in vitro and in vivo studies
showed that casein is a suitable material for efficient drug
delivery. Researchers have noted that casein has evolved to be
easily degradable by the digestive enzymes proteases. Casein
microspheres, either plain or cross-linked, could be promising parenteral biodegradable carriers for sustained delivery of
drugs when administered via intramuscular, intraperitoneal,
or direct intratumoral or intra-arterially for embolization in
solid tumor deposits [15].
Chitosan, another biodegradable polymer, is a linear polysaccharide composed of randomly distributed (1–
4)-linked d-glucosamine and N-acetyl-d-glucosamine [16].
Studies on the possible biomedical applications of chitosan
have been adapted due to its low cytotoxicity, biodegradability, and antimicrobial activity [17–19].
Therefore, the aim of the present work involves the study
of possible hypoglycemic, in vivo antioxidant, and diabetic
neuropathy management effects of ethanolic rind extract of
P. granatum and its biodegradable polymeric dispersions with
either casein or chitosan.

2. Materials and Methods
2.1. Materials. Dried P. granatum L. fruit rind was purchased
commercially from Ibn-Al-Nafess herbalist, Beirut, Lebanon.
The solvents used in extraction and standards, alloxan, casein
and chitosan (150 kDa) were purchased from Sigma-Aldrich
(St. Louis, USA). Glibenclamide (GB) was commercially
purchased (Lansa Pharm., China). Tramadol hydrochloride
was obtained commercially (Deutsche Labs, Germany). All
other chemicals were analytical grade chemicals.
2.2. Preparation of Plant Extract. The dried rind was
extracted using 80% ethanol. The ethanolic extract was dried
in a rotary evaporator (Buchi, Germany) at temperature 40∘ C
under vacuum. The rind was authenticated with a reference
sample, and a voucher specimen (PS-13-11) was deposited in
the faculty herbarium.
2.3. Preparation of the Spray Dried Polymeric Dispersions.
Casein was dissolved in 0.1 N NaOH in a concentration
of 1.5% w/w. The partially dried extract (soft extract) of
P. granatum was then added and mixed using a magnetic
stirrer to have an extract/polymer ratio of 1 : 1. The polymeric
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dispersion was then neutralized with a few drops of 1 N HCl
till a pH of 7.4 before feeding into LabPlant Mini-Spray dryer
SD-06AG (LabPlant, UK). Inlet temperature was adjusted at
165∘ C and the outlet at 75–80∘ C. The dried product (F1) was
collected and kept in a desiccator till further testing.
For chitosan dispersions (F2), chitosan solution (1.5%
w/w) was prepared in 1% acetic acid and the soft extract
was added to the solution to have an extract/polymer ratio
of 1 : 1. The dispersion was then fed into the spray dryer as
described above. The dried products were collected and kept
in desiccators till further testing. Placebo dispersions of the
polymers were prepared for control testing.
At the used extract/polymer ratios, the produced powders
should have 1 mg Pg extract/2 mg of either of the dried
formula (that the given Pg extract doses of 25, 50, and
100 mg/kg are equivalent to a powder dose; of either F1 or F2;
of 50, 100, and 200 mg/kg, resp.).
2.4. HPLC Analysis of P. granatum Ethanolic Extract. Chromatographic optimization was done using the HPLC conditions and the investigation of columns with different packing
materials, different wavelengths from 200 nm to 400 nm,
and different mobile phase systems. An ideal chromatographic separation was achieved using RP-C18 endcapped
Lichrospher column (250 × 4.6 mm I. D.; 5 𝜇M particle size)
(Merck), at 40∘ C [20]. Isocratic elution was performed using
(43 : 57) methanol/phosphate buffer 34.1 mM and pH 2.1. The
flow rate was adjusted to 1 mL/min.
2.5. Determination of Total Phenolic Compounds in the Extract
and Spray Dried Polymeric Dispersions. Generally, measurement of color occurred by reaction between Folin-Ciocalteu’s
phenol reagent [21, 22], and extract is a preferred method
for the determination of the phenolic compounds, because
the majority of their ingredients are polyphenols [21, 23].
Total contents of the phenolic compounds in the extracts
were determined by Folin-Ciocalteu’s method [22] as gallic
acid equivalents (GAE) [23, 24]. In brief, 250 𝜇L of FolinCiocalteu’s phenol reagent was mixed with 50 𝜇L of the
samples, and 500 𝜇L of 20% water solution of Na2 CO3 was
added to the mixture. Mixtures were vortexed and completed
with water to 5 mL. As control, reagent without addition of
extract was used. After incubation of the samples at ambient
temperature for 30 min, their absorbance was measured at
765 nm. The calibration curve was assembled by using fresh
prepared gallic acid solutions as a base in calculations of total
phenolic compound contents in the extracts. Experiments
were repeated three times for every extract and the total phenolics were given in average values as GAE (mg gallic acid/g
extract) [25, 26]. For the calibration curve, 10 mg of gallic
acid was dissolved in 10 mL of MeOH utilizing an ultrasonic
bath (stock solution). Various dilutions of stock solution were
prepared and were determined by Folin-Ciocalteu’s method
[22, 27]. The experiments were repeated three times for every
dilution and a calibration curve was created [24].
2.6. Content and In Vitro Release Pattern of the Dispersions.
An amount equivalent to 8 mg of the soft extract was digested
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in 100 mL PBS pH 7.4. After sonication for 15 minutes,
the content was assayed for the total phenolics by FolinCiocalteu’s method [22] after proper dilution.
The in vitro release pattern of the extract was estimated by
placing an amount equivalent to 8 mg of each formulation in
a dialysis tubing (Visking Dialysis Tubing) closed by tubing
closures at one end, 2 mL of the release medium was then
added, and the other tube end was also closed by the tubing
closure. The tube assembly was clamped to the paddle of a
dissolution rate apparatus immersed in 500 mL PBS (pH 7.4)
placed in the dissolution apparatus jar. The temperature was
adjusted at 35∘ C, while the paddle was rotated at 50 rpm.
Samples of 5 mL each were withdrawn at fixed time intervals
and replaced with prewarmed buffer solution. Each sample
was assayed by Folin-Ciocalteu’s method and the average
reading was calculated.
2.7. Bio-Guided Chromatographic Fractionation and Identification of the Effective Compounds. The P. granatum ethanolic
extract (Pg) was fractionated using column chromatography.
Preparative chromatography column, 50 mm diameter and
100 cm height, was used. Elution was done using ethyl acetate,
formic acid, water, and hexane at ratios of 70 : 7.5 : 7.5 : 15,
respectively, as mobile phase and silica gel as stationary phase.
During the entire chromatography process the eluent was
collected in a series of over 200 fractions by time.
Each fraction was tested in the same way as the test
solutions in this study using in vivo alloxan-diabetic mice.
The most active fraction was analyzed using RP-HPLC.
The injection volume was 20 𝜇L and UV detection was
performed using UV-detector at 270 nm, which has the highest absorbance for the tested active fraction, using JASCO
spectrophotometer (JASCO), and confirmed utilizing TLC
and standard steeping method utilizing standard calibration
curves.
2.8. Animals. Male Swiss-Webster mice (Faculty of Pharmacy, Beirut Arab University) were accommodated for one
week prior to the experimentation. The environment consisted of standard mouse cages with a 12 h light/dark cycle.
The temperature was 22 ± 1∘ C; animals had open access
to water and standard laboratory pellets (20% proteins, 5%
fats, and 1% multivitamins) [26, 28]. The mice were kept in
those conditions for a seven-day period of adaptation prior
to the beginning of the experiment. Sixteen hours before the
experiment, mice were fasted overnight but allowed open
access to water. All animal care and experiments were done
in accordance with Lebanese Ministry of Higher Education
and with the approval of Beirut Arab University Institutional
Review Board.
2.9. Diabetes Induction. Experimental DM was induced by
intraperitoneal (IP) injection of freshly prepared alloxan
dissolved in sterile saline (0.9%) every 48 h for three times
at a dose of 180 mg/kg. Fasting glucose levels in the blood
samples obtained from the tail of each mouse 72 h after the
last alloxan injection were measured with Accu-Chek Active
glucose strips in Accu-Chek Active Test Meter (Roche, USA).
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The glucose levels were expressed as mg/dL. Glucose (5%) was
added to mice drinking water. The mice with blood glucose
level more than 200 mg/dL were considered to be diabetic and
were used in the experiment.
2.10. Acute Antidiabetic Effect of the P. granatum Extract
in Alloxan-Induced Diabetic Mice. The diabetic mice were
divided into sixteen groups of seven animals each. The
animals of each group had a single IP injection as follows.
(i) Group I received only vehicle (0.9% sterile saline) and
served as control.
(ii) Group II received GB dissolved in DMSO as reference
drug (5 mg/kg).
(iii) Groups III, IV, and V received the Pg extract dissolved
in vehicle at doses of 25, 50, and 100 mg/kg, respectively.
(iv) Groups VI, VII, and VIII received F1, suspended in
vehicle at doses equivalent to 25, 50, and 100 mg Pg
extract/kg, respectively.
(v) Group VIII received placebo F1 suspended in vehicle
(200 mg/kg).
(vi) Groups IX, X, and XII received F2, suspended in
vehicle at doses equivalent to 25, 50, and 100 mg Pg
extract/kg, respectively.
(vii) Group XIII received placebo F2 suspended in vehicle
(200 mg/kg).
(viii) Groups XIV, XV, and XVI received gallic acid (GA)
dissolved in DMSO, at doses of 3, 6, and 12 mg/kg to
the animals, respectively.
Blood samples were collected from the tail just prior to
and at 0.5, 2, and 6 h after dosing. Blood glucose and body
weight were determined.
2.11. Subacute Antidiabetic Effect of the P. granatum Extract
in Alloxan-Induced Diabetic Mice. The action of Pg was also
tested during a longer duration of treatment. The mice were
divided into groups containing healthy and diabetic animals.
Group I (healthy mice, 𝑛 = 7) received only vehicle IP for
7 days and served as control [4]. The diabetic mice were
divided into sixteen groups (II–XVII) of seven animals each.
The animals of each group were treated for 7 days with a daily
IP injection as follows.
(i) Group II received only vehicle (0.9% sterile saline)
and served as diabetic control.
(ii) Group III received GB dissolved in DMSO as reference drug (5 mg/kg, IP).
(iii) Groups IV, V, and VI received Pg extract dissolved in
vehicle at doses of 25, 50, and 100 mg/kg, respectively.
(iv) Groups VII, VIII, and IX received F1 suspended in
vehicle at doses equivalent to 25, 50, and 100 mg Pg
extract/kg, respectively.
(v) Group X received placebo F1 suspended in vehicle
200 mg/kg.
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(vi) Groups XI, XII, and XIII received Pg F2 suspended in
vehicle at doses equivalent to 25, 50, and 100 mg Pg
extract/kg, respectively.

120

(vii) Group XIV received placebo F2 suspended in vehicle
200 mg/kg.

80

The blood glucose level of each animal was monitored on
the 1st, 3rd, 5th, and 8th days after 6 h of each injection given
every other day.
The antioxidant enzyme (catalase) levels were measured
and the body weights of the animals were recorded at the
same day.
2.12. Management of Diabetic Neuropathy. After six weeks
of induction of diabetes in animals, DN success rate (i.e.,
loss of sensory of thermal sensitivity significantly below 10 s
[29]) was ca. 85%, and their neurological function was tested
at one-week intervals for eight weeks, with tramadol (TRA)
10 mg/kg as a positive control, using the following tests.
2.12.1. Hot Plate Latency Test. The animals were positioned
one at a time on the hot plate (hot plate analgesia meter, Ugo
Basile, Italy) that is maintained at a temperature of 55 ± 0.1∘ C.
Response latency either to jump or to a hindpaw lick was
monitored by means of an electronic timer. To avoid tissue
damage, a cut-off time of 30 s was selected [30].
2.12.2. Tail Flick Latency Test. In brief, a beam of light was
focused on the dorsal surface of the mouse tail using tail flick
apparatus with appropriate tail flick mice restrainer (Hugo
Sachs Elektronik, Germany) and the time until the tail flicked
was measured. The tail withdrawal latency, time from onset
of the radiant heat to the withdrawal of the tail, was recorded
with a timer. The light intensity in the apparatus was set so
that the baseline tail withdrawal latency was about 5.6 s in all
mice. A cut-off time of 10.00 ± 0.50 s was set with the purpose
of preventing tissue damage [30].
2.13. Estimation of Antioxidant Activity. Catalase (CAT)
activity was determined in serum using the modified method
described before in the literature [31]. CAT activity was
expressed as kU/L.
2.14. Statistical Analysis. All values are presented as means ±
SEM. Statistical differences between the test and the control
were tested by one-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls test using the “OriginPro” statistic computer program. A difference in the mean
values of 𝑃 ≤ 0.05 was considered to be statistically significant.

