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BACKGROUND/OBJECTIVE: The blue honeysuckle berry (Lonicera caerulea var. edulis L.) is a small deciduous shrub belonging
to the Caprifoliaceae family that is native to Russia, China, Japan, and Korea. The berry of this shrub is edible, sweet and
juicy and is commonly known as the blue honeyberry (BHB). This study examined the anti-diabetic potential of BHB on
high-fat-diet-induced mild diabetic mice. The hypoglycemic, and nephroprotective effects of the 12-week oral administration
of blue honeyberry extract were analyzed.

MATERIALS/METHODS: The hypoglycemic effects were based on the observed changes in insulin, blood glucose, and glycated
hemoglobin (HbA1c). Furthermore, the changes in the weight of the pancreas, including its histopathology and immunohistochemical
investigation were also performed. Moreover, the nephroprotective effects were analyzed by observing the changes in kidney
weight, its histopathology, blood urea nitrogen (BUN), and serum creatinine levels.

RESULTS: The results showed that the high-fat diet (HFD)-induced control mice showed a noticeable increase in blood glucose,
insulin, HbA1c, BUN, and creatinine levels. Furthermore, growth was observed in lipid droplet deposition related to the degenerative
lesions in the vacuolated renal tubules with the evident enlargement and hyperplasia of the pancreatic islets. In addition,
in the endocrine pancreas, there was an increase in the insulin-and glucagon-producing cells, as well as in the insulin/glucagon
cell ratios. On the other hand, compared to the HFD-treated mice group, all these diabetic and related complications were
ameliorated significantly in a dose-dependent manner after 84 days of the continuous oral administration of BHBe at 400,
200 and 100 mg/kg, and a dramatic resettlement in the hepatic glucose-regulating enzyme activities was observed.
CONCLUSIONS: By assessing the key parameters for T2DM, the present study showed that the BHBe could act as a potential
herbal agent to cure diabetes (type Il) and associated ailments in HFD-induced mice.
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INTRODUCTION owing to the dysfunction of 3 cells of the pancreas, and their
incorrect destruction by the body’s immune system [3]. Diabetes

Diabetes mellitus (DM) affected 451 million individuals mellitus type Il (T2DM), a global epidemic, is distinguished by

worldwide in 2017, and the number is anticipated to increase
to 693 million people by 2045 [1]. The important causes of this
disease include age, poor dietary patterns, high caloric diet, and
sedentary lifestyle [2,3]. DM can be categorized broadly into
two etiopathogenetic classes: type | (insulin-dependent) and
type Il (insulin-independent). Type | diabetes mellitus (T1DM)
is an autoimmune disorder that is attributed to insulin-scarcity

hyperglycemia, as well as impaired carbohydrates, protein,
lipids, and electrolyte metabolism [4]. In addition, an increased
insulin resistance (IR) in the peripheral tissues and the relative
reduction in the insulin secretion has also been reported [5].
If left untreated, T2DM can cause complications, such as
myocardial infarction and stroke (macrovascular), and even
retinopathy, neuropathy, and nephropathy (microvascular)
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problems [6]. Furthermore, the effects on the oral system,
gastrointestinal system, genital system, skin, and soft tissues,
and bone fracture risks have also been summarized [7]. Reports
have shown that modification of the habits/dietary patterns and
pharmacological intervention could avert or delay T2DM and
related disorders [8]. Many different drugs for the treatment
of T2DM are available in the market, but they are not without
adverse effects, such as weight gain, gastrointestinal complica-
tions, hypoglycemia, and cardiovascular risks. [9]. Therefore, the
quest for complementary and alternative medicine (CAM) for
T2DM is expanding [10].

Metformin is the most prescribed anti-diabetic drug for T2DM
treatment [11,12]. The drug is relatively safe and low cost, and
has favorable effects on the insulin requirement, blood glucose,
weight, and related cardiovascular ailments [13]. On the other
hand, long-term use of metformin may lead to a vitamin B,
deficiency due to impaired absorption [14]. Furthermore, the
unexpected effects of metformin use is lactic acidosis, which
is an impending and rare condition accompanied by reduced
kidney or liver function [15].

The sweet honeyberry species (Lonicera caerulea L. var. edulis),
which is also known as haskap and blue honeyberry, is a shrub
member of the Caprifoliaceae family. Its edible product, namely
blueberries, are a rich source of primary and secondary meta-
bolites [16,17], such as anthocyanins [18], phenolics, flavonoids
[19], and saponins [20]. Traditionally, blue honeyberry (BHB) has
been used as medicine in northern Russia, China, and Japan
[17], and its extract has been reported to have the most potent
antioxidant activity among 12 types of colored berries described
[21]. Owing to its remarkable health benefits, BHB has emerged
as a new functional food based on the research published over
the last decade. The oral administration of blue honeyberry
extract (BHBe) was reported to protect mice from ionizing
radiation [22]. Other therapeutic applications of BHBe include
hepatoprotective effects [23], anti-inflammatory effects [24,25],
skin protective effects against ultraviolet-induced damages [24],
impact on the hyperthyroidism [26], and amelioration of the
abnormal lipid and glucose metabolism in rats [27]. Moreover,
its effects on adjuvant-induced arthritis in a rat model have also
been elucidated [28]. Furthermore, a few recent relevant studies
include, the in vitro alleviation of silica particle (SP)-induced
pulmonary inflammation by the administration of BHBe [29].
Similarly, the polyphenol extract of BHB resulted in the cholesterol-
lowering and enhanced antioxidant capacity in vitro and in vivo
[30]. Furthermore, research has shown that polyphenol supplemen-
tation increased the CYP7A1 activity, which augmented the
metabolism of cholesterol to bile acids [31]. Another study revealed

