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hypolipidemic activities of
eburicoic acid, a triterpenoid compound from
Antrodia camphorata, by regulation of Akt
phosphorylation, gluconeogenesis, and PPARa in
streptozotocin-induced diabetic mice

Cheng-Hsiu Lin,a Yueh-Hsiung Kuo†b and Chun-Ching Shih *c

The study is designed to examine the potential effects and underlying mechanisms of eburicoic acid (TRR),

a compound from Antrodia camphorata, in streptozotocin (STZ)-induced diabeticmice. Diabeticmice were

randomly divided into six groups and given TRR orally by gavage (at three dosage rates) or fenofibrate (Feno)

(250 mg kg�1 body weight) or metformin (Metf) (300 mg kg�1 body weight) or vehicle for 2 weeks. STZ-

induced diabetic mice were found to have increased blood glucose, HbA1C, plasma triglyceride (TG) and

total cholesterol (TC) levels, but reduced blood insulin, adiponectin, and leptin levels as compared with

the CON group. TRR was found to lower blood glucose and HbA1C, but increase insulin levels. Plasma

TG and TC levels were significantly lowered in TRR, Feno, or Metf-treated STZ-induced diabetic mice as

compared with the vehicle-treated STZ group, indicating that TRR, Feno, and Metf ameliorated

hyperlipidemia. The islet cells of STZ-induced diabetic mice exhibited a marked reduction from their

classic round-shape as compared to the CON mice. The TRR-treated STZ mice revealed restoration of

the size of Langerhans islet cells with b-cell repair as compared with the vehicle-treated STZ mice,

implying that TRR ameliorated STZ-induced diabetic states within the pancreas. STZ-induction was

found to decrease the expressions of membrane glucose transporter 4 (GLUT4), and phosphorylation of

Akt in skeletal muscles, and administration of TRR reversed all the decreases. Moreover, administration of

TRR increased blood insulin levels and enhanced hepatic expression levels of phospho-Akt and

phospho-FoxO1 but decreased the mRNA levels of glucose-6-phosphatase (G6 Pase) and

phosphoenolpyruvate carboxykinase (PEPCK) to suppress hepatic glucose production, thus leading to

TRR's antidiabetic activity. Additionally, TRR caused an increase in the expression levels of fatty acid

oxidation gene peroxisome proliferator-activated receptor a (PPARa), but a decrease in lipogenic fatty

acid synthase (FAS) and PPARg expressions in the liver. TRR treatment suppressed hepatic mRNA levels

of sterol regulatory element binding protein (SREBP) 1c and SREBP2, leading to decreased plasma

triglyceride and total cholesterol levels. These findings indicate that TRR may effectively enhance

therapeutic potential in the treatment of type 1 diabetes mellitus and/or hyperlipidemia.
1. Introduction

The prevalence of diabetes mellitus (DM) manifests chronic
metabolic disorders and developing global health problems.
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Diabetes mellitus type 1 (also known as type 1DM) is a meta-
bolic disorder characterized by chronic hyperglycemia, and the
pathophysiology is a destruction of the insulin-producing beta
cells of the islets of Langerhans in the pancreas, thus leading to
insulin deciency. Type 1DM causes an estimated 5–10% of all
diabetes cases.1 Type 1 DM is associated with many complica-
tions, and they are considered the causes of morbidity and
mortality in patients with diabetes, and it must be clinically
managed with insulin injections.

Streptozotocin (STZ) is one of the most universally used dia-
betogenic agent to induce diabetes in experimental animals.2

Streptozotocin is widely used in inducing experimental animal
models of type 1 DM.3,4 Streptozotocin is a nitric oxide donor, and
nitric oxide could bring about the destruction of pancreatic islet
This journal is © The Royal Society of Chemistry 2018
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cells. Streptozotocin was demonstrated to generate reactive oxygen
species (ROS), which contributed to DNA fragmentation and
evoked other deleterious changes within the pancreatic tissue.5,6

Antrodia cinnamomea (Antrodia camphorata) is a precious edible
as a traditional Chinese medicine in Taiwan. Since its growth only
on the inner heartwood wall of the endemic evergreen Cinnamo-
mum kanehirae, it is rare and expensive. The identied composi-
tions of A. cinnamomea were included as the followings: the
fruiting body comprised terpenoids (including antcin A, antcin B,
and antcin C), zhankuic acid A, B, C, D and E, 15a-acetyl-
dehydroxysulphurenic acid, dehydroxyeburicoic acid, dehydrox-
ysulphurenic acid, antcin E and F, methyl antcinate G and H,
benzenoids, succinic andmaleic acid. The submerged whole broth
contained 10-hydroxy-g-dodecalactone, 11-hydroxy-g-dodeca-
lactone, 2-(2-hydroxyethyl)phenol, 12-hydroxydodecanoic acid
methyl ester, together with eight known compounds, such as
ergostatrien-3b-ol and ergosterol peroxide. The mycelium con-
sisted of antroquinonol, 4-acetylantroquinonol B, succinic and
maleic derivatives, antrodin A, C, E, D, and antrodan.