3. Results
3.1. HPLC Analysis of Pg Extract. After the bioguided fractionation, the most active P. granatum extract fraction was

Released (%)

(viii) Groups XV, XVI, and XVII received GA, dissolved in
DMSO, at doses of 3, 6, and 12 mg/kg, respectively.
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Figure 1: In vitro release pattern of P. granatum L. extract from
different biopolymeric dispersions of casein (F1) and chitosan (F2).

injected in the HPLC instrument to study its pattern. The
most active fraction major peak was GA (11.4%). Ellagic acid
was not detected in the active fraction. The concentration of
GA was measured using the area under peak utilizing GA
calibration curve.
3.2. Total Phenolic Compounds Using Folin-Ciocalteu Assay.
Total phenolic content of 0.15 ± 0.01 mg gallic acid/g Pg
extract, using Folin-Ciocalteu Reagent (FCR), was found in
Pg extract. All absorbance was measured at 765 nm. Results
are mean ± SEM of three parallel measurements, and 𝑃 <
0.01, when compared to the control.
3.3. Content and In Vitro Release Pattern. All the prepared
powders contained 98 ± 2% of the claimed extract content
calculated as mg gallic acid/g extract. The in vitro release
pattern of the tested powders showed that F1 had a faster
release pattern with 7.5% released after 30 minutes compared
with 5.5% in case of F2. The difference in release was highly
observed after 3 hours with F1 releasing more than 85% of
the extract compared with less than 50% for F2. Retardation
of drug release from such dispersions of casein is commonly
achieved via surface cross-linkage (Figure 1).
3.4. Acute Antidiabetic Effect of the Pg Extract in AlloxanInduced Diabetic Mice. The acute antidiabetic effect of various doses of the Pg extract in diabetic animals is summarized
in Table 1. The Pg extract at all doses (25, 50, and 100 mg/kg)
showed a significant effect compared to the control, with
blood glucose levels dropping after 6 h of administration to
36.4, 34.2, and 48.4%, respectively. GB, the positive control,
prevented the drastic increase of blood glucose after 1 h of
glucose loading. On the other hand, GB reduced the glucose
level, 2 and 6 h after the glucose loading. Dispersion F1 at all
doses (equivalent to 25, 50, and 100 mg Pg extract/kg) showed
significant decrease in blood glucose level after 6 h dropping
to 40.6, 40.0, and 52.4%, respectively. Similar to F1, F2 showed
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Table 1: Acute effect of P. granatum ethanolic extract (Pg), F1, F2, and gallic acid (GA) on blood glucose of alloxan-induced diabetic mice (n
= 7).
Group
Diabetic control
GB
Pg
Pg
Pg
Placebo F1
F1
F1
F1
Placebo F2
F2
F2
F2
GA
GA
GA

Dose (mg/kg)
—
5
25
50
100
200
50
100
200
200
50
100
200
3
6
12

0 hr
202.79 ± 5.60
219.70 ± 3.70
218.29 ± 1.50
200.43 ± 2.10
249.92 ± 1.80
208.10 ± 3.10
243.12 ± 1.30
201.33 ± 1.70
263.11 ± 2.90
213.56 ± 3.10
211.55 ± 2.90
214.65 ± 1.30
240.44 ± 2.50
201.29 ± 5.60
202.20 ± 3.70
218.29 ± 1.50

Mean blood glucose concentration ± SEM (mg/dL)
0.5 hr
2 hr
211.93 ± 4.50
214.21 ± 9.70
223.64 ± 1.80
159.74 ± 2.10
142.44 ± 2.80
181.56 ± 2.02
240.93 ± 2.50
158.41 ± 2.60
292.44 ± 2.80
228.56 ± 2.02
227.23 ± 2.10
222.62 ± 2.30
158.44 ± 1.90
167.65 ± 2.10
130.44 ± 2.10
160.89 ± 2.90
139.56 ± 2.40
117.79 ± 2.80
202.17 ± 2.60
201.13 ± 2.80
205.12 ± 1.30
146.82 ± 1.40
213.99 ± 1.90
186.83 ± 1.10
190.825 ± 1.90
172.165 ± 1.80
210.43 ± 4.50
213.71 ± 9.70
222.14 ± 1.80
158.24 ± 2.10
142.44 ± 2.80
181.56 ± 2.02

6 hr
210.15 ± 7.30
130.64 ± 2.40∗∗
138.89 ± 1.45∗
131.96 ± 1.90∗
128.98± 1.54∗
209.98 ± 2.90
144.33 ± 2.00∗
120.77 ± 2.10∗
125.33 ± 2.30∗
229.56 ± 3.10
147.725 ± 2.80∗
123.27 ± 1.20∗
142.87 ± 2.20∗
209.05 ± 7.30
129.14 ± 2.40∗∗
138.89 ± 1.45∗

SEM: standard error of the mean.
∗
P < 0.05 significant from the control animals.
∗∗
P < 0.01 significant from the control animals.

significant decrease in blood glucose level after 6 h at all doses
(equivalent to 25, 50, and 100 mg Pg extract/kg) with the
glucose level dropping to 30.2, 42.6, and 40.6%, respectively.
On the other hand, placebos F1 and F2 did not significantly
reduce the glucose level 6 h after the glucose loading. In case
of GA, standard GA at the lowest dose (3 mg/kg) did not show
a significant effect from that of control after 6 h of glucose
administration. At higher doses (6 and 12 mg/kg) GA showed
a significant effect, with blood glucose levels dropping to 36.1
and 36.4%, respectively, compared to that of control after 6 h
of glucose administration.
3.5. Subacute Effect of the Pg Extract in Alloxan-Induced
Diabetic Mice. As shown in Table 2, the blood glucose levels
of diabetic control (positive control) mice were significantly
higher than those of the control (negative control) mice
during the experiment period. The highest reduction in
blood glucose using Pg extract was observed with a dose of
100 mg/kg, showing 54.2% reduction in blood glucose levels
on the 8th day compared with 17.7 and 6.4% reduction in case
of 25, 50 mg/kg doses, respectively.
The F1 at all doses (equivalent to 25, 50, and 100 mg Pg
extract/kg) showed significant decrease in blood glucose level
on the 8th day compared to that of the diabetic control with
the mice glucose levels dropping to 40.2, 40.9, and 50.5%,
respectively. Similarly, F2 at all doses (equivalent to 25, 50,
and 100 mg Pg extract/kg) showed significant decrease in
blood glucose level on the 8th day dropping to 43.7, 44.1, and
49.0%, respectively. Placebos F1 and F2 did not significantly
reduce the glucose level on the 8th day compared to that of
the diabetic control.

For GA, standard GA showed a significant effect compared to that of diabetic control on the 8th day at all doses
(3, 6, and 12 mg/kg), with blood glucose levels dropping to
51.6, 53.3, and 43.7%, respectively.
During the subacute administration, mice treated with
GB and various doses of the Pg extract, F1, F2, and GA were
also monitored for changes in weight (Table 3). The Pg extract
showed 5.9, 30.7, and 21.9% increase in body weight at doses
of 25, 50, and 100 mg/kg, respectively, on the 8th day. In case
of F1 at doses equivalent to 25, 50, and 100 mg Pg extract/kg
showed 9.8, 10.5, and 17.8% increase in body weight on the 8th
day, respectively. Similarly, F2 at doses equivalent to 25, 50,
and 100 mg Pg extract/kg showed 9.8, 10.5, and 17.8% increase
in body weight on the 8th day. Placebos F1 and F2 did not
significantly show any increase in body weight on the 8th day
compared to that of the diabetic control. Also GA at all doses
(3, 6, and 12 mg/kg) showed a significant increase in body
weight on the 8th day, of 23.9, 18.9, and 6.5%, respectively.
In order to evaluate in vivo antioxidant effect of the tested
Pg extract and its polymeric dispersions, CAT level in serum
of each mouse was monitored on 1st, 3rd, 5th, and 8th days
after administration. As shown in Table 4, diabetic mice were
monitored for changes in serum CAT level after treatment
with GB and various doses of the Pg extract, F1, F2, and
GA. The Pg extract at doses of 25, 50, and 100 mg/kg had
a gradual rise in serum CAT activity to reach a significant
difference on 5th (1.0, 9.2, and 15.1%, resp.) and 8th day (4.1,
6.1, and 15.5%, resp.) as compared with diabetic control mice.
Polymeric dispersion F1 at doses equivalent to 25, 50, and
100 mg Pg extract/kg had a gradual rise in serum CAT activity
to reach significant differences on 5th (2.7, 8.7, and 14.5%,
resp.) and 8th day (5.2, 6.1, and 19.8%, resp.) as compared
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Table 2: Subacute effect of Pg, F1, F2, and GA on blood glucose of alloxan-induced diabetic mice (n = 7).
Group
Control
Diabetic controla
GBb
Pg b
Pg b
Pg b
Placebo F1
F1b
F1b
F1b
Placebo F2
F2b
F2b
F2b
GAb
GAb
GAb

Dose (mg/kg)
—
—
5
25
50
100
200
50
100
200
200
50
100
200
3
6
12

1st day
107.90 ± 2.50
202.79 ± 5.60∗∗∗
186.70 ± 3.70
138.67 ± 2.60
143.34 ± 1.90
132.12 ± 1.30
193.10 ± 3.10
144.11 ± 1.20
120.33 ± 1.70
125.21 ± 2.90
229.33 ± 2.50
175.50 ± 2.50
118.65 ± 1.30
191.33 ± 3.90
198.10 ± 1.90
179.65 ± 3.10
168.33 ± 2.90

Mean blood glucose concentration ± SEM (mg/dL)
3rd day
5th day
109.80 ± 3.60
108.86 ± 3.20
211.93 ± 4.50∗∗∗
214.91 ± 9.70∗∗∗
179.53 ± 2.90
161.54 ± 2.40∗∗
87.54 ± 1.70
158.63 ± 2.30
119.67 ± 1.70
119.33 ± 1.90
112.98 ± 2.50
124.36 ± 2.60
212.66 ± 2.90
229.54 ± 2.80
129.40 ± 1.60
130.66 ± 2.40
115.60 ± 2.40
128.65 ± 2.90
115.50 ± 3.10
108.40 ± 2.40
226.89 ± 2.90
204.98 ± 3.10
119.90 ± 2.10
119.10 ± 1.30
128.10 ± 1.30
122.49 ± 2.40
94.54 ± 1.40
108.55 ± 3.40
208.00 ± 2.20
111.36 ± 3.30
134.66 ± 2.60
130.54 ± 2.90
140.50 ± 3.50
137.25 ± 2.70

8th day
117.50 ± 4.70
210.55 ± 7.30∗∗∗
171.97 ± 3.10
135.50 ± 2.10∗∗
119.10 ± 1.10∗∗
111.50 ± 2.50∗
226.33 ± 2.10
125.88 ± 3.10∗
124.33 ± 3.20∗
104.32 ± 1.90∗
265.44 ± 2.90
118.50 ± 1.90∗
117.65 ± 2.10∗
107.43 ± 2.50∗
101.88 ± 2.22∗
98.23 ± 2.87∗
118.55 ± 3.50∗

SEM: standard error of the mean.
∗
P < 0.05 significant from the control animals.
∗∗
P < 0.01 significant from the control animals.
∗∗∗
P < 0.001 significant from the control animals.
a
Compared to vehicle control.
b
Compared to diabetic control.