Table 1. Experimental test groups in this study

the dose-dependent amelioration effects of BHBe on high-fat
diet (HFD)-induced obesity and hepatic fat deposition [32].
By realizing the importance of functional foods as herbal
medicines, this study examined the anti-diabetic potential of
BHBe on a HFD-induced mild diabetic mouse model by assessing
the underlying hypoglycemic and nephroprotective effects.

MATERIAL AND METHODS

Animals and diets

Six-week-old female SPF ICR mice (n=48) were purchased
from OrientBio, Seongnam, Republic of Korea and allowed to
acclimatize for one week in groups comprised four to five
animals per polycarbonate cage in a light (12-h light per day),
humidity (40-45%), and temperature (20-25°C) controlled room.
The mice were fed a standardized rodent chow (Purina feed,
Seongnam, Rep. of Korea) and given tap water ad libitum.

All adapted experimental animals were randomized into six
groups (8 mice per group) based on the body weight: normal-
pellet diet (NFD) group, high-fat diet (HFD) group, HFD+
metformin group, HFD+BHBe (400 mg/kg) group, HFD+BHBe
(200 mg/kg) group, and HFD+BHBe (100 mg/kg) group. Metformin
hydrochloride purchased from Wako, Osaka, Japan was used
as a standard. Table 1 provides details of the corresponding diets.

The experimental animals were handled according to the
national regulations of the use and welfare of laboratory animals
and all the procedures were approved by the Institutional
Animal Care and Use Committee (IACUC), Daegu Haany
University, Gyeongsan, Gyeongbuk, Rep. of Korea [Approval No:
DHU2017-022].

The animals were provided free access to a 45% kcal HFD
(Research Diet, New Brunswick, NJ, USA) (Table 2) after 7 days
of acclimatization. In the intact control group, the mice were
given free access to a NFD (Purina feed, Seongnam, Rep. of
Korea) instead of a HFD.

Preparations and administration of Blue honeyberry extract (BHBe)

BHBe was prepared and supplied by the sponsor (Aribio,
Seongnam, Korea) as a deep purple colored powder, and stored
at -20°C to protect it from light and humidity until further use.
Briefly, frozen BH fruits were heated at 45-55°C for three
minutes, pulverized, followed by enzymatic treatment with the
mixture at a concentration of 0.05% (w/w) of Natuzyme olimax
and Natuzyme DP ultra, incubated for 2-2.5 h at 50 rpm,
centrifuged at 4,000 rpm and kept at 80°C for 15-30 s. After
the addition of chitosan (0.005%, w/w) and guar gum (0.005%,
w/w), the mixture was filtered using (disc separation, diatomite

Group Diets Dose (mg/kg/day) Treatment Drug Animal No.

Control NFD 10 ml/kg Vehicle (distilled water) MO01~M08
HFD pellet 10 ml/kg Vehicle M09~M16

Control drug HFD pellet 250 mg/kg Metformin M17~M24
Active HFD pellet 400 mg/kg BHBe, the highest dosage M25~M32
HFD pellet 200 mg/kg BHBe, the middle dosage M33~M40

HFD pellet 100 mg/kg BHBe, the lowest dosage M41~M48

NFD, Normal pellet diet; HFD, 45% kcal high-fat diet; BHB, Blue honeyberry; BHBe, lyophilized powder of BHB extract by enzyme,
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Table 2. Composition of normal and high-fat diets

Normal pellet diets (NFD) High-fat diets (HFD)

Components*

Ingredient (g/kg)

Casein 200 200
L-cysteine 3 3
Corn starch 150 728
Sucrose 500 1728
Cellulose 50 50
Soybean Oil 50 25
Lard 0 177.5
Mineral mixture 35 35
Vitamin mixture 10 10
Choline Bitartrate 2 2
Energy (kcal/g) 4 473
Protein (% kcal) 20 20
Carbohydrate (% kcal) 64 35
Fat (% kcal) 16 45

*45% kcal/fat pellet diets (Cat, No, D12451; Research Diet, New Brunswick, NJ,
USA) was used as the high-fat diet (HFD), and the normal rodents pellet diet (Cat,
No, 38057; Purina feed, Seongnam, Korea) were used as the normal fat pellet diets,

filtration, and filter press), condensed (63 brix, 50°C, 1 min, 0.092
MPa), sterilized (90-95°C, 15-30 s), and then freeze-dried. The
BHBe yield was 10.83%.