Antrodia camphorata exhibits numerous physiological func-
tions. Its mycelia display anticancer activity,7 liver protection,8

and immunomodulation,9 and its submerged culture displays
antioxidant and scavenging free radicals activity.10 Our recent
studies have found that ergostatrien-3b-ol,11 dehydroeburicoic
acid,12,13 and antcin K11 from A. camphorata showing excellent
antidiabetic and antihyperlipidemic activities in different dia-
betic animal models. These compounds belong to one of tri-
terpenoids from the fruiting body, mycelium, and submerged
whole broth of A. camphorata. Free radical scavenging mole-
cules, such as terpenoids, tannins, lignins, avonoids, alka-
loids, phenols, and other metabolites are reported to display
rich in antioxidant activity.14 Streptozotocin by itself was
demonstrated to generate ROS. Eburicoic acid (TRR) is an active
ergostane type triterpenoid from cultivated Antrodia cinnamo-
mea. Nevertheless, the antidiabetic and antihyperlipidemic
effect of TRR is not well dened in STZ-induced diabetic mice.

Therefore, the present study was designed to evaluate
whether TRR may display potential metabolic efficacy,
including glucose and lipid lowering effects in STZ-induced
diabetic mice. Moreover, the protective effects of TRR on the
histological examinations of the pancreatic islets of Langerhans
and HbA1C levels were evaluated. In this study, Feno, and Metf
were used as positive controls, although Metf not for the clinic
type 1 DM treatment but for additive effects. And this study was
also examined how TRR regulated various gene expressions in
skeletal muscles and liver tissues, including hepatic glucose
metabolism, hepatic glucose production genes including
glucose-6-phosphatase (G6 Pase), which are rate-limiting glu-
coneogenic enzymes,15 and lipid metabolism such as specic
changes in hepatic lipogenic fatty acid synthase (FAS) and fatty
acid oxidation genes PPARa are also determined.

2. Materials and methods
2.1. Chemicals

Antibodies to GLUT4 (no. sc-79838) were obtained from Santa Cruz
Biotech (Santa Cruz, CA, USA). Phospho-AMPK (Thr172), PPARa
This journal is © The Royal Society of Chemistry 2018
(no. ab8934), and PPARg (no. ab45036) antibodies were purchased
from Abcam Inc. (Cambridge, MA, USA). FAS (no. 3180), phospho-
Akt (Ser473) (no. 4060), total AMPK (Thr172), phospho-FoxO1 (Ser256)
(no. 11115), total-FoxO1 (Ser256) (no. 2880), and b-actin (no. 4970)
antibodies were obtained from Cell Signaling Technology (Dan-
vers, MA, USA). Secondary anti-rabbit antibodies were purchased
from Jackson ImmunoRes. Lab., Inc. (West Grove, PA, USA).

2.2. Isolation and determination of the active compound

The mycelium of Antrodia camphorata (¼Antrodia cinnamomea)
was obtained from the Grape King Biotech Co. Ltd. (Chiayi City,
Taiwan). Freeze-dried powders of the mycelia of Antrodia cam-
phorata (3.0 kg) were extracted three times with methanol (12 L)
at room temperature (4 days � 3). The methanol extract was
evaporated in vacuo to yield a brown residue, which was sus-
pended in H2O (1 L) and partitioned with ethyl acetate (1 L � 3).
The EtOAc fraction (200 g) was chromatographed on silica gel
using mixtures of hexane and EtOAc of increasing polarity as
eluents and further puried with HPLC (Shimadzu CL 20-A,
Kyoto, Japan) on a Hibar pre-packed column RT 250-10 with
chloroform : ethyl acetate (7 : 1). The ow rate was 3 mL min�1,
and the injection volumes of samples were 100 mL. This part of
the procedure was performed in accordance with prior reports.16

Eburicoic acid (TRR) was isolated by HPLC on a Hibar pre-packed
column RT 250–10 with chloroform : ethyl acetate (7 : 1) and
a refractive index (RI) (Knauer RI detector 2400), and the ow rate
was 3 mL min�1, and the injection volumes of samples were 100
mL.12,16–18 Eburicoic acid (TRR) and dehydroeburicoic acid (TR2)
were isolated by HPLC on a Hibar pre-packed column RT 250-10
and using a refractive index (RI) detector (Knauer RI detector
2400) with chloroform : ethyl acetate (7 : 1). The ow rate was 3
mL min�1, and the injection volumes of samples were 100 mL.
The yields of TRR and TR2 obtained were about 0.1% and 0.2%
(w/w). The purity of TRR and TR2 were higher than 99%. TRR: 1H
NMR (300 MHz, pyridine-d5); d 3.41 (1H, br t, J ¼ 7.6 Hz, H-3),
1.00 (3H, s, H-18), 1.06 (3H, s, H-19), 2.63 (1H, td, J ¼ 2.4,
10.6 Hz, H-20), 2.27 (1H, m, H-25), 1.01 (6H, d, J ¼ 7.6 Hz, H-26
and H-27), 4.87 (1H, br s, H-28a), 4.91 (1H, br s, H-28b), 1.05
(3H, s, H-29), 1.22 (3H, s, H-30), 1.00 (3H, s, H-31).