Table 3: Subacute effect of Pg, F1, F2, and GA on body weights in alloxan-induced diabetic mice (n = 7).
Group
Control
Diabetic controla
GBb
Pg b
Pg b
Pg b
Placebo F1
F1b
F1b
F1b
Placebo F2
F2b
F2b
F2b
GAb
GAb
GAb

Dose (mg/kg)
—
—
5
25
50
100
200
50
100
200
200
50
100
200
3
6
12

SEM: standard error of the mean.
∗
P < 0.05 significant from the control animals.
a
Compared to vehicle control.
b
Compared to diabetic control.

1st day
25.90 ± 0.50
28.68 ± 0.70
22.90 ± 0.70
24.11 ± 2.60
29.30 ± 1.90
30.24 ± 2.60
27.50 ± 2.10
31.11 ± 1.20
30.10 ± 1.40
31.00 ± 1.90
24.50 ± 2.50
27.30 ± 1.90
28.40 ± 1.40
31.90 ± 1.90
29.20 ± 1.20
31.56 ± 1.10
30.20 ± 1.20

Mean body weight ± SEM (gm)
3rd day
5th day
26.00 ± 0.60
26.01 ± 0.97
27.10 ± 0.20
27.15 ± 0.80
28.17 ± 1.70
28.54 ± 0.40
27.70 ± 1.50
30.20 ± 1.60
29.20 ± 1.60
29.30 ± 1.80
30.40 ± 1.70
31.54 ± 3.90
27.50 ± 2.20
27.00 ± 2.40
31.00 ± 1.50
31.10 ± 1.60
29.50 ± 2.50
30.50 ± 2.40
29.00 ± 3.50
32.60 ± 2.90
24.45 ± 2.60
24.01 ± 2.50
27.40 ± 1.80
27.5 ± 1.90
28.5 ± 1.50
28.90 ± 1.60
32.00 ± 1.80
32.50 ± 1.90
30.30 ± 1.30
30.50 ± 1.10
32.67 ± 0.60
33.45 ± 1.00
30.30 ± 1.30
29.50 ± 1.50

8th day
26.62 ± 0.70
27.69 ± 0.50
30.37 ± 1.10∗
30.40 ± 2.10∗∗
31.50 ± 2.20∗∗
31.98 ± 2.90∗
26.88 ± 2.50
31.50 ± 1.90
31.70 ± 2.50∗
33.80 ± 2.80∗
23.60 ± 2.40
27.8 ± 2.00
30.25 ± 2.50∗
33.11 ± 2.10∗
32.05 ± 1.20∗
34.10 ± 1.60∗
30.56 ± 1.40
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Table 4: In vivo assessment of the antioxidant activity of Pg, F1, F2, and GA using catalase levels in serum of alloxan-induced diabetic mice
(n = 7).
Group

Dose (mg/kg)

Control
Diabetic controla
GBb
Pg b
Pg b
Pg b
Placebo F1
F1b
F1b
F1b
Placebo F2
F2b
F2b
F2b
GAb
GAb
GAb

—
—
5
25
50
100
200
50
100
200
200
50
100
200
3
6
12

Catalase level ± SEM (kU/I)
3rd day
5th day
41.50 ± 1.60
40.86 ± 1.20
20.93 ± 1.30∗∗∗
24.01 ± 1.90∗∗∗
25.00 ± 1.70
31.54 ± 1.40∗
22.66 ± 1.60
24.26 ± 2.10∗
22.55 ± 1.90
26.22 ± 1.69∗
26.40 ± 2.10
27.63 ± 2.10∗
20.77 ± 2.10
20.84 ± 2.80
21.40 ± 1.60
24.66 ± 2.40∗
23.42 ± 2.20
26.10 ± 2.70∗
23.66 ± 2.70
27.50 ± 2.50∗
20.89 ± 2.80
20.89 ± 3.10
24.21± 2.00
25.40 ± 1.70∗
19.40 ± 1.40
24.00 ± 2.10∗
24.54 ± 2.40
26.66 ± 3.40∗
20.11 ± 1.10
22.36 ± 1.60
22.78 ± 1.60
24.85 ± 1.80∗
22.30 ± 1.40
24.11 ± 1.10∗

1st day
41.00 ± 1.50
21.67 ± 1.60∗∗∗
22.60 ± 1.70
22.33 ± 1.80
20.44 ± 1.30
23.33 ± 1.50
21.50 ± 2.80
20.11 ± 1.20
22.33 ± 1.70
19.44 ± 2.10
22.54 ± 2.40
24.44 ± 2.70
20.14 ± 1.30
21.85 ± 3.10
21.44 ± 1.60
20.55 ± 1.50
24.00 ± 1.80

8th day
41.62 ± 1.70
25.55 ± 1.40∗∗∗
32.37 ± 1.00∗∗
26.60 ± 1.90∗∗
27.10 ± 1.20∗∗
29.50 ± 2.30∗
20.33 ± 2.20
26.88 ± 3.10∗
27.10 ± 2.90∗
30.62 ± 1.60∗
20.66 ± 2.80
26.40 ± 1.70
26.56 ± 2.20∗
28.34 ± 2.40∗
23.22 ± 1.30
26.42 ± 0.80∗
26.33 ± 1.20∗

SEM: standard error of the mean.
∗
P < 0.05 significant from the control animals.
∗∗
P < 0.01 significant from the control animals.
∗∗∗
P < 0.001 significant from the control animals.
a
Compared to vehicle control.
b
Compared to diabetic control.
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Figure 2: Effect of P. granatum ethanolic extract (Pg) and tramadol (TRA) 10 mg/kg, as positive control, on the hot plate and tail withdrawal
latencies in alloxan-induced diabetic mice. (a) Hot plate latency: NORM: normal control mice (crossed-triangles, straight line); DIA + VEH:
diabetic animals treated with vehicle as control (closed-squares, straight-line); positive control TRA 10 mg/kg: alloxan treated mice with
TRA 10 mg/kg (solid-stars, dotted-line); DIA + Pg 25 mg/kg: diabetic animals treated with Pg 25 mg/kg (solid-circles, straight-line); DIA +
Pg 50 mg/kg: diabetic animals treated with Pg 50 mg/kg (up-triangles, dashed-line); DIA + Pg 100 mg/kg: diabetic animals treated with Pg
100 mg/kg (right-triangles, dashed-dotted-line). (b) Tail withdrawal latency: NORM: normal control mice (crossed-triangles, straight line);
DIA + VEH: diabetic animals treated with vehicle as control (closed-squares, straight-line); positive control TRA 10 mg/kg: alloxan treated
mice with TRA 10 mg/kg (solid-stars, dotted-line); DIA + Pg 25 mg/kg: diabetic animals treated with Pg 25 mg/kg (solid-circles, straight-line);
DIA + Pg 50 mg/kg: diabetic animals treated with Pg 50 mg/kg (up-triangles, dashed-line); DIA + Pg 100 mg/kg: diabetic animals treated with
Pg 100 mg/kg (right-triangles, dashed-dotted-line). Data are expressed in mean ± SEM. “∗” means 𝑃 < 0.05 compared with vehicle. “∗∗”
means 𝑃 < 0.01 compared with vehicle.
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Figure 3: Effect of F1 and TRA 10 mg/kg, as positive control, on the hot plate and tail withdrawal latencies in alloxan-induced diabetic mice.
(a) Hot plate latency: NORM: normal control mice (crossed-triangles, straight line); DIA + VEH: diabetic animals treated with vehicle as
control (closed-squares, straight-line); placebo F1: diabetic animals treated with placebo F1 200 mg/kg (crossed-squares, dashed-line); positive
control TRA 10 mg/kg: alloxan treated mice with TRA 10 mg/kg (solid-stars, dotted-line); DIA + F1 50 mg/kg: diabetic animals treated with F1
50 mg/kg (solid-circles, straight-line); DIA + F1 100 mg/kg: diabetic animals treated with F1 100 mg/kg (up-triangles, dashed-line); DIA + F1
200 mg/kg: diabetic animals treated with Pg F1 200 mg/kg (right-triangles, dashed-dotted-line). (b) Tail withdrawal latency: NORM: normal
control mice (crossed-triangles, straight line); DIA + VEH: diabetic animals treated with vehicle as control (closed-squares, straight-line);
placebo F1: diabetic animals treated with placebo F1 200 mg/kg (crossed-squares, dashed-line); positive control TRA 10 mg/kg: alloxan treated
mice with TRA 10 mg/kg (solid-stars, dotted-line); DIA + F1 50 mg/kg: diabetic animals treated with F1 50 mg/kg (solid-circles, straight-line);
DIA + F1 100 mg/kg: diabetic animals treated with F1 100 mg/kg (up-triangles, dashed-line); DIA + F1 200 mg/kg: diabetic animals treated
with F1 200 mg/kg (right-triangles, dashed-dotted-line). Data are expressed in mean ± SEM. “∗” means 𝑃 < 0.05 compared with vehicle.
“∗∗” means 𝑃 < 0.01 compared with vehicle.

with diabetic control mice. Similarly, F2 had a gradual rise
in serum CAT activity to reach a significant difference on the
8th day with CAT activities of 3.3, 4.0, and 10.9% for doses
equivalent to 25, 50, and 100 mg Pg extract/kg, respectively.
Placebos F1 and F2 did not significantly show any increase
in serum CAT level compared to that of the diabetic control.
GA at doses 6 and 12 mg/kg had also shown a gradual rise in
serum CAT activity to reach a significant difference on the 8th
day (3.4 and 3.1%, resp.) as compared with diabetic control
mice.
The acute and subacute antihyperglycemic activity of the
Pg extract, F1, F2, and GA were shown to be more potent and
prolonged than those of GB.
3.6. Management of Diabetic Neuropathy. Deterioration of
peripheral nerve conduction is a milestone indicator for
diabetic patients having peripheral neuropathy [32–34]. So,
we examined the effect of Pg extract, F1, F2, and GA treatment
on sensory function by measuring the thermal latency with
tail flick and hot plate tests on the 8th week after alloxan
injection.
Treatment of the alloxan-induced diabetic mice with Pg
extract markedly improved the thermal latency compared
with TRA 10 mg/kg positive control (Figure 2(a)). Diabetic

mice exhibited transient hyperalgesic response in thermal
tests. On the 8th week after alloxan injection, treatment with
Pg extract showed a marked improvement in hot plate latency
compared to vehicle treated group by 33.3, 73.5, and 85.1% in
doses of 25, 50, and 100 mg/kg, respectively (Figure 2(a)).
Nevertheless, treatment with all doses of Pg extract
demonstrated a marked improvement in tail flick latency
by ca. one-, two-, and threefold fordoses of 25, 50, and
100 mg/kg, respectively, compared to vehicle treated group
(Figure 2(b)).
On the 8th week, treatment with the lowest dose of F1 did
not significantly improve hot plate latency, while higher doses
(equivalent to 50 and 100 mg Pg extract/kg) of F1 markedly
improved hot plate latency by 15.7 and 84.3%, respectively,
compared to vehicle treated group (Figure 3(a)). Nonetheless,
treatment with all doses of F1 the tail flick latency have
markedly improved by ca. 1.5-, 1.7-, and 3-fold in F1 doses
equivalent to 25, 50, and 100 mg Pg extract/kg, respectively
(Figure 3(b)).
Moreover, treatment with the lowest dose of F2 did not
significantly improve hot plate or tail flick latencies, while
higher doses (equivalent to 50 and 100 mg Pg extract/kg) of
F2 markedly improved hot plate latency by 45.5 and 60.8%,
respectively, and tail flick latency by ca. 0.3- and 0.9-fold
compared to vehicle treated group (Figures 4(a) and 4(b)).
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Figure 4: Effect of F2 and TRA 10 mg/kg, as positive control, on the hot plate and tail withdrawal latencies in alloxan-induced diabetic
mice. (a) Hot plate latency: NORM: normal control mice (crossed-triangles, straight line); DIA + VEH: diabetic animals treated with vehicle
as control (closed-squares, straight-line); placebo F2: diabetic animals treated with placebo F2 200 mg/kg (crossed-squares, dashed-line);
positive control TRA 10 mg/kg: alloxan treated mice with TRA 10 mg/kg (solid-stars, dotted-line); DIA + F2 50 mg/kg: diabetic animals treated
with F2 50 mg/kg (solid-circles, straight-line); DIA + F2 100 mg/kg: diabetic animals treated with F2 100 mg/kg (up-triangles, dashed-line).
DIA + Pg 200 mg/kg: diabetic animals treated with F2 200 mg/kg (right-triangles, dashed-dotted-line). (b) Tail withdrawal latency: NORM:
normal control mice (crossed-triangles, straight line); DIA + VEH: diabetic animals treated with vehicle as control (closed-squares, straightline); placebo F2: diabetic animals treated with placebo F2 200 mg/kg (crossed-squares, dashed-line); positive control TRA 10 mg/kg: alloxan
treated mice with TRA 10 mg/kg (solid-stars, dotted-line). DIA + F2 50 mg/kg: diabetic animals treated with F2 50 mg/kg (solid-circles,
straight-line); DIA + F2 100 mg/kg: diabetic animals treated with F2 100 mg/kg (up-triangles, dashed-line). DIA + F2 200 mg/kg: diabetic
animals treated with F2 200 mg/kg (right-triangles, dashed-dotted-line). Data are expressed in mean ± SEM. “∗” means 𝑃 < 0.05 compared
with vehicle. “∗∗” means 𝑃 < 0.01 compared with vehicle.