A white powder of metformin HCl (Wako, Osaka, Japan) was
used as the reference drug. Metformin HCl was dissolved in
deionized water at a concentration of 25 mg/mL and taken
orally at 10 mlL/kg (equivalent to 250 mg/kg) once in a day
for 84 days from the 1" week after the initial HFD supply.

Similarly, the prepared berry extract was dissolved in distilled
water at 10, 20, and 40 mg/mL, and a 10 mL/kg (equivalence
to 400, 200 and 100 mg/kg) was administered orally once per
day for 84 days using a stainless zoned (gastric gavage) from
the 1 week after HFD supply. In this study, the selected doses
and the volumes of BHBe were determined based on the
general dosing instructions for the mice provided in the
guidelines [KFDA Guidelines, Notification No: 2015-082]. The
HFD and the intact vehicle control animals were administered
orally an equal volume of deionized water, instead of the test
substances to provide the same restrain stresses from gastric
gavages (Table 1).

Body and organ weight measurement

The body weight of the experimental mice in each group
was recorded on days 0, 8 (before the start of HFD supply),
and 84 using an electronic measuring balance (Precisa Instrument,
Zurich, Switzerland). After 12 weeks, the mice were fasted
overnight, sacrificed on the next day and the left kidney and
pancreas weights were recorded individually. To reduce the
variances from the individual body weights, the relative body
weights were also estimated using the absolute weight and
body weight at sacrifice, as described in equation (1).

Relative organ weights (%)

__Absolute organ weights
~ Body weight at sacrifice * 100 (M)

Measurement of serum biochemistry (glucose, BUN, creatinine)

For blood collection, all mice were anesthetized with 2% to
3% isoflurane in a mixture containing 28.5% O, and 70% N,O
using a rodent ventilator (Harvard Apparatus, Cambridge, UK)
and the rodent inhalation anesthesia apparatus (Surgivet,
Waukesha, WI, USA). At the end of 84 day treatment, blood
was collected in NaF-containing vacuum tubes via the caudal
vena cava (Becton Dickinson, Franklin Lakes, NJ, USA) for blood
glucose analysis and plasma separation, and stored in an
ultra-deep freezer at -150°C (MDF-1156, Sanyo, Tokyo, Japan)
until further analysis. An automated blood analyzer (Fuji Medical
System Co., Ltd.,, Tokyo, Japan) was used to measure the blood
glucose, BUN, and creatinine levels. For the BUN and creatinine
measurements, clotting activated serum tubes were used to
collect blood, and after collection, the tubes were centrifuged
at 15,000 rpm for 10 min at room temperature (RT) to obtain
serum.

Estimation of blood HbATc and serum insulin levels

The serum insulin and blood hemoglobin Alc (HbA1c) levels
were measured using automated HbA1c measuring equipment
(Infopia, Anyang, Rep. of Korea) and the serum insulin levels
were assayed using a mouse insulin ELISA kit (Alpco Diagnostics,
Windham, NH, USA).

Histopathology

For organ histology, some parts of the splenic lobes of the
pancreas and left lateral portions of the left kidney were fixed
in 10% neutral buffered formalin. The fixed tissues were paraffin
embedded using an automated tissue processor (Thermo
Scientific, Waltham, MA, USA) and the embedding center (Thermo
Scientific, Waltham, MA, USA), and 3-4 um thick serial sections
were prepared using a microtome (Leica Biosystems, Nussloch,
Germany).

Hematoxylin and eosin stain (H&E) was used to stain represe-
ntative sections, and the histological profile of the individual
organs was measured by optical microscopy (Nikon, Tokyo,
Japan), photographed, and analyzed. The mean numbers of the
lipid droplets deposited in the vacuolated renal tubules were
also calculated using automated image analysis software (IMT
i-solution Inc., Vancouver, Quebec, Canada) and the diameters
of pancreatic islets were also recorded using an automated
image analysis process, as demonstrated previously [10,33,34].
At the time of analysis, the histopathologist was blinded to the
group distribution.

Immunohistochemistry

The sectioned pancreatic tissues were immunostained by an
avidin-biotin-complex (ABC) staining method [10,34] using
guinea pig polyclonal insulin (1:100; Abcam, Cambridge, UK) or
rabbit polyclonal glucagon (1:100; Abcam, Cambridge, UK)
antiserum. Briefly, the endogenous peroxidase activity was
limited by incubation in a 0.3% H.O, and methanol solution
for 30 min, whereas the tissues were incubated using a horse
serum blocking solution (1:100; Vector Lab., Burlingame, CA,
USA) for 1 h to block the non-specific binding of immunoglobulin.
The mixture was treated overnight with the primary antiserum
at 4°C, followed by the addition of the biotinylated universal
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secondary antibody (1:50; Vector Lab., Burlingame, CA, USA) and
the required ABC reagents (1:50; Vectastain Elite ABC Kit, Vector
Lab., Burlingame, CA, USA), incubated at RT for 1 h in a humid
chamber. Finally, the peroxidase substrate from a kit (1:50;
Vector Lab., Burlingame, CA, USA) was added to the mixture
at RT for 3 min. After each step, tissue sections were rinsed
three times with PBS (0.01 M). Compared to another naive cell,
an immunoreactive cell density > 20% of each antiserum (insulin
and glucagon) was considered positive. As described previously,
the insulin- and glucagon-positive immunoreactive cells were
evaluated by measuring the mean area (mm?) of pancreatic
parenchyma cells using an automated image analysis method
[10,34,35]. In addition, the insulin/glucagon cell ratios were
measured, as described in equation (2). The samples were coded
to perform a blind test by the histopathologist.