2.3. Cell culture

Myoblast C2C12 cells (ATCC, CRL-1772) were kept in DMEM
supplemented with 10% heat inactivated FBS, 100 U mL�1 peni-
cillin, and 100 mg mL�1 streptomycin in a humidied atmosphere
with 5% CO2 at 37 �C. Cells for differentiation into myotubes were
reseeded in 9 cm plates at a density of 1� 105 cells. Aer 48 h (over
80% conuence), the medium was switched to DMEM with 1% (v/
v) FBS and was replaced aer 2, 4, and 6 days of culture. The
treatments of cells with TRR or insulin were initiated on day 6
whenmyotube differentiation was complete, and this part method
has been described in our previous publication.19

2.4. Analysis of phospho-Akt (Ser 473)/total Akt proteins in
C2C12 myotubes

Supernatant protein concentration was determined via BCA
assay (Pierce). Equal amounts of protein were then diluted 4�
RSC Adv., 2018, 8, 20462–20476 | 20463
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in SDS sample buffer (62.5 mM Tris–HCl, 20% glycerol, 2% SDS,
75 M DTT, and 0.05% bromophenol blue), subjected to SDS
PAGE and were detected by western blotting with antibodies
specic for total-Akt (t-Akt) and phospho-Akt (Ser473) (p-Akt).
The density blotting was analyzed using Alpha Easy FC so-
ware (Alpha Innotech Corp., Randburg, South Africa).
2.5. Animal study

All animal studies were approved by the guidelines of the Affidavit
of Approval of Animal Care and Use Protocol Central Taiwan
University of Science and Technology (no: 105-CTUST-03 part1)
and were conducted in accordance to the Local Animal Ethics
Committee (Animal Ethics Committee, permit #P105-I07). The 4
week old male C57BL/6J mice (n¼ 56) obtained from the National
Laboratory Animal Breeding Center. Streptozotocin (Sigma
Chemical, St Louis, MO, USA) was dissolved in 0.05M cold sodium
citrate buffer, pH 4.5. Diabetes was induced by ve daily 55 mg
kg�1 intraperitoneal injections of streptozotocin solution over ve
days, and then for a two-week waiting period. A group of control
(CON) mice (n¼ 8) were gavaged identical volumes of vehicle. The
STZ mice that were found to develop hyperglycemia, dened as
fasting blood glucose above 250 mg dL�1, were considered to have
diabetes for this study.19,20 The STZ-induced diabetic mice (n¼ 48)
were then randomly divided into six groups treated as follows: (1)
control vehicle (STZ control group) (with similar volumes); (2) three
groups were administered of TRR at either 10, 20, or 40 mg kg�1

(groups TRR1, TRR2, or TRR3, respectively); (3) two comparator
groups were treated with fenobrate (Feno) (250 mg kg�1), or
metformin (Metf) (300 mg kg�1). The vehicle, TRR or Feno or Metf
was treated by oral gavage once per day for 14 days. For assessment
of blood parameters, during the experiment, all mice were fasted
overnight, and blood samples (about 150–200 mL) were collected
from the retro-orbital sinus. At the end, mice were anesthetized
with carbon dioxide. The liver and adipose tissue, skeletal muscle,
and white adipose tissues (WATs) (including epididymal, mesen-
teric and retroperitoneal WAT) were harvested to detect the tar-
geted gene expressions and determine the relative organ weight
and instantly frozen at �80 �C. In addition to blood glucose,
heparin (30 units per mL) (Sigma) was rstly added into the col-
lecting blood tubes, and then tubes were dried. These heparin–
processed tubes were instantly used to collect blood samples. Aer
15 min centrifugation of whole blood at 1600 g at 4 �C, plasma
samples were collected (this separation was done within 30
minutes) and the supernatant were subjected to total cholesterol
(TC) and triglyceride (TG) measuring (individually 20–30 mL).
Aliquots of plasma samples (>25 mL) were obtained for assessment
of levels of insulin, leptin, and adiponectin. Body weight was daily
measured (A.M. 10:00) at the same time duration the experiment.
Mice weremonitored carefully for clinical health signs attributable
to body weight changing, skin disease, food consumption, and the
appearance of the animals. Mice were monitored for food intake
per day according to weighing the amount of put pellet food, and
the amount of remaining food aer 24 h, and the difference is
represented the food intake per day, and this animal studymethod
has been described in our previous publication with minor
modication.19
20464 | RSC Adv., 2018, 8, 20462–20476
2.6. Analysis of blood glucose, triglyceride, total cholesterol,
adipocytokine, and HbA1C levels

Blood samples were collected from the retro-orbital sinuses of
10–12 h fastedmice, and the samples (>20 mL) immediately were
placed on tinfoil paper and quickly on machines. Blood glucose
levels were measured from the retro-orbital sinuses of 10–12 h
fasted mice by the glucose oxidase method (Model 1500; Side-
kick Glucose Analyzer; YSI Incorporated, Yellow Springs, USA).
Levels of TG and TC were analyzed using commercial assay kits
in accordance with manufacturer directions (Triglycerides-E
test and Cholesterol-E test, Wako Pure Chemical, Osaka,
Japan). Aliquots of plasma samples (>25 mL) were used for
assessment of levels of insulin, leptin, and adiponectin by
enzyme-linked immunosorbent assay (ELISA) kits (mouse
insulin ELISA kit, Mercodia, Uppsala, Sweden; mouse leptin
ELISA kit, Morinaga, Yokohama, Japan), as demonstrated in
previous procedures.11,12,20,21 Percent HbA1C was measured with
a Hemoglobin A1C kit (BioSystems S.A., Barcelona, Spain).
2.7. Histological examinations

Small pieces of liver tissues and pancreas samples were xed
with formalin (200 g kg�1) neutral buffered solution and
embedded in paraffin. Sections (8 mm) were cut and stained
with hematoxylin and eosin. Liver tissues, pancreas, and
epididymal WAT samples were further studied by a microscope
(Leica, DM2500) using a Leica Digital camera (DFC-425-C) at
magnication of 10 (ocular) � 20 (object lens) for liver tissues,
pancreas, and adipose tissue samples.
2.8. Relative quantication of mRNA and western blotting