Both Placebos F1 and F2 did not significantly improve
neither hot plate nor tail flick latencies (Figures 3 and 4).
In addition, treatment with GA (3, 6, and 12 mg/kg)
showed a marked improvement in hot plate latency by 70.6,
78.6, and 86.3% and tail flick latency by ca. 1.5-, 2-, and 2.4fold, respectively, compared to vehicle treated group (Figures
5(a) and 5(b)).

4. Discussion
Extended exposure to hyperglycemia promotes the development of microvascular and macrovascular complications
associated with DM [35]. The high oxidative stress in diabetics considerably contributes to the complications of this
disease [36] and excessive production of free radicals is a discovered phenomenon associated with diabetic complications
[37]. Management of DM and diabetic complications with
minimal side effect is still a major challenge to the medical
system [35].
This directed scientists to broader exploration of potent
natural antidiabetics with fewer side effects. In this study we
chose Pg extract based on its folkloric use in treatment of DM
in Lebanon. The current research was focused on assessing
its possible antidiabetic and antinociceptive activities of Pg

extract and its spray dried biodegradable polymeric dispersions, along with its most effective compound, GA.
There are a number of scientific reports proposing the
antidiabetic potential of Pg extracts [5, 7, 8], whereas the
active compound responsible for this action was assumed
to be ellagic acid [8]. In the present work, bioguided fractionation utilizing column chromatography, TLC and RPHPLC, indicated that gallic acid (GA) is the most effective
compound.
The hypoglycemic action of the extract was observed to
be dose dependent in hyperglycemic mice, with significant
decrease of blood glucose level at the highest dose levels of
100 mg extract/kg.
It has been found that the highest dose levels of Pg extract
(100 mg/kg), F1, F2, and GA (6 mg/kg) are the most effective
doses in the acute and subacute groups. These doses have
more significant effect on blood glucose level compared to
that of the synthetic drug, GB. An initial increase in blood
glucose levels after 0.5 and sometimes 2 hrs after treatment
with Pg extract and GA was observed during testing the acute
antidiabetic effect. This temporary initial hyperglycemia may
be due to preglucose loading, while, at the same time, the
test compounds did not start to give their effect directly after
administration.
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Figure 5: Effect of gallic acid (GA) and tramadol (TRA) 10 mg/kg, as positive control, on the hot plate and tail withdrawal latencies in alloxaninduced diabetic mice. (a) Hot plate latency: NORM: normal control mice (crossed-triangles, straight line); DIA + VEH: diabetic animals
treated with vehicle as control (closed-squares, straight-line); positive control TRA 10 mg/kg: alloxan treated mice with TRA 10 mg/kg (solidstars, dotted-line); DIA + GA 3 mg/kg: diabetic animals treated with GA 3 mg/kg (solid-circles, straight-line); DIA + GA 6 mg/kg: diabetic
animals treated with GA 6 mg/kg (up-triangles, dashed-line). DIA + Pg 12 mg/kg: diabetic animals treated with GA 12 mg/kg (right-triangles,
dashed-dotted-line). (b) Tail withdrawal latency: NORM: normal control mice (crossed-triangles, straight line); DIA + VEH: diabetic animals
treated with vehicle as control (closed-squares, straight-line); positive control TRA 10 mg/kg: alloxan treated mice with TRA 10 mg/kg (solidstars, dotted-line); DIA + GA 3 mg/kg: diabetic animals treated with GA 3 mg/kg (solid-circles, straight-line); DIA + GA 6 mg/kg: diabetic
animals treated with GA 6 mg/kg (up-triangles, dashed-line); DIA + GA 12 mg/kg: diabetic animals treated with GA 12 mg/kg (right-triangles,
dashed-dotted-line). Data are expressed in mean ± SEM. “∗” means 𝑃 < 0.05 compared with vehicle. “∗∗” means 𝑃 < 0.01 compared with
vehicle.

In the acute antidiabetic effect, F1 had shown a relatively
higher reduction in glucose level compared with F2. This
could be attributed to the micellar arrangement of casein that
promotes solubilization within the release medium [15], thus
improving the release. The same release pattern was seen in
the in vitro release experiment with F1 showing faster release
than F2.
In the subacute antidiabetic effect, due to F2 relatively
slower release seen in its in vitro release pattern, F2 showed
a relatively higher subacute effect compared to F1, an effect
that could be beneficial for designing a long acting form of
the extract for controlling DM.
Currently, much attention has been given on the role
of oxidative stress. It has been suggested that oxidative
stress may comprise the key and common events in the
pathogenesis of different diabetic complications [38].
Pg extract, F1, F2, and GA showed a significant increase in
body weight, as an evidence of alleviating of hyperglycemia,
as demonstrated before with pharmacotherapies used in
management of DM [3, 39].
It was suggested that the mechanism of action of GA
appears to be through the regeneration of the damaged
Langerhans 𝛽-cells and the potentiation of insulin release
from the existing ones [40].
In our study, the activity of CAT decreased in diabetic
mice as reported earlier [38, 41] which could be due to

inactivation caused by alloxan-generated reactive oxygen
species (ROS). Long-term treatment of DM with all doses,
especially with the highest dose of the Pg extract, F1, F2,
and GA, could have reversed the activities of this enzymatic
antioxidant, which might be due to lessened oxidative stress
as evidenced by the elevation in CAT activity.
Pg extract has long been known as having antioxidant
molecules of gallic and ellagic acids [42, 43]. The most
effective active fraction of our extract did not contain ellagic
acid; on the other hand, it has shown a comparatively high
percentage of GA. The effect of GA in the same concentration,
relative to that present in the Pg extract, is comparatively
showing equipotent antihyperglycemic and antioxidant activity to Pg extract, which may indicate that GA is the most
effective bioactive component in Pg extract.
Administration of Pg extract, F1, F2, and GA also alleviated hyperalgesia in pain conditions compared to that of the
positive control, tramadol (TRA).
These findings supply health care providers with a
promising medication intended for symptomatic management of diabetic neuropathy, a safe antidiabetic agent, and a
safe treatment of micro- and macrovascular complications of
DM. Slow release dispersions (F2) may be more beneficial in
long-term management (subacute antidiabetic effect) while
rapid ones (F1) may be better for acute management.
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In conclusion, the present study indicated that Pg extract
as well as its biodegradable polymeric dispersions with casein
(F1) and chitosan (F2) exerted remarkable hypoglycemic
activity and improved peripheral nerve function, which
might be due to GA, that prevents oxidative stress in diabetic
animals beside its insulin-secretagogue action. Therefore, the
observed in vivo antioxidant potential of the Pg extract might
possibly be added to the mechanism of action responsible for
its antinociceptive effect.
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This study evaluated the effect of the Agaricus sylvaticus (sun mushroom) on biochemical tests of the plasma and on the morphology
of the pancreas in an experimental model of type I diabetes mellitus (DM1) induced by streptozotocin. One gram of dry A. sylvaticus
was homogenized and mixed with the chow. Male Wistar rats were allocated as follows: normoglycemic control that received
commercial chow; normoglycemic control group that received chow with A. sylvaticus; diabetic group that received commercial
chow; and diabetic group that received chow with A. sylvaticus. Weight, food, and water consumption were measured every two
days. Blood glucose levels were measured twice a week. After 30 days, the animals were euthanized and blood was collected for
the analysis of cholesterol, HDL, triglycerides, blood sugar, glutamic-pyruvic transaminase (GPT), alkaline phosphatase, iron,
transferrin, and urea. The pancreas was processed for microscopic analysis. A. sylvaticus modulated the levels of cholesterol, HDL,
triglycerides, blood sugar, GPT, alkaline phosphatase, iron, transferrin, and urea to levels similar to those found in the controls and
led to compensatory hyperplasia of the islets of Langerhans. A. sylvaticus is potentially beneficial in the control of type 1 diabetes,
and it may also prevent pancreas damage.

1. Introduction
Diabetes mellitus is a group of metabolic diseases characterized by hyperglycemia resulting from deficient insulin
secretion and/or action [1]. This disease is associated with
a reduction in quality of life and an increase in risk factors
for comorbidities and mortality. Long-term hyperglycemia is
an important factor to the development and progression of
microvascular and macrovascular complications [2, 3].
A number of natural products have been employed for the
prevention and treatment of diseases. According to the World
Health Organization (WHO), nearly 80% of the population
worldwide relies on medicinal herbs as their primary form of
health care [4]. Among such products, mushrooms, especially
basidiomycetous fungi, have attracted attention due to their

low toxicity and high degree of specificity in the activation of
the human immune system [4].
The basidiomycete Agaricus blazei Murrill is currently
cultivated in different regions of Brazil [5]. Similar mushrooms as Agaricus sylvaticus (Schaeffer) and Agaricus
brasiliensis [6] are equally distributed on the country. These
three species of mushrooms are popularly denominated “sun
mushrooms” [5, 7, 8].
The qualitative characteristics of mushrooms are influenced by the species, strain, postharvest processing, age,
environment, and locality [7]. Oliveira et al. (1999) [9]
analyzed the nutritional value of A. blazei and concluded that
this mushroom is rich in proteins (30%), fibers (14.6%), and
minerals (P = 2.34%; Ca = 0.07%; S = 0.29%; Zn = 86.9 mcg;
Fe = 79.13 mcg) and has a low content of lipids (1.48%).
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Subsequent studies report different figures, but all agree that
the sun mushroom has a rich chemical composition with a
wide variety and quantity of minerals and protein [10–12].
Agaricus blazei is rich in immunomodulating polysaccharides and 𝛽-glucans and has been shown to have antitumor,
anti-infection, antiallergic, and antiasthmatic properties in
mouse models in addition to anti-inflammatory effects in
individuals with inflammatory bowel disease [13, 14]. 𝛽Glucan extracts from A. blazei have been reported to reduce
blood glucose, triglycerides, and cholesterol levels and exhibit
insulin-like action. To clarify the antidiabetic efficacy and
hypoglycemic mechanisms, Niwa et al. (2011) [14] submitted rats with streptozotocin-induced diabetes to daily oral
feeding with powdered sweet potato (Ipomoea batatas) and
A. blazei and found a decrease in the fasting plasma glucose
and glycated hemoglobin as well as the restoration of body
weight loss due to diabetes. The authors concluded that
the hypoglycemic effects of these products result from the
suppression of oxidative stress and proinflammatory cytokine
production, followed by an improvement in pancreatic 𝛽-cell
mass.
The aim of the present study was to evaluate the effect
of Agaricus sylvaticus on the blood sugar, cholesterol, HDL,
triglycerides, glutamic-pyruvic transaminase (GPT), alkaline
phosphatase, iron, transferrin, and urea level in the plasma
of rats with type 1 diabetes mellitus (DM1) induced by
streptozotocin. Moreover, a morphological analysis of the
pancreas of the animals was made.