Insulin/glucagon cells (Ratio)

Mean numbers of
insulin-immunoreactive cells
Mean numbers of
glucagon-immunoreactive cells

x 100 (2)

Statistical analyses

Different doses of the test material were compared using
multiple comparison tests. A Levene’s test was used to examine
the variance homogeneity [36]. If no significant deviation was
observed by the Levene's test, the data were analyzed by
one-way ANOVA using a least-significant differences multi-
comparison (LSD) test to estimate the significantly different
pairs among the groups compared. If a significant deviation
from the variance was observed using the Levene's test, the
groups were compared using a non-parametric comparison test
(Kruskal-Wallis H test). If the Kruskal-Wallis H test showed a
significant difference, a Mann-Whitney U test was performed
to estimate the significantly different specific pairs of the group.
SPSS ver. 14 (IBM-SPSS Inc., Chicago, IL, USA) was used for
statistical analyses [37]. For the test materials effectiveness, the
percentage changes were recorded and compared with the HFD
control mice, whereas for disease induction, the percentage
changes between the HFD and intact control mice were
determined [10,38] using equations (3) and (4).

% changes as compared with intact control

_ (Data of HFD control - Data of intact control)

Data of intact control *100 ()
% changes as compared with HFD control
(Data of test substance administered mice -
= Data of HFD control) <100 ()

Data of HFD control

RESULTS

Effects on the pancreas and kidney weights

After treatment, the relative weights of the pancreas were
significantly lower (P < 0.01) in the HFD-served mice group than
the intact (NFD) control. In contrast, the relative weights of the
pancreas in the groups supplemented with metformin and
BHBe fractions, i.e., 400, 200 and 100 mg/kg, were 28.49% and
28.11, 18.71, 13.54% higher (P < 0.01), respectively, than that of
the HFD-treated mice group. Compared to the intact control,
a -42.62% change was observed in the relative weights of the
pancreas in the HFD-treated mice group. On the other hand,
compared to the NFD control, the absolute pancreatic weights
did not show any significant change in the four mice treatment
groups together with the HFD control (Table 3).

Significantly (P < 0.01) higher absolute weights of the kidney
were observed in the HFD treated mice group compared to
that of the NFD control group. The absolute kidney weight in
the HFD control was increased by 71.05% compared to the
intact control. On the other hand, after treatment with all four
test materials, it was normalized to that of the HFD-fed mice
(P <0.01). In particular, the absolute kidney weights with the
supplementation of metformin and BHBe at 400, 200 and 100
mg/kg were reduced significantly by 23.12% and 23.53, 17.26,
12.77%, respectively. Compared to the NFD control group, the
relative kidney weights were not changed significantly in
different treatments together with the HFD control (Table 3).

Effects on the glycated hemoglobin and insulin concentrations
The serum insulin concentration was significantly higher
(P <0.01), by 291.58%, in the HFD-fed mice group than in the

Table 3. Changes in absolute and relative organ weights in HFD-induced diabetes mice

Absolute organ weights

Relative organ weight

Groups (9) (% of body weights)
Kidney Pancreas Kidney Pancreas

Control

Intact (NFD) 0.176 + 0.007 0.205+0.014 0.585 + 0.044 0.680 + 0.057

Diabetes (HFD) 0.301+0.019° 0.202+0.014 0.581 +0.038 0.390 + 0.035°

Metformin 0.231 £0.020™ 0.204 +0.012 0.569 + 0.059 0.502 + 0.040™
BHBe

400 mg/kg 0.230+ 0017 0.204 +0.015 0.564 + 0.047 0.500 + 0,038

200 mg/kg 0.249 + 0.008™ 0.206 + 0.009 0.559 +0.023 0.463 + 0032

100 mg/kg 0.262 +0.011° 0.206 +0.010 0.566 + 0.044 0.443 + 0.034

Values are expressed as mean = SD (n=28); NFD, Normal pellet diet; HFD, 45% kcal high-fat diet; BHB, Blue honeyberry; BHBe, lyophilized powder of BHB extract by

enzyme,

#P<0,01 as compared with the intact control by LSD test; ®pP<001 and °P<005 as compared with the HFD control by the LSD test.
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NFD control. On the other hand, these increases in the insulin
concentrations were reduced by supplementation of all four
agents in contrast to the HFD-fed group.