Relative mRNA quantication (primers are described in Table 1)
and immunoblots for analysis of expression levels of skeletal
muscular membrane GLUT4 and hepatic phospho-AMPK
(Thr172) (p-AMPK) were performed as described in previously
reported studies.11,12,21 Evidence have been shown that phos-
phorylation of Threonine 172 (Thr172) of the a subunit is
essential for AMPK activity.22 Protein extracts from the liver
tissue samples were run on SDS-PAGE for detection of expres-
sion levels of PPARa and FAS, and adipose tissue samples for
measurement of expressions of PPARg and FAS. The skeletal
muscle samples from mice were subjected to assessment of
expression levels of GLUT4, and total membrane fraction was
collected and measured as demonstrated in our previous
procedure.23,24 Skeletal muscle was powdered under liquid
nitrogen and homogenized in buffer (pH 7.4) containing
250 mmol L�1 sucrose, 50 mmol L�1 Tris, and 0.2 mmol L�1

edetic acid for 20 s. The homogenate was centrifuged at 9000 �
g for 10min (4 �C) and the supernatant was reserved. The pellets
were cleaned with buffer and centrifuged for three times. All
three supernatants were mixed and centrifuged at 190 000 � g
for 60 min (4 �C). The resulting pellet was resuspended in
a small amount of buffer (about 0.5 mL) as a total membrane
fraction.23,24 The expression levels of membrane GLUT4, p-
AMPK, and total-AMPK (t-AMPK) were determined by western
blotting as demonstrated in previous procedures.11,12,23
This journal is © The Royal Society of Chemistry 2018
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Table 1 Primers used in the present study

Gene Accession number Forward primer and reverse primer PCR product (bp) Annealing temperature (�C)

Liver

PEPCK NM_011044.2 F: CTACAACTTCGGCAAATACC 330 52
R: TCCAGATACCTGTCGATCTC

G6 Pase NM_008061.3 F: GAACAACTAAAGCCTCTGAAAC 350 50
R: TTGCTCGATACATAAAACACTC

SREBP1c NM_011480 F: GGCTGTTGTCTACCATAAGC 219 50
R: AGGAAGAAACGTGTCAAGAA

SREBP2 AF289715.2 F: ATATCATTGAAAAGCGCTAC 256 47
R: ATTTTCAAGTCCACATCACT

b-actin NM_007392 F: TCTCCACCTTCCAGCAGATGT 99 55
R: GCTCAGTAACAGTCCGCCTAGA
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2.9. Statistical analysis

All results were presented as the mean and standard error.
Whenever possible, data were subjected to analysis of variance,
and then by Dunnett's multiple range tests, using SPSS soware
(SPSS Inc., Chicago, IL, USA). p < 0.05 is regarded as statistically
signicant.
3. Results
3.1. Phospho-Akt (Ser 473)/total Akt proteins in C2C12
myotubes

The phospho-Akt (Ser 473)/total Akt expression levels of TRR
treatment (at 10, 30, and 60 min) were shown to activate Akt in
a time-dependent manner (p < 0.05, p < 0.05, p < 0.01, respec-
tively). The effect of Akt activation at 60 min aer TRR treatment
was comparable to that of insulin (Fig. 1(A) and (B)).
3.2. Body weight and relative tissue weight

At the beginning, the arrived body weight of all mice was 17.13
� 0.19 g. Aer 7 day acclimatization, at the end of STZ-
induction and the beginning of vehicle, TRR, Feno, or Metf
treatment, the body weight of the CON group was 21.45� 0.48 g
and that of STZ mice was 19.16 � 0.60 g (p < 0.05). Then, mice
received their drug treatment for 2 weeks. At the end of the
animal study, the STZ-induced diabetic mice decreased the nal
body weight as compared to the CON mice (p < 0.05). The nal
body weight of TRR-, Feno-, or Metf-treated STZ groups did not
differ from that of the vehicle-treated STZ group (Fig. 2(A)). The
relative weights of epididymal and retroperitoneal WAT, and
visceral fat of STZ-group were found to signicantly decrease as
compared to that of the CON group (p < 0.001, p < 0.001, p <
0.001, respectively). There is no signicant difference in the
relative weights of epididymal, mesenteric, and retroperitoneal
WAT, and visceral fat between those of TRR- and Feno-treated
STZ mice and the vehicle-treated STZ mice (Fig. 2(B)). Admin-
istration of Metf was found to reduce the relative weights of
EWAT and visceral fat (Fig. 2(B)), and Feno treatment markedly
enhanced the relative liver weights as compared to those of the
STZ mice (Fig. 2(C)).
This journal is © The Royal Society of Chemistry 2018
3.3. Blood metabolic parameters