2. Materials and Methods
2.1. Preparation of Agaricus sylvaticus and Analysis. A. sylvaticus was cultivated in the state of Rio Grande do Sul
(Brazil). After harvesting, the fruiting bodies were washed
in water, dried, and finely milled in a hammer mill equipped
with a 1 mm mesh stainless steel sieve (Vitali Cogumelos, Rio
Grande do Sul, Brazil). The sifted powder was stored dry until
further use. Dry weight was normally between 7 and 10% of
fresh weight. One gram of dry mushroom was homogenized
in 40 mL of water, maintained at 4∘ C for one hour, and filtered
with Whatman number 1 filter paper.
The extract was read in a spectrophotometer UV/light
270–580 nm (Beckman DU 530, Beckmann Instruments Inc.)
and 1 mL was submitted to Sephadex G-50 chromatography
gel filtration (2.0 × 10 cm) at 25∘ C. Elution was performed
with phosphate buffer (10 mmol/L, pH 7). Flow was 2 mL
for 1 minute and samples were collected in 20 tubes. Pooled
fractions were submitted to the analysis of proteins [15] and
phenols [16]. Lever’s method was used for beta-glucan [17],
which involved 0.1 mL of extract diluted in 50 mM sodium
acetate, pH 5, mixed with 0.1 mL of beta-glucanase enzyme
(Sigma), and kept for 30 min at 37∘ C. At the end of the
reaction, 1.5 mL of p-hydroxybenzoic acid hydrazide (Sigma)
was added. The samples were heated to 100∘ C for 10 min
and cooled to room temperature and absorbance was read at
410 nm. Optical density was converted into mg of reducing
sugar using a standard curve prepared with glucose and
laminarin (Sigma). One glucanase unit is defined as the
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amount of enzyme that produces 1 mg/mL from laminarin
glucose. Insoluble beta-glucan was calculated in a sample
without enzyme.
Thin-layer chromatography was performed on Merck
silica gel 60 F254 plates (10 cm × 10 cm). Aliquots of standard
p-coumaric acid, kaempferol, chlorogenic acid, salicylic acid,
rutin and the extracts were applied as spots at the origin on
a plate and developed with butanol-acetic acid-water (BAW
4:1:5) in a presaturated chromatographic chamber. Developed
plates were dried with a stream of hot air (hair dryer) and
viewed with ultraviolet (UV) light and ferric chlorite (1% in
alcohol). The Biorad software program was used to determine
the area of each spot on the plate. Each 𝑅𝑓 value was
compared to a curve prepared using the standard p-coumaric
acid (𝑅𝑓 = 0.88), kaempferol (𝑅𝑓 = 0.94), chlorogenic acid
(𝑅𝑓 = 0.52), salicylic acid (𝑅𝑓 = 0.77), and rutin (𝑅𝑓 =
0.48) using the standard (10 𝜇L of each solution) p-coumaric
acid. The extract was also quantified in a UV/light 275–
600 nm spectrophotometer (Beckman DU 530-Beckmann
Instruments Inc.), with the readings compared to the peak
absorbance of the standards.
Based on the results of the biochemical analysis, 1 g of
mushroom powder was extracted with 40 mL of cool water
and mixed with 9 g of previously crushed, sieved commercial
feed, forming round pieces, and placed in a Pyrex container.
All samples were dried in an oven at 60∘ C. The chow was
then weighed and placed in the animal cages. One gram of
feed with A. sylvaticus was diluted in 2 mL of water and the
quantity of beta-glucan was then analyzed.
One gram of the commercial chow (Bio Base, São Paulo,
SP, Brazil) contained protein (22 mg), calcium (1 mg), phosphorus (0.8% mg), fiber (0.8 mg from rice bran, wheat, and
corn), minerals (1 mg), and 12% moisture.
2.2. Animals. Male Wistar rats aged four weeks and weighing
250 to 280 g were obtained from the University Nove de
Junho (UNINOVE) animal lodging facility. The animals were
kept in polypropylene cages (two to three animals per cage)
covered with metallic grids in a room maintained at 23∘ C, 55±
10% relative humidity, and a 12 h light/dark cycle. The animals
had free access to food and water for two weeks before
beginning the study. The UNINOVE Ethics Committee for
Animal Research approved the protocols used in this study
(process numbers: 34/2010 and 20/2012).
2.3. Diabetes Type 1 Induction and Experimental Groups. The
animals were divided into four groups of five rats. In two
groups, the animals were fasted for 12 hours and chemical
diabetes was induced through an intraperitoneal injection of
streptozotocin (50 mg/kg) (STZ, Sigma). The STZ solution
was prepared immediately prior to injection by dissolving the
drug in a fresh, cold citrate buffer, pH 4.5. After 72 hours,
blood glucose levels were measured using a portable glucose
meter (One Touch II; Johnson & Johnson, Milpitas, CA). For
such, the distal part of the tail was gently snipped; the first
blood drop was discarded and the second was absorbed by a
test strip inserted in the glucose meter. Rats were considered
diabetic when the blood glucose level was at least 250 mg/dL.
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Figure 1: (a) Spectrophotometer readings of extract of A. sylvaticus at 270 to 600 nm; (b) thin-layer chromatography analysis of 10 𝜇L of
extract: 𝑅𝑓 (mobility) and area (mm2 ); BAW reagent (4:1:5 organic phase), standard chlorogenic acid (𝑅𝑓 = 0.48), and p-coumaric acid
(𝑅𝑓 = 0.88) absorbed at 340 nm.

The four groups were composed as follows: (1) C:
normoglycemic control that received unaltered commercial
chow; (2) CA: normoglycemic control group that received
commercial chow with A. sylvaticus; (3) D: diabetic group that
received unaltered commercial chow; and (4) DA: diabetic
group that received commercial chow with A. sylvaticus.
The groups were evaluated for 30 days. Food and water
consumption were measured every two days. Blood glucose
levels and weight were measured twice a week, always at 11:00
a.m.
2.4. Euthanasia and Sample Collection. At the end of the
experimental period, the animals were anesthetized with
a lethal dose of a cocktail containing ketamine (1 mg),
xylazine (5 mg), and acepromazine (0.2 mg). Thoracotomy
was performed. Blood was collected from the left ventricle
and centrifuged. The plasma was removed and stored at
−20∘ C for no longer than three days before the assay. Total
cholesterol, triglycerides, HDL cholesterol, urea, creatinine,
iron, and transferrin were measured using test kits (Labtest
Diagnostica).
2.5. Histological Analysis. After euthanasia, the pancreas
was removed, rinsed with water, fixed in a 10% buffered
formalin solution, and embedded in paraffin wax. Sections
measuring 5 𝜇m in thickness were prepared and stained with
hematoxylin and eosin [18].
The three best sections from each animal were submitted to microscopic examination. Five nonconsecutive areas
of each sample were photographed (Leica Microsystems,
Wetzlar, Germany) (160x magnification) and analyzed using
the Image J program with the “measure” plug-in (version
1.45q, free software, NIH, Bethesda, Maryland, USA) for the
measurement of the islets of Langerhans. The number of islets
and nuclei in each islet was also counted.
2.6. Statistical Analysis. Statistical analysis was performed
using the Assistat-2012 software and involved ANOVA, the

Student’s 𝑡-test, and Tukey’s test. Statistical significance was
determined by 𝑃 values <0.05 and <0.01.

3. Results
3.1. Analysis of A. sylvaticus. The fruiting bodies had a light
yellow color, indicating that drying was carried out at 40 to
60∘ C to avoid caramelizing the product. The finely milled
powder demonstrated solubility in water and was therefore
used in the present study.
For the biochemical analysis, the extract from A. sylvaticus was made with cool water to extract the polysaccharide
bound to protein without the action of phenols or peroxidase
activity, thereby obtaining an extract with a light yellow color.
When hot water was used, more phenols were extracted and
the protein was decreased, giving a brown coloration to the
solution corresponding to the oxidation of molecules [8].
The extract was first submitted to UV/light spectrophotometry at wavelengths of 275 to 600 nm, demonstrating
three peaks: (1) a peak at A280 nm correlated with proteins;
(2) a peak at A340 nm correlated with chlorogenic acid and pcoumaric acid; (3) peaks at A500 nm that were not identified.
Phenols were confirmed by thin-layer chromatography using
BAW (4:1:5) and the results demonstrated four compounds:
𝑅𝑓 = 0.29 (unknown identity), 𝑅𝑓 = 0.52 (correlated with the
chlorogenic acid standard), 𝑅𝑓 = 0.68 (unknown identity),
and 𝑅𝑓 = 0.88 (correlated with p-coumaric acid) (Figure 1).
The biochemical analysis of the mushroom powder revealed
1.15 mg of proteins, 0.96 mg of phenols, 224.03 mg of betaglucan, 31 mg of fiber, p-coumaric acid, chlorogenic acid, and
two unknown compounds.
One mL of crude extract was submitted to chromatography gel filtration and separated into four pooled fractions: (1)
external volume (fraction tubes 3 and 4), (2) internal volume
(tubes 6, 7, and 8), (3) tubes 10, 11, and 12, and (4) tubes
13, 14, 15, and 16. All fractions were submitted to analyses
for the quantification of protein, phenols, and beta-glucan
(Figure 2).
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3.2. Animal Weight, Food, and Water Consumption. In the
control groups (C and CA), weight increased throughout the
experimental period, with no significant differences between
the two groups. Significant differences were found in the
comparison of C with the D and DA groups (𝑃 < 0.05).
Weight in the D group remained largely stable throughout the
period, whereas a slight decrease was found in the DA group.
Moreover, a significant difference was found between the D
and DA groups (Figure 3). Interestingly, while the animals in
the C and CA groups had similar increases in weight, the CA
group consumed a significantly greater amount of food than
the C group. As expected, food and water consumption were
greater in the D group. However, when the diabetic rats began
to consume A. sylvaticus (DA group), food and water intake
decreased (Figures 4 and 5).
3.3. Biochemical Analysis of Plasma. Table 1 displays the
results of the biochemical tests at the time of euthanasia.
3.3.1. Kidney Function Markers: Creatinine and Urea. A
significant increase was found in serum urea between the
D group and the other groups. Moreover, serum urea was
significantly lower in the DA group when compared to the
D group (𝑃 < 0.01). In contrast, no significant differences among groups were found regarding serum creatinine
(Table 1).
3.3.2. Markers of Tissue Oxygenation: Transferrin and Iron.
Significant reductions were found in serum transferrin and
iron between the D group and the other groups, whereas no
significant differences were found among the C, CA, and DA
groups (Table 1).
3.3.3. Markers of Liver Function: Alkaline Phosphatase and
Glutamic-Pyruvic Transaminase (GPT). The alkaline phosphatase level in the D group was strongly elevated in comparison to the other groups, whereas no significant differences
were found among the C, CA, and DA groups. The same
pattern was found with regard to GPT (Table 1).

Weight (g)

Figure 2: Graph: Sephadex G-50 chromatography column and pooled fraction 1 (tubes 3 and 4), fraction 2 (tubes 6 to 8), fraction 3 (tubes
10 to 12), and fraction four (tubes 13 to 16). Table: mg of beta-glucan, protein, and phenols in each fraction.
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Figure 3: Body weight of rats submitted to treatments (C: normoglycemic control group having received unaltered commercial chow;
CA: normoglycemic control group having received chow with A.
sylvaticus; D: diabetic group having received unaltered commercial
chow; DA: diabetic group having received commercial chow with A.
sylvaticus). Measurements were taken twice a week for four weeks.
Weight values are mean of 5 animals. The first measurement is
prior to the introduction of Agaricus in the chow but when the
diabetic induction had already been done. “∗∗” on lines indicates
statistically significant differences among all groups (𝑃 < 0.05;
ANOVA + Tukey’s test).