As shown in Fig. 1, mice treated with BHBe 400, 200 and
100 mg/kg agents displayed a dose-dependent decrease of
50.39, 43.10 and 37.44%, respectively, in the serum insulin levels.
Also, a 52.75% decrease was observed in the metformin group.

Similarly, glycated hemoglobin (HbA1c) level was augmented
significantly in the HFD-fed mice group in contrast to the intact
control, and the percentage change was 258.93% compared to
the NFD-fed control (P < 0.01). On the other hand, the HbA1c
content of blood was decreased after four trial elements
supplementation compared to that of the HFD-fed mice group
(P<0.01). A dose-dependent decrease in the HbA1c contents,
i.e, 42.20, 37.13 and 28.87%, was observed with the BHBe
treatments at 400, 200 and 100 mg/kg, respectively, compared
to that of the HFD group (Fig. 1), whereas a 46.11% reduction
was observed in the metformin-treated group.

10 4 a
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[ Blood HbA1c contents (%)
o 87
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2 4 cd cd cd cd
0 S

Intact HFD Metformin 400 200 100
BHBe (mg/kg)

Fig. 1. Effects of the blue honeyberry extract (BHBe) on the serum insulin and
blood HbA1c contents in type 2 diabetic mice. The values are expressed as mean
+ 8D (n=8/group). NFD, Normal pellet diet; HFD, 45% kcal high-fat diet; HbAlc,
Glycated hemoglobin, hemoglobin Alc; BHB, Blue honeyberry; BHBe, lyophilized powder
of the BHB extract by enzyme, Metformin was administrated at a dose of 250 mg/kg;
2 P< 0,01 compared to the intact control by a LSD test; ° £< 0,01 compared to the HFD
control by a LSD test; © A< 0.01 compared to the intact control by a MW test; 4p<
0.01 compared to the HFD control by a MW test,

Effects on the glucose, creatinine and BUN proportions
Compared to the normal control, the blood glucose level was
elevated significantly in the HFD-fed mice group, by a factor
of 252.83% (P <0.01). Nevertheless, significant recoveries of
glucose were observed in the induced diabetic mice groups
after the administration of four trial materials compared to the
HFD-treated group (Table 4). In particular, a definite dose-
dependent decrease in the blood glucose level was observed
with three different test agents compared to the HFD group.
As shown in table 4, with four different treatment agents, i.e.,
metformin 250 mg/kg, BHBe 400, 200 and 100 mg/kg, a 48.74,
46.45, 37.62, and 23.53% decrease in the blood glucose level,
respectively, compared with the HFD control was observed.
The amounts of BUN in the serum and creatinine were
significantly higher (P <0.01) in the HFD-treated mice group
than in the NFD group. A 213.47% increase in the serum BUN
level was observed in the HFD-treated mice group compared
to the NFD group. With the metformin 250 mg/kg, BHBe 400,
200 and 100 mg/kg treatments, the percentage BUN reduction
was observed to be 46.88, 48.70, 39.58, and 28.91%, respectively.
Similarly, the serum creatinine level in the HFD control was
252.83% alleviated compared to the intact control (NFD-fed
mice), and a 48.74, 46.45, 37.62, and 23.5% reduction was

Table 4. Changes in blood glucose, BUN and creatinine levels in HFD-induced
diabetes mice

Dietary Glucose BUN Creatinine
Groups (mg/dL) (mg/dL) (mg/dL)
Control
Intact (NFD) 92.75 + 20.48 30.36 + 12.28 0.46+0.18
Diabetes (HFD) 327.25 + 59.44° 96.00 + 22.23° 2.05+0.24°
Metformin 167.75+18.87%  51.00 + 13.14* 0.86 £0.18°
BHBe
400 mg/kg 17525+ 17.84% 4925+ 11.85™ 0.80 £ 0.26
200 mg/kg 204.13+2931% 5800+ 11.38™ 1.03+0.27*
100 mg/kg 250.25 + 24.42% 68.25+13.18 1.54 +0.24°¢

Values are expressed as mean = SD (n=8); NFD, Normal pellet diet; HFD, 45%
kecal high-fat diet; BHB, Blue honeyberry; BHBe, lyophilized powder of BHB extract
by enzyme; BUN, Blood Urea Nitrogen,

2 P<001 and ° P< 0,05 as compared with the intact control by LSD test; ° P<
0.01 as compared with the HFD control by LSD test; 4p<001 as compared with
the intact control by MW test; ® £<0.01 as compared with the HFD control by
MW test,

Table 5. Changes in the histopathology-histomorphometry of the pancreas and kidney in HFD-induced diabetes mice