STZ-induction was found to increase blood glucose and HbA1C
as compared with that of the CON group (p < 0.001, p < 0.001,
respectively). Administration of TRR1, TRR2, and TRR3 dis-
played signicant a reduction in both blood glucose (p < 0.001, p
< 0.001, p < 0.001, respectively) and HbA1C levels (p < 0.001, p <
0.001, p < 0.001, respectively) as compared to the STZ group
(Fig. 2(D) and (E)). Plasma TG and TC concentrations of the STZ-
induced diabetic mice were found to increase as compared with
the CON group (p < 0.001, p < 0.001, respectively). Administra-
tion of TRR1, TRR2, TRR3, Feno, or Metf suppressed the STZ-
induced increases in the concentrations of TG and TC
(Fig. 2(F) and (G)). The STZ-induced diabetic mice showed
a decrease in blood insulin levels as compared with the CON
group (p < 0.001), which was increased in TRR1-, TRR2-, or
TRR3-treated mice as compared with the STZ mice (p < 0.001, p
< 0.001, p < 0.001, respectively) (Fig. 2(H)). STZ-induction was
found to reduce blood adiponectin and leptin levels as
compared with the CON group (p < 0.001, p < 0.001, respec-
tively), and TRR1, TRR2, TRR3, Feno, or Metf treatment
dramatically enhanced adiponectin and leptin levels as
compared with the STZ mice (Fig. 2(I) and (J)).
3.4. Histological examinations

The STZ-induced diabetic mice displayed a slight hepatic
ballooning degeneration of hepatocytes as compared to the CON
group. The present results showed that lipid droplet appear
increased in STZ vs. control livers, TRR-induced fat accumulation
was not obvious (Fig. 3(A)). The pancreatic islets of Langerhans
were found in the eld of vision with a light pink-purple color. The
control normal mice have shown that the islets were round and
well-dened in shape, but without cell distortion. The STZ-induced
diabetic mice displayed a reduction in the size of Langerhans islet
cells and with a distorted pancreatic architecture (as arrow indi-
cated). STZ-induction resulted in a decrease in the size of the
pancreas. The average areas of the pancreas were 8032.8 � 286.7
mm2 in the STZ group, and 14 029.5 � 355.7 mm2 in the CON
group, respectively, while administered of TRR1 (12 151.8 � 221.7
mm2), and TRR2 (13 979.5 � 271.8 mm2), TRR3 (22 971.4 � 370.1
mm2) displayed a signicant increase the average areas of the
RSC Adv., 2018, 8, 20462–20476 | 20465

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra01841c


Fig. 1 Eburicoic acid (TRR) activates Akt signaling pathways. The cell lysates were analyzed via western blotting for phospho-Akt (p-Akt) and
total-Akt (t-Akt). (A) Representative image; Akt phosphorylation was determined from C2C12 cells, and treated with 40 mg mL�1 of TRR for the
indicated period of time (5–60min); (B) the ratios of p-Akt to t-Akt forms were analyzed and presented phosphorylation of Akt. *p < 0.05 and **p
< 0.01 compared with the 0 min group. All values are means � SE (n ¼ 3).
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pancreas, and there exists no signicant difference in the Feno-
and Metf-treated STZ mice (8689.7 � 324.7 mm2, 6619.2 � 269.3
mm2, respectively) as compared with the vehicle-treated STZ mice
in the size of the pancreas (Fig. 3(B)). Our present results showed
that administration of TRR1, TRR2 and TRR3 caused a signicant
improvement in the size of Langerhans islet cells and with the less
distorted pancreatic architecture (Fig. 3(B)). STZ-induced the
adipocytes smaller than the CON group in epididymal WAT.
Administration of TRR, Feno, Metf caused the adipocytes larger
than the vehicle-treated STZ group (Fig. 3(C) and (D)).
3.5. Hepatic targeted gene mRNA levels

STZ-induction exerted a signicant increase in the mRNA levels
of glucose 6-phosphatase (G6 Pase) and sterol regulatory
element binding protein 1c (SREBP1c), phosphoenolpyruvate
20466 | RSC Adv., 2018, 8, 20462–20476
carboxykinase (PEPCK), and SREBP2 as compared to the CON
group. Administration of h TRR1, TRR2, TRR3, Feno, and Metf
decreased the mRNA levels of G6 Pase, PEPCK, SREBP1c, and
SREBP2 as compared to the STZ group (Fig. 4(A) and (B)).
3.6. Expressions of membrane GLUT4, phospho-AMPK
(Thr172)/total-AMPK, and phospho-Akt (Ser473)/total-Akt
(Ser473) in skeletal muscles