3.3.4. Total Cholesterol, HDL Cholesterol, and Triglycerides.
Significant increases in serum cholesterol and triglycerides
and a significant reduction in HDL were found in the D group
in comparison to the other groups. The DA group exhibited
a reduction in triglycerides and total cholesterol as well as an
increase in HDL. A slight decrease in cholesterol and increase
in HDL level were found in the DA group in comparison to
the C and CA groups (Table 1).
3.3.5. Blood Glucose Levels. One day before the beginning of
the experiment, serum glucose concentration was within the
normal range (82 to 122 mg/dL). Three days after diabetes
induction, increases in glucose concentration were found in
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Figure 4: Food consumption of rats submitted to treatments (C:
normoglycemic control group having received unaltered commercial chow; CA: normoglycemic control group having received chow
with A. sylvaticus; D: diabetic group having received unaltered
commercial chow; DA: diabetic group having received commercial
chow with A. sylvaticus). Measurements were taken every two days
for 4 weeks. Values are mean of 5 animals. “∗” on lines indicates
statistically significant differences between the group and the control
(𝑃 < 0.05; ANOVA + Tukey’s test).
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Figure 5: Water consumption of rats submitted to treatments (C:
normoglycemic control group having received unaltered commercial chow; CA: normoglycemic control group having received chow
with A. sylvaticus; D: diabetic group having received unaltered
commercial chow; DA: diabetic group having received commercial
chow with A. sylvaticus). Measurements were taken every two days
for 4 weeks. Values (mL) are mean of 5 animals. “∗∗”on lines
indicates statistically significant differences among all groups (𝑃 <
0.05; ANOVA + Tukey’s test).

the DA and D groups. Glucose was measured twice a week for
four weeks. The DA group exhibited a reduction in glycemia
in the first week of treatment in comparison to the D group,
with continued reduction until the third week. No significant
difference was found between the C and CA groups. In
contrast, significant differences were found between the C
and DA groups (𝑃 < 0.001) as well as between the D and
DA groups (𝑃 < 0.05) (Figure 6).
3.4. Histopathological Analysis. In both control groups (C
and CA), islets of Langerhans were present with normal
size and shape. The measurements demonstrated that both
control groups had a similar mean area of islets and similar

CA
D

DA
C

Figure 6: Glicemia in rats submitted to treatments (C: normoglycemic control group having received unaltered commercial chow;
CA: normoglycemic control group having received chow with A.
sylvaticus; D: diabetic group having received unaltered commercial
chow; DA: diabetic group having received commercial chow with
A. sylvaticus). Measurements were taken twice a week for 4 weeks.
Values are mean of 5 animals. The first measurement is prior to
the initiation of the experiment (time zero). “∗∗” on lines indicates
statistically significant differences among all groups (𝑃 < 0.05;
ANOVA + Tukey’s test).

mean number of nuclei (410.5 𝜇m2 and 57 nuclei per islet).
The samples from the D group exhibited severe degenerative
changes in the pancreatic islets, with irregular outlines and
decreased nuclei in 𝛽-cells (mean islet area: 0.62 𝜇m2 ; mean
number of nuclei: 20) showing a significant decrease in size
in comparison to control group and Agaricus group (KruskalWallis test, 𝑃 < 0.05). In contrast, the DA group exhibited
nearly normal pancreatic islets slightly oval in shape (mean
area: 254.7 𝜇m2 ; mean number of nuclei: 87) (Figure 7 and
Table 2).

4. Discussion
The present study demonstrates that rats with type 1 diabetes induced by streptozotocin showed elevated levels of
cholesterol, HDL, triglycerides, blood glucose, GPT, alkaline phosphatase, and urea and reduced levels of iron and
transferrin 30 days following exposure. Dietary supplementation of standard chow with Agaricus sylvaticus Schaeffer
extracts attenuated these metabolic changes in DM1 animals.
Otherwise, normoglycemic animals exhibited no metabolic
changes with the use of A. sylvaticus. The findings suggest
a protective effect of A. sylvaticus on the pancreas and in
other metabolic biochemical parameters toward homeostasis
without change in the nondiabetic individuals that were
already in a state of equilibrium (homeostasis).
In the present study, powdered A. sylvaticus from the
state of Rio Grande do Sul, Brazil, demonstrated complex
compounds and proved water soluble. One gram of fungus
in 40 mL of water liberated beta-glucan (224.03 mg), proteins
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Figure 7: Photomicrographs of pancreas samples; (a) control (C/CA) showing normal round islets of Langerhans; (b) diabetic (D) pancreas
showing few 𝛽-cells and degenerated islets; (c) diabetic animals treated with A. sylvaticus (DA) showing hyperplastic pancreatic islets
(hematoxylin and eosin, original magnification: 160x).

(1.15 mg), phenols (0.96 mg), p-coumaric acid, chlorogenic
acid, and nonsoluble substances, such as fiber (31 mg) [7].
Many fibers have a polysaccharide 𝛽-glucan, which is
found in a large amount in the cell wall of fungi. Dietary
fibers have been strongly implicated in the prevention and
treatment of various characteristics of metabolic syndrome.
Epidemiologic studies have consistently reported an inverse
relationship between dietary fiber and both type 1 and type 2
diabetes mellitus and cardiovascular mortality [19–25]. Babio
et al. (2010) examined the effect of different types and sources
of dietary fiber on body weight, glucose metabolism, and lipid
profile and concluded that the intake of viscous dietary fiber
decreases low-density lipoprotein cholesterol and postprandial glucose levels and induces short-term satiety [2].
A number of mechanisms have been suggested to explain
the reductions in blood glucose and lipids in the blood as well
as body weight through the ingestion of soluble beta-glucan
and insoluble fibers. One such mechanism involves the
ability of soluble fibers to form viscous solutions. The effects
occur in the gastrointestinal tract, with an improvement in
laxation and an increase in stool bulk due to the inhibition
of the formation of fat in the organism, with metabolic
consequences, including improved health [26–28]. In our
experiments, while the animals in the C and CA groups
had similar increases in weight, the CA group consumed a
significantly greater amount of food than the C group, so our
results are in accordance with the literature.

The type 1 diabetes model chosen for this study was
the use of the chemotherapeutic drug streptozotocin. STZ is
selectively toxic to 𝛽-cells in pancreatic islets and eventually
induces an inflammatory process in pancreas producing
diabetes in adult rats. STZ-induced hyperglycemia has been
described as a good experimental model for the study of DM1
[29].
A possible explanation for the findings with regard to
metabolic control by Agaricus blazei may reside in the
quantity and structure of 𝛽-glucan in this mushroom. The
cell wall 𝛽-glucans of yeast and fungi consist of 1,3 𝛽linked glucopyranosyl residues, with small numbers of 1,6
𝛽-linked branches. These characteristics may influence the
immune-modulating effects [12, 19] and can generate an antiinflammatory response influencing IL-6, prostaglandin D2 ,
and leukotriene C4 [30].
Moreover, signal mediation is a possible mechanism
for the reduction of blood glucose by beta-glucans. Insulin
needs to bind to a receptor, which is composed of two
extracellular alpha and two transmembrane beta subunits.
After the binding of insulin to the extracellular subunit,
the intracellular subunit tyrosine kinase is activated [31].
Consequently, four members of the insulin receptor substrate
(IRS) family are activated. A phosphorylated reaction from
IRS creates sites for binding to another proteins equivalent to
phosphatidylinositol 3-kinase (PI3K) with serine/threonine
kinase B (Akt). The PI3K/Akt pathway regulates a large
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Table 1: Biochemical results of plasma from rats submitted to treatments.
Biochemical tests
Creatinine (mg/dL)
Urea (mg/dL)

C
0.30a
38.56b

CA
0.30a
38.38b

DA
0.28a
43.26b

D
0.30a
81.52a

Statistic
No diff.
P < 0.01

Transferrin %
Iron (mg/dL)

45.00b
220.00b

44.48b
218.00b

47.20a
241.20a

31.00c
159.66c

P < 0.01
P < 0.01

Alkaline phosphatase (mg/dL)
Glut.-pyr. trans. (GPT mg/dL)

142.00b
53.33b

142.20b
53.30b

166.16b
57.33b

534.80a
102.80a

P < 0.01
P < 0.01

Cholesterol (mg/dL)
Triglycerides (mg/dL)
HDL (mg/dL)

60.00b
65.00b
27.90b

60.50b
65.30b
27.80b

48.60c
60.30c
32.46a

85.00a
86.00a
19.48c

P < 0.01
P < 0.01
P < 0.01

C: normoglycemic control group having received unaltered commercial chow; CA: normoglycemic control group having received chow with A. sylvaticus;
D: diabetic group having received unaltered commercial chow; DA: diabetic group having received commercial chow with A. sylvaticus; values are mean of 5
animals. Different letters on lines indicate statistically significant differences among groups (P < 0.01; ANOVA + Tukey’s test).

Table 2: Area of pancreatic islet and number of nuclei in total area of 110,000 𝜇m2 .
Experimental
groups
C and CA
D
DA

Mean islet area
(𝜇m2 )

Maximum
diameter (𝜇m2 )

Minimum
diameter (𝜇m2 )

Mean
number of
nuclei per islet

410.5
0.62
254.7

1096.7
1.69
870.3

365.3
0.58
232.3

57.3∗
20.0∗∗
87.0∗

Legend: C: control; CA: control + A. sylvaticus; D: diabetic; DA: diabetic + A. sylvaticus. ∗ Statistically nonsignificant, ∗∗ statistically significant (Kruskal-Wallis
test, level of significance = 0.05).

number of cell functions, such as apoptosis, cell growth,
metabolic effects stimulated by insulin, and the inflammatory
process. Decreased PI3K/Akt activity has been shown to play
a key role in the pathogenesis of diabetes. Beta-glucans have
been demonstrated to increase PI3K/Akt through different
receptors [32, 33].
The morphological evaluation of the pancreatic islets
revealed compensatory hyperplasia induced by A. sylvaticus.
This finding suggests a stimulatory effect on these cells. Niwa
et al. used the same experimental model in a DM1 study
and found similar results with Agaricus blazei. The authors
suggest that this mushroom has a protective effect on islet
cells and increases the secretion of insulin [14]. Thus, A. blazei
and A. sylvaticus lead to a decrease in blood sugar levels in
diabetic animals, with intermediate values regarding the area
of the islets of Langerhans and number of nuclei between
untreated diabetic animals and controls. These results are
due to either compensatory hyperplasia of the islets or a
protective effect from cell death, which is an important point
to investigate in future studies.
The DM1 animals supplemented with A. sylvaticus exhibited a significant decrease in total cholesterol, with values
approaching those of the control group, as well as a reduction
in triglycerides and an increase in HDL. The incorporation
of A. blazei into food is reported to reduce plasma levels of
cholesterol [34] and prevent the development of atheromas
[35]. This hypocholesterolemic action may be due to the
quantity of fibers and beta-glucans in the mushroom as well
as its antioxidant and anti-inflammatory properties [13]. This