Insulin-IR cells

Glucagon-IR cells

Dietary Mean islet numbers  Mean islet diameter (cells/mm?) (cells/mm) Insulin/glucagon ratio  Degenerative renal
Groups (numbers/10 mm?) (um/islet) ® (A/B) tubule numbers (%)
Control
Intact (NFD) 5.88+1.25 104.23 +20.72 471.50 + 109.88 149.88 + 34.01 3.18+0.46 4.25+238
Diabetes (HFD) 2225+3.11° 274.28 +51.83° 2618.25 + 493.27° 34713+ 57.27° 7.58+1.15° 77.38 £10.31°
Metformin 1050 +2.33%® 145.52 + 28.73% 1143.75 + 205.40° 227.75 + 51.94% 5.11+0.79° 31.88+ 541
BHBe
400 mg/kg 11.00 + 1.60° 137.79 + 25.86% 1131.63 + 254.92 215.75+52.91% 527 +£0.24 27.75 + 858"
200 mg/kg 15.38 +3.02% 164.25+11.81° 1411.00 + 219.82 245,88 + 30.36™ 576 +0.75° 39.63 + 10.70™
100 mg/kg 1738 +2.77% 186.78 +22.27° 1640.88 + 242,61 268.13 + 36.05™ 6.13 +£0.59 49.88+12.72%

Values are expressed as mean + SD (n=8); NFD, Normal pellet diet; HFD, 45% kcal high-fat diet; BHB, Blue honeyberry; BHBe, lyophilized powder of BHB extract by enzyme,
8 P<0.01 as compared with the intact control by LSD test; ®pP<001 as compared with the HFD control by LSD test; ° £<0.01; 9pP<005 as compared with the intact

control by MW test; ® <001 as compared with the HFD control by MW test
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observed in the groups with metformin 250 mg/kg, BHBe
supplementation at 400, 200 and 100 mg/kg, respectively,
compared to the HFD-treated mice group (Table 4).

Effects on the pancreas histopathology

An increase in the mean diameters and numbers of islet cells
of the pancreas was observed in the HFD-fed mice group
compared to that of the normal control owing to the obvious
hyperplasia of islet cells of the pancreas or constituent
endocrine cells (P < 0.01).

Both the growth and hyperplasia of islet cells were decreased
by the supplementation of various extracts compared to the
HFD control. Mice treated with BHBe at 400, 200 and 100 mg/kg
showed a dose-dependent decrease in the mean diameter and
number of islet cells in the pancreas compared to the HFD
group (Fig. 2; Table 5).

The mean number value of islet cells was increased by
278.72% in the HFD-treated mice group compared to the NFD
group, whereas 52.81 and 50.56, 30.90, 21.91% reductions were
observed in the groups supplemented with metformin and
BHBe at different concentrations compared to that of the
HFD-fed group, respectively. On the other hand, compared to
the normal control, HFD-fed group displayed a 163.15% increase
in the islet engaged regions, and a 46.95, 49.76, 40.12, and
31.90% reduction was observed in mice after treatment with
metformin at 250 mg/kg, BHBe at 400, 200 and 100 mg/kg,
respectively, compared to the HFD group.

Low magnification Pancreatic islets

(A)

(D)

(E)

(F)

Fig. 2. Representative histological images of the pancreas from NFD or HFD
supplied mice, stained with Hematoxylin & Eosin stain. (A) Intact control: 10 mlL/kg
of distilled water orally administered mice with the NFD supply. (B) diabetes control: 10
ml/kg of distilled water orally administered mice with the HFD supply, (C) Metformin: 250
mg/kg of metformin orally administered mice with the HFD supply. (D) BHBe 400: 400
mg/kg of BHBe orally administered mice with the HFD supply. (E) BHBe 200: 200 mg/kg
of BHBe orally administered mice with the HFD supply. (F) BHBe 100: 100 mg/kg of BHBe
orally administered mice with the HFD supply, NFD, Normal pellet diet; HFD, 45% kcal
high-fat diet; IS, Pancreatic islet; PD, Pancreatic secretory duct; BHB, Blue honeyberry;
BHBe, lyophilized powder of the BHB extract by enzyme; Scale bars =80 um,

Effects on the histopathology of the kidney

In the HFD-fed mice group, the number of vacuolated renal
tubules (degenerative lesion of the kidney) was increased
significantly (P < 0.01) by a factor of 1720.59% compared to that
of the normal control, resulting from lipid droplets deposited
in nephropathies due to diabetes. However, after treatment with
all four supplementations, including metformin, nephropathies
due to diabetes were resettled compared to the induced
diabetic mice group (P < 0.01).

For the metformin (250 mg/kg)-treated group, a 58.80%
decrease in the number of vacuolated renal tubules was observed.
Moreover, a clear dose-dependent decrease, 64.14, 48.79 and
35.56%, in the number of vacuolated renal tubules in BHBe
administered mice groups at concentrations of 400, 200 and
100 mg/kg, respectively, compared to the HFD group was noted
(Fig. 3; Table 5).

Effects on the insulin- and glucagon-producing islet cells of the
pancreas

In the HFD-fed mice group, significant augmentation (P <
0.01) in the number and ratio was observed in the insulin-
immunoreactive and glucagon-immunoreactive cells compared
to that of the normal control. This unusual growth of cells in
the pancreas was regularized by the supplementation of four
trial materials with a significant P-value (< 0.01) compared to
the induced diabetic mice group.