As shown in Fig. 5, the membrane expressions of GLUT4 were
lower in the STZ group than in the CON group in skeletal
muscles (p < 0.001). Administration of TRR1, TRR2, TRR3, Feno,
and Metf increased the membrane expressions of GLUT4 as
compared to the STZ group (p < 0.001, p < 0.001, p < 0.001, p <
0.001, p < 0.001, p < 0.001, respectively). The expression levels of
p-AMPK/t-AMPK and p-Akt/t-Akt were lowered in the STZ group
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Effects of eburicoic acid (TRR) on (A) final body weight, (B) relative fat tissue weight, (C) relative tissue weight, (D) blood glucose, (E) HbA1C,
(F) triglyceride, (G) total cholesterol, (H) insulin, (I) adiponectin, and (J) leptin levels in streptozotocin-induced diabetic mice. #p < 0.05, ##p < 0.01,
and ###p < 0.001 compared with the control (CON) group; *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the streptozotocin (STZ) plus
vehicle (distilled water) (STZ) group. All values are means � SE (n ¼ 8). Eburicoic acid (TRR): TRR1: 10, TRR2: 20, TRR3: 40 mg kg�1 body weight;
Feno: fenofibrate (250 mg kg�1 body weight); Metf: metformin (300 mg kg�1 body weight). RWAT, retroperitoneal white adipose tissue; MWAT,
mesenteric white adipose tissue; BAT, brown adipose tissue.
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Fig. 3 Histology examinations. (A) Liver tissues and (B) pancreatic islets of Langerhans, (C) epididymal white adipose tissue (WAT), and (D)
epididymal WAT (mm2) area of mice in the control (CON), streptozotocin plus vehicle (distilled water) (STZ), STZ + TRR1, STZ + TRR2, STZ + TRR3,
STZ + fenofibrate (Feno), or STZ + metformin (Metf) groups by hematoxylin and eosin-staining. The ballooning degeneration is a form of liver
parenchymal cell death and this name is used for describing inflammatory fatty liver, and the nucleolus was squeezed into the other side named
balloon (as the arrow indicated). The heap of glycogen in the nucleus tends to be a balloon phenomenon. Insulin levels also affected the storage
of hepatic glycogen. ###p < 0.001 compared with the control (CON) group; *p < 0.05 and **p < 0.01 compared with the streptozotocin (STZ)
plus vehicle (distilled water) (STZ) group. All values are means � SE (n ¼ 8). Eburicoic acid (TRR): TRR1: 10, TRR2: 20, TRR3: 40 mg kg�1 body
weight; Feno: fenofibrate (250 mg kg�1 body weight); Metf: metformin (300 mg kg�1 body weight).
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than in the CON group in the skeletal muscle (p < 0.001, p <
0.001, respectively), and administration of TRR1, TRR2, TRR3,
Feno, and Metf enhanced expression levels of p-AMPK/t-AMPK
and p-Akt/t-Akt as compared to the STZ group (Fig. 5(A) and (B)).
3.7. Expressions of phospho-Akt, phospho-forkhead
transcription factor Foxo1 (phospho-FoxO1), phospho-AMPK,
PPARa, FAS, and PPARg in liver tissues

As shown in Fig. 6, the expressions of p-Akt/t-Akt were lower in
the STZ group than in the CON group in the liver (p < 0.001).
Following treatment, the hepatic expressions of p-Akt/t-Akt were
20468 | RSC Adv., 2018, 8, 20462–20476
enhanced in the TRR1-, TRR2-, TRR3-, Feno-, and Metf-treated
groups as compared to the STZ group (p < 0.001, p < 0.001, p <
0.001, p < 0.001, p < 0.001, respectively) (Fig. 6(A)). The hepatic
expressions of phospho-FoxO1/total-FoxO1 (p-FoxO1/t-FoxO1)
were lowered in the STZ group than in the CON group (p <
0.001); and expression levels of p-FoxO1/t-FoxO1 were increased
in the TRR1-, TRR2-, TRR3-, Feno-, and Metf-treated groups as
compared to the STZ group (Fig. 6(A) and (B)). The hepatic
expression levels of p-AMPK/t-AMPK and PPARa were decreased
in the STZ group as compared to the CON group, and the TRR1-,
TRR2-, TRR3-, Feno-, and Metf-treated mice enhanced the
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Semiquantitative RT-PCR analysis on targeted gene mRNA
levels in liver tissue of the mice by oral gavage eburicoic acid (TRR)
(TRR1, TRR2, and TRR3, 10, 20 and 40 mg kg�1 body weight), fenofi-
brate (Feno; 250 mg kg�1 body weight), or metformin (Metf; 300 mg
kg�1 body weight). (A) Representative image; (B) quantification of the
ratio of target gene to GAPDH mRNA expression. Total RNA (1 mg)
isolated from tissue was reverse transcripted by MMLV-RT; 10 mL of RT
products were used as templates for PCR. The expression levels of G6
Pase, PEPCK, SREBP1c, and SREBP2 mRNA were measured and
quantified by image analysis. Values were normalized to b-actin mRNA
expression. All values are means � SE (n ¼ 8). ###p < 0.001 compared
with the control (CON) group; ***p < 0.001 compared with the
streptozotocin plus vehicle (distilled water) (STZ) group.

Fig. 5 The expression levels of (A) membrane GLUT4, p-AMPK
(Thr172)/t-AMPK and p-Akt (Ser473)/t-Akt (Ser473) in the skeletal muscles
of STZ-induced diabetic mice by oral gavage eburicoic acid (TRR). (A)
Representative image; (B) quantification of the p-AMPK to t-AMPK and
p-Akt (Ser473)/t-Akt (Ser473). Protein was separated by 12% SDS-PAGE
detected by western blot. ###p < 0.001 compared with the control
(CON) group; ***p < 0.001 compared with the streptozotocin plus
vehicle (distilled water) (STZ) group. All values are means � SE (n ¼ 8).
TRR1, TRR2, and TRR3, eburicoic acid (TRR) (TRR1, TRR2, and TRR3, 10,
20, and 40 mg kg�1 body weight, respectively); fenofibrate (Feno,
250 mg kg�1 body weight); metformin (Metf; 300 mg kg�1 body
weight).
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hepatic expression levels of p-AMPK/t-AMPK and PPARa as
compared to the STZ group (Fig. 6(C) and (D)). The STZ group
was found to display higher expression levels of FAS and PPARg
than did the CON group; and administration of TRR1, TRR2,
TRR3, Feno, and Metf expressed lower levels of FAS and PPARg
than did the STZ group in the livers (Fig. 6(C) and (D)).
4. Discussion