beneficial effect is important for DM1 patients, as normal
blood sugar, normal lipid content, and normal blood pressure
are among the goals of medical treatment in such patients.
Water intake was similar in the two control groups (C
and CA), but food intake was greater in the CA group.
Nonetheless, body weight was maintained in this group. The
fact that the CA group ingested more food indicates the
palatability was unchanged with the addition of A. sylvaticus.
Palatability is a main factor that influences food intake by
animals [36]. Moreover, the mushroom has a percentage
of the soluble fiber beta-glucan, which may help maintain
body weight. Depending on the physicochemical properties,
fibers have a range of physiological consequences, including
viscosity in the upper gastrointestinal tract [37], fermentation
in the colon [38], and prebiotic effects [39, 40].
High blood sugar levels can place stress on the kidneys,
which can cause serious damage to blood vessels. High
concentrations of creatinine and urea constitute markers of
kidney dysfunction [41, 42]. In the present study, the animals
in the D group exhibited increased urea in comparison to
the control groups (C, CA), indicating that diabetes can lead
to kidney dysfunction. The significantly lower level of serum
urea in the DA group in comparison to the D group suggests
that the mushroom exerts an effect on the metabolic control
of urea. In contrast, no significant differences among groups
were found regarding creatinine levels.
The analysis of transferrin and iron was another important aspect of the present study. Transferrin, which is a
glycoprotein, is the main protein in the blood that carries iron
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throughout the body. Iron is an important element to many
functions of the body, but its main role is to be the building
block for hemoglobin, which helps red blood cells bind
to oxygen for delivery to tissues. Chronic or inflammatory
diseases, such as diabetes, result in low transferrin and iron,
which is a sign that the liver cells are damaged and the
transport of these ions through beta globulin cells in the
blood stream is impaired [43, 44]. In the present study,
decreased transferrin and iron were found in the animals
of the D group, indicating chronic inflammation. However,
the incorporation of the mushroom into the food in the
DA group led to a statistically significant increase in both
transferrin and iron. No significant differences were found
between the C and CA groups.
Alkaline phosphatase is distributed in all tissues. An
increase in this enzyme in the blood indicates the occurrence
of cytolysis and the release of liver cell contents due to damage
or necrosis. The increase found in the D group is consistent
with results obtained in diabetic patients [45–48]. GPT is
found predominantly in the liver at a particular concentration. When liver tissue is damaged and the parenchyma is
affected, a greater quantity of this enzyme is released into the
blood stream. Thus, the increase in this enzyme found in the
D group indicates liver cell damage. However, reductions in
both of these enzymes were found in the DA group.
Thinking in all these data together an intraperitoneal
injection of the chemotherapy agent streptozotocin damages
the pancreas and results in the loss of 𝛽-cells and degeneration of the islets. This may be through a pathomechanism
that involves a local inflammatory response in the pancreas
triggered by streptozotocin-induced cell death. These animals
are expected to be sick and hence would not grow well despite
eating well. The kidneys and liver could also be affected by
this insult and hence the increase of urea and liver enzymes
and the decrease of transferrin and iron levels. Extracts from
A. sylvaticus may have a systemic immunomodulatory effect
(as opposed to a pancreatic stimulatory effect) that attenuates
this inflammatory response, hence resulting in a lesser degree
of 𝛽-cells loss and islet degeneration. The surviving islets
and cells would have to compensate and hence become
hyperplasic; this is consistent with our findings. It will also
lead to less manifestations of diabetic status, as shown in the
data, and some degree of kidney and liver protection and
hence improved, respectively, urea, enzymes, and transferrin
plasma levels.
In conclusion, the present findings demonstrate that
Agaricus sylvaticus is potentially beneficial in the control of
type 1 diabetes by reducing blood glucose, cholesterol, and
triglyceride levels, increasing HDL cholesterol and regulating
GPT, alkaline phosphatase, iron, transferrin, and urea levels.
It may improve the pancreas function increasing the number
of the cells in the islets of Langerhans which ameliorate the
symptoms of the disease toward the homeostasis.
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Mistletoe (Viscum Album coloratum) has been known as a medicinal plant in European and Asian countries. Recent data show that
biological activity of mistletoe alleviates hypertension, heart disease, renal failure, and cancer development. In this study, we report
the antidiabetic effect of Korean mistletoe extract (KME). KME treatments enhanced the insulin secretion from the pancreatic 𝛽-cell
without any effects of cytotoxicity. PDX-1 and beta2/neuroD known as transcription factors that regulate the expression of insulin
gene were upregulated by treatment of the KME protein fractions isolated by ion-exchange chromatography after ammonium sulfate
precipitation. Furthermore, these KME protein fractions significantly lowered the blood glucose level and the volume of drinking
water in alloxan induced hyperglycemic mice. Taken together with the findings, it provides new insight that KME might be served
as a useful source for the development of medicinal reagent to reduce blood glucose level of type I diabetic patients.

1. Introduction
Insulin is an essential hormone that maintains the blood and
urinary glucose level. At transcriptional level, insulin gene
expression is controlled by the specific transcription factors:
pancreatic and duodenal homeobox factor-1 (PDX-1) and
beta2/neuroD [1–4]. However, abnormal immune response
destroys pancreatic 𝛽 cell and impairs insulin secretion,
leading to insulin dependent type I diabetes [5, 6]. It leads to
severe complications such as vascular disease, renal failure,
and heart disease [7–9]. Although exogenous insulin therapy
through the insulin pump or subcutaneous insulin injection
temporally delays the onset of complications, it finally results
in type I diabetes mellitus [10–13].
Mistletoe (Viscum album) is a semiparasitic plant which
grows on deciduous trees in Asian and European countries.

It has been used as a traditional therapeutic reagent to lower
blood pressure and modulate immune responses [14–18].
Previously, we reported that Korean mistletoe has a variety
of immunological activities such as cytokine induction, NK
cell activation, and adjuvant activity [19–21]. Specifically,
lectins isolated from KME had antitumor activity to suppress
tumor growth and to inhibit tumor-induced angiogenesis
or metastasis [22–24]. Although it has been reported that
KME and its lectins played critical role for immunological
activity and antitumor activity [25], little is known about the
antidiabetic effect of Korean mistletoe.
In this study, we revealed KME protein fractions without
cellular damage induced to release insulin from the pancreatic 𝛽 cell by activating transcription factors such as PDX-1
and beta2/neuroD required for insulin gene expression. Possibly, due to the elevation of insulin release by KME protein
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fraction, the blood glucose level and drinking water volume
were significantly reduced in alloxan induced hyperglycemic
mice [26, 27].

2. Materials and Methods
2.1. Reagents. RPMI 1640 without glucose, alloxan, and
Krebs-Ringer bicarbonate (KRB) buffer were purchased from
Sigma. Anti-PDX-1 and antineuroD, all from Santa Cruz
Biotechnology, were used for immunoblotting. Rat insulin
ELISA Kit (SHIBAYAGI) was used for insulin secretion.
SYBR green master mix (Applied Biosystems) and RNA Easyspin (iNtRON) were used for real-time PCR.
2.2. Cell Culture and Treatment. Rat pancreatic 𝛽 cells,
RINm5F cells, were provided by Pohang University of Science
and Technology (POSTECH). RINm5F cells were cultured
in a monolayer in RPMI 1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS, CAMBREX), 1%
penicillin/streptomycin (CAMBREX), and 5.5 mM glucose at
37∘ C under a humidified 95%–5% (v/v) mixture of air and
CO2 . RINm5F cells were cultured in complete medium with
10% FBS to ∼90% cell confluence and were then incubated
with 0.5% FBS medium for 12∼16 hours. After that, RINm5F
cells were treated with KM extract. The supernatant was used
for detection of insulin secretion and the attached cells were
used for immunoblotting.
2.3. Animals. Specific pathogen-free 7-week-old imprinting
control region (ICR) mouse strains were purchased from the
Dae-Han Laboratory Animal Center, Republic of Korea. Mice
were maintained in the Laboratory of Animal Experiment,
Institute of Bioscience, Han-Dong Global University, under
laminar air-flow conditions. Water and diets were supplied
ad libitum. Each group was composed of 5 mice for checking
blood glucose level and drinking water volumes.
2.4. Extraction and Purification of Korean Mistletoe. Mistletoe growing on oak (Quercus variabilis Blume) between
December and February was harvested from Kangwon-do,
Korea, and stored at −80∘ C until use. The nonlectin fractions
(NLF) were isolated from an extract of Korean mistletoe
plants using hydrolyzed 𝛼-lactose-Sepharose (Sigma) column
chromatography after ammonium sulfate precipitation as
described previously [24, 25]. Briefly, the extracts were dissolved in distilled water and filtered through a 0.45 𝜇m membrane (Whatmann). Then, they adjusted to 70% saturation
with (NH4 )SO4 . The precipitate was resuspended in a small
volume of phosphate-buffered saline (PBS), dialyzed against
the same buffer, and applied to an 𝛼-lactose-Sepharose
column which had been hydrolyzed for 2.5 hours. To remove
the Korean mistletoe lectin (KML-C), the adsorbed material
was eluted with a lactose-containing buffer (0.1 M lactose, pH
7.3). Unbounded proteins which were free of KML-C were
pooled, dialyzed against distilled water, and freeze-dried.
Each process was performed at 4∘ C. NLF dissolved in distilled
water was partitioned by chloroform. Chloroformic extracts
dissolved in phosphate buffer (PBS, 10 mM phosphate buffer
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containing 0.85% NaCl, pH 7.4) were applied to the DEAESepharose Fast flow column (Amersham Pharmacia Biotech.)
which had previously equilibrated with the same buffer. After
column was washed with phosphate buffer again, remaining
bound proteins were eluted with 0.5 M, 1 M, and 2 M NaCl
(DEAE 0.5 M, 1 M, and 2 M fractions). DEAE fractions
dissolved in PBS were applied to the Sep-Pak column (Waters
Corporation) which had been previously equilibrated with
the same buffer. The column was washed with PBS, and
bound proteins were eluted with 20% ethanol (Sep-Pak
20%, SP20 fractions) and 60% ethanol (Sep-Pak 60%, SP60
fractions). Each eluted protein fraction was dialyzed against
distilled water every 4 hours for 3 days and stored in −20∘ C
until use.
2.5. FACS Analysis for Cytotoxicity. Cytotoxicity was analyzed by the annexin V and propidium iodide (PI, Merck)
using flow-cytometry (FACS) machine (Beckman Coulter
Epic XL). RINm5F cells (2 × 106 cells) were seeded into 6-well
plates and incubated for 12 hours. After washing, KM extract
was treated with the cells and incubated in the 37∘ C with 5%
CO2 for 30 minutes. Cells were carefully detached from the
plates, and then detached cells were stained with the apoptosis
detection kit containing annexin V-FITC and PI at ice in the
dark condition. Stained cells were washed with FACS solution
and living or dead cells were measured by FACS machine.
2.6. Measurement of Insulin. 1 mL of RINm5F cells (4 ×
105 cells/well) was seeded into the 24-well plates (Falcon) and
cultured in RPMI-1640 containing 11.1 mM glucose (Sigma).
After incubation for 12 hr to allow attachment, cells were
washed with Krebs-Ringer bicarbonate buffer (KRB) in 3
times. Then, cells were preincubated with 1 mL of KRB buffer
for 30 minutes at 37∘ C. Cells were then incubated for 30
minutes with KM extracts. The supernatants were collected
from each well and stored at −20∘ C until use for insulin
secretion assay. An assay for the measurement of insulin
secretion from RINm5F cells was carried out by rat insulin
ELISA Kit (SHIBAYAGI) and detected by ELISA reader at
450 nm.
2.7. Real-Time PCR. Total RNA were extracted using easyspin RNA extraction kit (Intron, Korea). cDNA were produced with 5 𝜇g of total RNA using Superscript (Invitrogen).
In a florescent temperature cycler (LightCycler; Roche Diagnostics Ltd., Lewes, UK), 10 percent of each RT reaction was
amplified in a 20 𝜇L PCR containing 4 mM MgCl2 , 4 pmol of
each primer, and 1x SYBR green master mix. Samples were
incubated in the LightCycler for an initial denaturation at
94∘ C for 30 seconds, followed by 30 PCR cycles. Each cycle
consisted of 95∘ C for 15 seconds, 55∘ C for 32 seconds, and
72∘ C for 32 seconds.
𝑇ℎ𝑒 𝑂𝑙𝑖𝑔𝑜𝑛𝑢𝑐𝑙𝑒𝑜𝑡𝑖𝑑𝑒 𝑃𝑟𝑖𝑚𝑒𝑟𝑠
For insulin are
forward: 5 -ATA GAC CAT CAG CAA GCA
GG-3 ,
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Figure 1: Cytotoxicity of pancreatic 𝛽 cells by KME treatment. (a) Representative FACS analysis for PI and annexin V staining of RINm5F
cell following KME treatment. Nontreated RINm5F cells (left), KME (1 mg/mL) treated RINm5F cell (middle), and KME (2 mg/mL) treated
RINm5F cells (right). DNA contents of RINm5F cells under the KME treatment. Blue: nontreated, red: KME (1 mg/mL), and green: KME
(2 mg/mL). (b) The cytotoxic activity of KME- or alloxan-treated cells was measured by XTT assay.