A definite dose-dependent decrease was observed in the
insulin-and glucagon-immunoreactive cell number as well as in
the insulin/glucagon cell ratios, mainly using three doses of

Low magnification

NEE

(E)

(F)

Fig. 3. Representative histological images of the kidney from the NFD or HFD
supplied mice, stained with Hematoxylin & Eosin stain. (A) Intact control: 10 mL/kg
of distilled water orally administered mice with the NFD supply. (B) Diabetes control: 10
ml/kg of distilled water orally administered mice with the HFD supply, (C) Metformin: 250
mg/kg of metformin orally administered mice with the HFD supply. (D) BHBe 400: 400
mg/kg of BHBe orally administered mice with the HFD supply. (E) BHBe 200: 200 mg/kg
of BHBe orally administered mice with the HFD supply. (F) BHBe 100: 100 mg/kg of BHBe
orally administered mice with the HFD supply, NFD, Normal pellet diet; HFD, 45% kcal
high-fat diet; BHB, Blue honeyberry; BHBe, lyophilized powder of the BHB extract by
enzyme; Scale bars =80 um,
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Fig. 4. Histological images of the insulin- and glucagon-immunoreactive cells in
the pancreas and all cells were immunostained by the avidin-biotin-peroxidase
complex. (A) Intact control: 10 ml/kg of distilled water orally administered mice with the
NFD supply. (B) Diabetes control: 10 ml/kg of distilled water orally administered mice
with the HFD supply, (C) Metformin: 250 mg/kg of metformin orally administered mice
with the HFD supply. (D) BHBe 400: 400 mg/kg of BHe orally administered mice with
the HFD supply. (E) BHBe 200: 200 mg/kg of BHBe orally administered mice with the
HFD supply. (F) BHBe 100: 100 mg/kg of BHBe orally administered mice with HFD supply,
NFD, Normal pellet diet; HFD, 45% kcal high-fat diet; IS, Pancreatic islet; BHB, Blue
honeyberry; BHBe, lyophilized powder of the BHB extract by enzyme; Scale bars =80
um,

BHBe (400, 200 and 100 mg/kg) compared to HFD control (Table
5; Fig. 4).

Moreover, the mean number of insulin-immunoreactive cells
and glucagon-immunoreactive cells in the HFD controls was
increased to 455.30% and 131.61%, respectively, compared to
the intact controls. On the other hand, the mice fed with the
BHBe 400, 200 and 100 mg/kg agents showed 56.78, 46.11,
37.33%, and 37.75, 29.17, 22.76% reductions in the number of
insulin-immunoreactive cells and glucagon-immunoreactive cells,
respectively, than the HFD control. Furthermore, the metformin
250 mg/kg group showed a 56.32% reduction for the insulin-
immunoreactive cells and a 34.39% decrease for the glucagon-
immunoreactive cells.

Similarly, the insulin/glucagon cells ratio was increased in the
HFD controls to 138.01% compared with the intact control mice
fed the NFD. In contrast, treatment of the mice with metformin
250 mg/kg, BHBe 400, 200 and 100 mg/kg agents showed a
decline in the ratio, i.e, 32.61, 30.50, 23.97, and 19.11%,
respectively, compared to the HFD control (Table 5).

DISCUSSION

Globally, DM has emerged as a health pandemic issue owing
to its high incidence, mortality and related complications [2].
Reports showed that the treatment of T2DM with metformin
(Biguanides) is associated with side effects, such as gastric
complications and vitamin B, deficiency [14,15]. Therefore,
worldwide, the need for natural products/functional food has
increased to develop a physiologically active anti-diabetic herbal

drug with fewer side effects [10].

Recently, BHB has attracted attention as a valuable source
of bioactive constituents. Reports have shown that the major
components of BHB consisted of polyphenols, saccharides,
lipids, proteins, and organic acids demonstrating various bioac-
tivities, such as anti-inflammation, anti-diabetic, antioxidant, and
anticancer [17,39]. Among polyphenols, phenolic acids (major
chlorogenic acid) and the anthocyanins (major cyanidin-3-O-
glucoside; C3G) are the main constituents [40]. C3G along with
other anthocyanins are absorbed mainly as glycosides in the
stomach and small intestine, as shown by various in vivo and
clinical studies. On the other hand, the percentage bioavaila-
bility is considered to be low and dependent of the presence
of anthocyanidin and sugar molecules [41].

Previous review study has shown that the phytochemicals of
berries have potential health activities against T2DM [17]. The
prevention of a-amylase and a-glucosidase activities in the
pancreas and intestine, respectively, were reported to be useful
for the management of T2DM, and the HB concentration
corresponding to its IC50 value (39.91 mg/mL) was reported
to have the strongest a-glucosidase inhibitory activity [42]. This
study examined the pharmacological effect of the BHBe on a
mouse model with induced diabetes. There are reports that the
animal prototypes fed with a HFD display high blood sugar and
mild obesity; therefore, animal fed with a HFD can be used as
suitable animal model to study the protective effects of
bioactive compounds against induced type Il diabetes [43,44].