In this study, we sought to determine whether TRR, a triterpe-
noid compound of A. camphorata could lower blood glucose
levels and prevent hyperlipidemic parameters and examine the
possible underlying mechanisms of Akt activation in STZ-
This journal is © The Royal Society of Chemistry 2018
induced diabetic mice, as a model of type 1 DM. Firstly, in
vitro experiment, we found that TRR caused an enhancement of
phosphorylation of Akt in C2C12myotubes in a dose-dependent
manner and expression levels of p-Akt reached the maximum at
30 to 60min aer TRR treatment, suggesting that stimulation of
activated Akt pathway, similar to insulin (Fig. 1). In the animal
study, we have also examined whether TRR could lower the
levels of blood glucose and triglyceride in order to maintain
blood normal euglycemia and lipidemia. It is shown here that
a multiple low dose (MLD)-STZ-injections (55 mg kg�1 body-
weight for 5 consecutive days) caused hyperglycemia, which is
consistent with a previous observation.25 Importantly, TRR
treatment exhibited a signicant decrease in blood glucose and
HbA1C levels and signicantly improved the STZ-induced
hyperglycemia, but a signicant increase in plasma insulin
levels in STZ-induced diabetic mice; moreover, TRR exhibited
RSC Adv., 2018, 8, 20462–20476 | 20469
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Fig. 6 The expression levels of (A) p-Akt (Ser473)/t-Akt (Ser473) and p-FoxO1 (Ser256)/t-FoxO1 (Ser256), (B) p-AMPK (Thr172)/t-AMPK, PPARa, FAS,
and PPARg in the liver tissues of STZ-induced diabetic mice by oral gavage eburicoic acid (TRR). (A and B) Representative image; (C and D)
quantification of the p-AMPK to t-AMPK, PPARa, FAS, and PPARg. Protein was separated by 12% SDS-PAGE detected by western blot. All values
are means � SE (n ¼ 8). ###p < 0.001 compared with the control (CON) group; *p < 0.05, ***p < 0.001 compared with the streptozotocin plus
vehicle (distilled water) (STZ) group. TRR1, TRR2, and TRR3, eburicoic acid (TRR) (TRR1, TRR2, and TRR3, 10, 20, and 40 mg kg�1 body weight,
respectively); fenofibrate (Feno, 250 mg kg�1 body weight); metformin (Metf; 300 mg kg�1 body weight).
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the increased size of Langerhans islet cells and less distorted
architecture within the pancreas (Fig. 3(B)), suggesting that
antioxidant effect within b-cells against STZ-induced oxidant
stress of these benecial blood metabolic effects, thus leading
to TRR's anti-hyperglycemic effects.

Chronic hyperglycemia in diabetes mellitus may lead to
excess free radical production and reactive oxygen species
(ROS), thus resulting in the development of a variety of diabetic
complications known with high oxidative stress levels.26,27 In
this study, TRR exhibits the protective activity against oxidant
damage not only in blood (decreasing HbA1C levels) but also
within the pancreas.

STZ induction is demonstrated to increase glycosylated
hemoglobin, which is a marker with relation of surrounding
glycemia during 2–3 month, implied the oxidation and damage
in tissues.28,29 As expected, STZ induction resulted in a signi-
cant increase in blood HbA1C levels as compared with the CON
mice, showing that oxidative damage exists following STZ-
induction. Administration of TRR reduced HbA1C levels,
20470 | RSC Adv., 2018, 8, 20462–20476
implying that TRR may provide a protective activity against
oxidative damage caused by the glycation reaction in diabetic
states.

STZ-induction is known to increase a production of ROS and
reduced antioxidant enzyme such as superoxide dismutase
(SOD), catalase, and glutathione peroxidase in the pancreas to
be identied as the majority of the deterioration in the
pancreas.30 Our pathological data showed that the STZ-induced
diabetic islet displayed retraction from its classic round-shaped
as compared with the control islet, which is consistent with
a previous observation,31 implying that circulating ROS gener-
ated by STZ within the b-cell. Antioxidants have been suggested
to afford protection to the pancreas against oxidative stress in
diabetes mellitus.32 TRR belongs to one of triterpenoids, and
many triterpenoids have shown with an antioxidant activity.33,34

In this study, we showed that administration of TRR increased
the size of Langerhans islet cells and less distorted architecture
within the pancreas, suggesting that TRR exerts an antioxidant
activity within b-cells possibly by increasing radical scavenging
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra01841c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:1

6:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and/or decreasing in ROS generation. TRR displayed a protec-
tive activity against the cytotoxicity and oxidant stress of STZ
within the pancreas.

In this study, we showed that STZ-induction signicantly
increased fasting blood glucose levels, indicating that STZ-
induction displayed b cell mass loss, and then insulin insuffi-
ciency, leading to hyperglycemia. A multiple low dose (MLD)-
STZ injections (35–55 mg kg�1 bodyweight for 4–5 consecutive
days) are oen used to model destruction of pancreatic b cells,
with a 70% reduction of the islet per pancreas area.35 Metformin
and fenobrate are oral drugs that are currently used to treat
diabetes mellitus and hyperlipidemia, respectively. In this
study, administration of TRR signicantly reduced blood
glucose levels, but increased plasma insulin levels compared
with the STZ group. Moreover, we found that there is neither
a decrease in blood glucose level nor an increase in plasma
insulin levels by Metf and Feno treatment, suggesting that TRR,
Feno, or Metf display different mode of actions in the regulation
of blood glucose levels in STZ-induced diabetic mice. Metfor-
min is reported to upregulate the synthesis of insulinotropic
agents, such as glucagon like peptide-1 (GLP-1) through
a mechanism requiring PPARa,36 further support metformin is
well suited for combination with incretin-based therapies.36 In
this mode of MLD-STZ induced type 1 diabetic mice, Metf did
not appear to lower blood glucose levels on the basis of a 70%
decreased b-cell mass and insulin insufficiency, thus leading to
ineffective in glycemic control. Although Metf is demonstrated
to exhibit minor glucose-induced insulinotropic activities
through stimulation of GLP-1; collectively, Me is not an
insulin secretagogue similar as fenobrate. Taken together, the
presented data imply that TRR may display blood glucose-
lowering effects via insulin secretagogue from the le b-cell
and aerwards regeneration following STZ-destroy or/and anti-
oxidant activities by HbA1C levels and within the pancreas.