reverse: 5 -CTC CAG TTG TGG CAC TTG
CG-3 ;
For PDX-1 are
forward: 5 -TAC GCG GCC ACA CAG CTC
TAC AAG GAC-3 ,
reverse: 5 -CCA CTT CAT GCG ACG GTT
TTG GAA CCA GA-3 ;
And for 𝛽-actin are
forward: 5 -AGG ATG CAG AAG GAG ATC
ACT G-3 ,

reverse: 5 -GGG TGT AAC GCA ACT AAG
TCA TAG-3 .
𝛽-actin was used as an endogenous internal control. To
confirm amplification of specific transcripts, melting curve
profiles (cooling the sample to 65∘ C for 15 seconds and
heating slowly to 95∘ C with continuous measurement of fluorescence) were produced at the end of each PCR procedure.
2.8. Western Blot Analysis. For Western blotting analysis,
cells were lysed by resuspension in buffer A (25 mM TrisHCl, pH 7.5, 2 mM Na orthovanadate, 0.5 mM EDTA, 10 mM
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Figure 2: Insulin secretion of RINm5F cells by a variety of KME protein fractions. (a) Insulin secretion of RINm5F cell by KME dose
dependent manner. (b) Insulin secretion of RINm5F cells by lectin (KML-C) isolated from Korean mistletoe. (c) Insulin secretion of RINm5F
cells by the lectin-free KME and total KME. (d) Insulin secretion of RINm5F cells by protein fractions from KME isolated by ion-exchange
chromatography.

NaF, 10 mM Na pyrophosphate, 80 mM 𝛽-glycerophosphate,
25 mM NaCl, 1% (v/v) Nonidet P-40) containing 1x complete
protease inhibitor mixture (Roche Diagnostics) and then
boiled for 10 min. After sonication, they were centrifuged
for 15 min in 13,000 ×g. Protein concentration in the extract
was determined using the BCA kit (Pierce). Protein samples
were separated on SDS-PAGE and blotted onto nitrocellulose
membrane (Amersham Biosciences). Blots were developed
with the ECL kit (Pierce).
2.9. Generation and Analysis of Hyperglycemic Mice. ICR
mice were grouped into several groups of five mice. Alloxan
(70 mg/kg) was injected into mice via tail vein. Next day of
alloxan injection, 200 𝜇L of DEAE eluted protein fractions
from KM extracts (50, 100, 200, and 400 𝜇g/mL) was injected
intraperitoneally. After 10 days, the same volumes of DEAE
eluted protein fraction were injected intraperitoneally again.
Blood was obtained from the tail vein of injected mice
through heparinized capillary tube. Blood glucose levels were
measured by the glucose measurement kit (Assan Pharmacia). Drinking water volumes were measured by a decimeter.

3. Results
3.1. KME Has No Cytotoxicity to Rat Pancreatic 𝛽 Cell. Due
to the cytotoxicity of lectin A subunit contained in KME,
we examined whether KME has the cytotoxic activity on rat
pancreatic 𝛽 cells (RINm5F). Apoptotic cells and necrotic cell
were measured by annexin V and PI staining. As shown in
Figure 1(a), most cells were alive after aqueous KM extract
(1 mg/mL, 2 mg/mL) treatment. It indicates that RINm5 cell
viability was not affected by KME treatment. To evaluate
the cell proliferation as well as cytotoxicity, we incubated
RINm5 cells with KME (1 mg/mL, 2 mg/mL) for 48 hours.
The survival rate of RINm5 cell was measured by XTT assay.
Well known as a chemical compound to specifically destroy
pancreatic beta cells, alloxan severely damaged the RINm5
cells. However, RINm5 cells were not affected by KME at all
(Figure 1(b)). These findings imply that KME is not toxic to
the rat pancreatic 𝛽 cells.
3.2. Lectin-Free KME Protein Fractions Induce Insulin Secretion on Rat Pancreatic 𝛽 Cell. To examine the potential to
secrete insulin by KME, the insulin released from RINm5F
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Figure 3: Insulin gene and transcription factor expression by DEAE-Sepharose fractionated KME protein fractions. ((a)-(b)) Time dependent
mRNA expressions of insulin gene and PDX-1 gene in RINm5F cells under the treatment of (a) 0.5 M DEAE protein fractions and (b) 1 M
DEAE. ((c)-(d)) Time dependent PDX-1 and beta2/neuroD protein expressions of RINm5F cells under the treatment of (d) 0.5 M DEAE
protein fraction and (d) 1 M DEAE protein fraction.

cells was measured by ELISA after treatment of a several
doses of KME. While glucose concentration had no effect
to secrete insulin, KME had stimulatory effect on insulin
secretion in a dose dependent manner (Figure 2(a)). Next,
we investigated whether the lectin (KML-C) isolated from
KME has potential to secrete insulin on RINm5F cells.
Although the lectin (KML-C) isolated by KME was treated
with the RINm5 cells in a dose dependent manner (0.25∼
125 𝜇g/mL) for 12 hours, insulin secretion was not detected
in RINm5F cells (Figure 2(b)). However, lectin-free KME
protein fraction (LFF) induced insulin secretion as similar
as the KME treatments (Figure 2(c)). Thereafter, LFF was
isolated from DEAE-Sepharose Column and finally divided
into three fractions by concentration of 0.5 M, 1 M, and 2 M
NaCl elution buffer, respectively. Both 0.5 M and 1 M NaCl
eluted DEAE-Sepharose column fractions induced insulin
secretion from RINm5F cells whereas 2 M NaCl eluted
DEAE-Sepharose column fractions did not have insulin
secretion ability (Figure 2(d)). Therefore, it suggested that
purified protein factions from KME have an ability of insulin
induction in rat pancreatic 𝛽 cells.
3.3. Protein Fractions from KME Induce Insulin and
PDX-1 Gene Expression. The molecular mechanism of

insulin secretion by protein fraction of KME remains
unknown. To determine whether protein fractions of
KME activate insulin gene in transcriptional levels, we
analyzed the expression level of insulin gene and its related
transcription factor, PDX-1, through the real-time PCR.
After the treatment of 0.5 M DEAE protein fractions,
insulin genes were peaked at three hours and PDX-1
genes were upregulated in an hour (Figure 3(a)). Although
insulin genes and PDX-1 genes in 1 M-DEAE protein
fraction treated RINm5F cells were relatively shown in
low expression, they were also upregulated in an hour
(Figure 3(b)).
Although the expression level of PDX-1 genes was not
altered within 60 min, the expression level of insulin genes
was significantly increased in real-time PCR analysis. To
address this discrepancy, we determined to analyze the PDX1 and beta2/neuroD expression in time dependent manner.
Western analysis of PDX-1 expression revealed that this
transcription factor was highly increased after 15 min of 0.5 M
or 1 M DEAE protein fraction of KME treatment and its
expression was gradually decreased. Similar to the PDX-1,
beta2/neuroD is highly expressed within 60 min by the 0.5 M
or 1 M DEAE protein fraction of KME (Figures 3(c) and 3(d)).
These results strongly suggested that protein fractions of
KME activate PDX-1 and beta2/neuroD transcription factors
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Figure 4: Antidiabetic effect of KME protein fractions on alloxan induced hyperglycemic mice. ((a)-(b)) Restoration of (a) insulin level
and (b) blood glucose level of alloxan induced hyperglycemic mice by the lectin-free KME and 0.5 M DEAE protein fraction of KME. (c)
Restoration of blood glucose level of alloxan induced mice by dose dependent 1 M DEAE protein fractions. (d) Reduction of drinking-water
consumption of alloxan induced mice by 1 M DEAE protein fractions.

in early time point, eventually resulting in the activation of
insulin gene.

3.4. Protein Fractions from KME Rescued the Insulin Secretion
and Blood Glucose Level in Alloxan Induced Hyperglycemic
Mice. Next, we examined whether insulin secretion and
blood glucose level could be rescued by introduction of the
protein fractions of KME in vivo model. To this end, lectinfree fraction of KME or its 0.5 M DEAE protein fraction
was injected into alloxan induced diabetic mice, respectively.
Insulin secretion and serum glucose level were measured
after 48 hours of KME fractionated protein injection. We
found that insulin secretion was severely impaired by alloxan
injection but it was partially restored by injection of the KME
protein fractions (Figure 4(a)). Furthermore, blood glucose
level was restored by 0.5 M DEAE protein fraction treated
mice, compared to alloxan treated mice (Figure 4(b)). Also,
it was confirmed that blood glucose level of alloxan induced
diabetic mice was gradually reduced by dose dependent manner of 1 M DEAE protein fraction treatment (Figure 4(c)).
Similar to diabetic patients, alloxan induced diabetic
mice consumed much more water than normal mice. To
investigate whether the consumption of drinking water
could be reduced by treatment of DEAE protein fractions
of KME, we measured the volume of drinking water of

diabetic mice in the presence or absence of DEAE protein
fractions of KME. As expected, drinking water volume was
slightly decreased regardless of the dose of DEAE protein
fractions (Figure 4(d)). Collectively, these findings suggested
that DEAE-Sepharose fractionated proteins from KM extract
have an effective antidiabetic activity in alloxan induced
hyperglycemia mice.

4. Discussion
It has been well known that Korean mistletoe has strong
immunomodulatory effects such as immune cells activation,
cytokines induction, and antitumor effects [19, 20, 22–24].
Despite the use of this plant as an effective traditional
treatment for diabetes, little is known about the molecular
mechanism for the antidiabetic effect of this plant [28].
In this study, we demonstrated the antidiabetic effect of
the various KME protein fractions in vitro and in vivo molecular mechanisms of insulin secretion. First, we examined the
induction ability of insulin secretion from pancreatic 𝛽 cells
by various protein fractions of KME through the activation
of transcription factors such as PDX-1 and beta2/neuroD
which regulate the insulin genes expression. Second, we
found that pancreatic 𝛽 cells were not impaired by KME treatment whereas these cells were severely destroyed by alloxan
treatment. Our data support that KME directly activates the
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insulin genes and transcription factors associated with the
insulin gene expression for the first time.
Initially, it has been expected that lectin of Korean
mistletoe (KML-C) could have an effect on diabetes because
of its diverse biological activities. However, the data showed
in this study that KML-C is not related to the induction of
insulin and lectin-free KME protein fractions (LFF) stimulate
the secretion of insulin. Furthermore, we investigated the
fact that protein fractions from KME separated by several
purification methods induce insulin secretion from rat pancreatic 𝛽 cells. Molecular signaling of insulin induction was
controlled by activation of several transcription factors. Here,
we demonstrated that PDX-1 and beta2/neuroD, which play
a critical role in induction of insulin genes expression, were
upregulated in KME treated pancreatic 𝛽-cells. Consistent
with in vitro data, KME treatment restored the insulin
secretion in alloxan induced hyperglycemic mice. Moreover,
blood glucose level and drinking water volume were restored
by KME treatment in alloxan induced hyperglycemic mice.
These in vivo data support that KME is able to rescue
destroyed pancreatic 𝛽 cells or delay the pancreatic 𝛽 cells
destruction. As reported in Lyu et al., the lectin component of
KME is able to promote cell proliferation [29]. Accordingly,
we speculate that some specific components of KME regulate
the proliferation or regeneration of pancreatic 𝛽 cells but its
molecular mechanism will be investigated in the future.
In conclusion, the present study provides evidence for the
first time for insulin releasing protein fractions in Korean
mistletoe. It is required for separating a large amount of
specific single peptide from KME which has an insulinsecreting activity. Together with the current findings, it is
thought that this single peptide from KME can represent
a source of potential new therapy for plant treatment of
diabetes.
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