The HFD-consumption leads to excessive blood/hepatic lipids
that alleviate insulin resistance in the liver, eventually leading
to DM (Type Il) and related cardiovascular disorders [45,46]. The
essential suggestive for the cure of diabetes includes the
prevention of oxidative stress and the supervision of “after
eating” hyperglycemia [10,47].

In the present study, after 91 days of HFD-induction, the mice
group with diabetes displayed a noticeable increase in the
insulin, blood glucose, HbA1c, BUN, and creatinine levels. In
addition, the elevated degenerative lesions, i.e., vacuolization
of the renal tubules with lipid droplet deposition, was observed
with a marked increase and hyperplasia of the islets of
Langerhans. Similarly, during the histopathological observation,
an increase in the number and ratio of the pancreatic islet cells
producing insulin/glucagon were observed in the HFD control
mice. On the other hand, these diabetic and related nephritic
complications were inhibited significantly by the BHBe treatments.
Among them, the BHBe 400 mg/kg treatment exhibited favorable
inhibitory action on type Il diabetes and related complications
compared to the HFD-induced diabetic mice. These findings
provide direct evidence of the favorable anti-diabetic effect of
BHBe on a type Il diabetic mice model compared to the
HFD-supplemented group.

In chronic diabetes, an elevation in the serum BUN and
creatinine levels leads to weight gain of the kidneys owing to
puffiness, necrotic processes, and chronic inflammation, which
are termed diabetic nephropathy. Therefore, any agent that
leads to an improvement in these complications provides direct
evidence of the treatment of diabetic nephropathies [10].
Similarly, in the present study, the kidney weight and the related
complications were reduced in a dose-dependent manner after
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treatment with different concentrations of BHBe compared to
the HFD-treated group. Therefore, these results may be consi-
dered as direct evidence of the nephroprotective effects of
BHBe on the HFD-induced mild diabetic mice. Metformin is the
most prescribed medication for DM (type Il) patients [11]. In
diabetes, due to the low response of tissues to insulin, the need
for increased insulin secretion from the pancreas leads to the
activation of more insulin-producing cells as well as an increase
in the region of pancreatic islets to maintain glucose homeostasis
[38]. On the other hand, this increased pancreatic islets region
does not affect the weight of the pancreas. Rather, the relative
weight of the pancreas due to body weight gain will be
reduced. This phenomenon appears to be a common symptom
observed in the HFD-induced diabetic model [48]. In this study,
the weight of the pancreas was lower in the HFD-induced
diabetic mice group. Nevertheless, treatments with the test
agents led to resettlement of the pancreas weight, including
metformin compared to the HFD control.

HbA1c, a form of hemoglobin, is used as the gold standard
to observe the glycemic control and its higher content is an
indication of poor blood glucose control, which leads to
multiple diabetic complications [49]. For diabetes, a high blood
sugar level is a key concern and should be monitored to treat
the ailment [10]. Furthermore, for diabetic patients, an adjustment
of drugs or dosages is based on a regular evaluation of the
HbA1c levels [50]. Rodents fed a HFD have been a frequently
used animal model for research [51] and revealed a high
content of HbA1c and blood insulin following the continuous
administration of a HFD [10,52].

Furthermore, in this study, an apparent increase in the insulin,
blood glucose, and HbA1c levels were observed in the HFD-fed
mice group compared to the normal control. In addition, after
the histopathological observations, the increase in the number
and ratio of islet cells of the pancreas producing insulin and
glucagon hormones was observed, suggested an insulin-
resistant type Il diabetic ailment.

Previous studies showed that the islet of Langerhans
hyperplasia is associated with an augmented insulin level due
to the development of insulin-resistance in a HFD-treated mice
model [53]. Therefore, to maintain glucose homeostasis, an
increase in the insulin-producing pancreatic islet cells (both
number and area) after chronic consumption of HFD was
reported [54] with noticeable hypertrophy or hyperplasia of
pancreatic endocrine cells [53,54]. Similarly, an increased
percentage was also reported for glucagon-producing cells [53].

On the other hand, the continuous oral administration of
BHBe at 400, 200 and 100 mg/kg for 84 days resulted in the
dose-dependent inhibition of these abnormal histopathological
changes, including an increase in the blood glucose, insulin,
and the HbA1c contents, compared to the HFD group. These
findings are considered evidence that the test agents BHBe at
400, 200 and 100 mg/kg concentrations have favorable hypogl-
ycemic effects on HFD mice, which may be due to the inhibition
of pancreatic endocrine changes.

In conclusion, the present analysis indicates that BHBe test
agents showed a favorable response against T2DM and the
related complications in the HFD-induced type Il diabetic mice
compared to the HFD group. Therefore, it is expected that BHBe

can act as a potential herbal drug or medicinal food to cure
type Il diabetes and its related complications in the near future.
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