Streptozotocin-induced diabetes is known to display a severe
loss in body weight,37 and this decrease in body weight is
contributed to both the loss and degradation of structural
proteins38 and the altered carbohydrate metabolism.38 Insulin is
a key anabolic hormone. Because of decreased production of
ATP and absolute or relative deciency of insulin, protein
synthesis is decreased in all tissues.39 In addition to blood
glucose and HbA1C levels, our results of decreasing body
weights and lowering plasma insulin levels following STZ-
induction were in accordance with the previous study,37 and
these further conrm that the model of STZ-induced diabetic
mice was successfully set up. There was no difference on body
weights between the TRR and the vehicle-treated STZ group.
TRR caused a signicant increase in insulin levels and
a decrease in blood glucose levels. These results implied that
TRR exerts an antidiabetic activity in STZ-induced Type 1 dia-
betic mice.

Two major cellular mechanisms have been suggested to
account for promoted translocation of GLUT4 to the plasma
membrane: insulin signaling through phosphatidylinositol 30

kinase (PI3-kinase)/Akt pathway and the AMP-activated protein
kinase (AMPK) pathway.40 It is clear that insulin signaling was
an important mechanism for insulin-stimulating glucose
This journal is © The Royal Society of Chemistry 2018
uptake in skeletal muscles.41 Skeletal muscular GLUT4 that is
known to account for the majority of glucose uptake was
included in this study as a means to evaluate antidiabetic
mechanisms of TRR. In this study, expressions levels of
membrane GLUT4 in skeletal muscles were suppressed in STZ-
induced diabetic mice as compared to the CON group, which is
consistent with a previous study.42 We showed that TRR treat-
ment not only increased phosphorylation of Akt in C2C12
myotubes but also in the animal study showing an increase in
insulin levels and expression levels of p-Akt/t-Akt and p-AMPK/t-
AMPK in skeletal muscles, and a 3.04–5.42-fold increase in the
expression levels of membrane GLUT4 as compared with the
STZ group. The presented data implied that TRR treatment
signicantly promotes glucose transport across plasma
membrane and markedly enhances the anti-diabetic effects in
a mouse model of Type 1 DM, suggesting that TRR may exert its
anti-diabetic effect through stimulating insulin-Akt or/and
AMPK pathways.

Two major mechanisms have been suggested to account for
decreased mRNA levels and expressions of PEPCK and G6 Pase
gene transcription: insulin and phosphorylation of AMPK.43,44

When the level of blood glucose is high, the pancreas releases
insulin into the bloodstream. Insulin then causes the activation
of PI3K, which subsequently phosphorylates Akt. Akt then
phosphorylates FoxO1.45 This phosphorylated FoxO1 is irre-
versible; this prolongs insulin's inhibitory effect on glucose
metabolism and hepatic glucose production. Transcription of
G6 Pase subsequently decreases, which consequently decrease
the rates of gluconeogenesis and glycogenolysis.46 Insulin
inhibits gluconeogenesis via Akt-dependent phosphorylation of
FoxO1, in turn, to inhibition of PEPCK and G6 Pase gene tran-
scription.47 In this study, we showed that TRR increased blood
insulin levels and enhanced hepatic expression levels of p-Akt
and p-FoxO1, and this may result in a decrease in mRNA
levels of G6 Pase and PEPCK, apparently leading to decreased
hepatic glucose production. These results suggest TRR may act
partly via insulin-Akt-FoxO1 and G6 Pase and PEPCK to inhibit
hepatic glucose production and lower blood glucose levels.

In this study, STZ-induced diabetic mice displayed increased
plasma TG and TC levels, consistent with a previous study.48

TRR treatment showed signicantly lower level of blood TG
(32.4%–42.3%) and TC (30.3%–38.9%) as compared to the STZ
group. PPARa agonists have been proposed as a breakthrough
treatment to reduce blood triglyceride levels.49 Fenobrate is
one of the PPARa agonists that may have blood triglyceride-
lowering effects and involve in fatty acid oxidation.50 Fatty
acid synthase (FAS) is served as a key enzyme in fatty acid
synthesis.51 In this study, we showed that STZ-induction caused
an increase in expression levels of FAS but a decrease in PPARa
in the liver. Administration of TRR, Feno, and Metf signicantly
reduced expression levels of FAS, but enhanced the expression
levels of PPARa, suggesting the involvement of mechanisms in
TRR's anti-hyperlipidemic effects that TRR, Feno, and Metf
appear to play an important role, possibly due to increases of b-
oxidation but lack of FAS expression on prevention of hepatic
triacylglycerol accumulation, in turn, inhibition of blood
triglyceride levels. It was reported that PPARa-decient mice
RSC Adv., 2018, 8, 20462–20476 | 20471
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displayed dysregulated SREBP-mediated lipogenic genes,52

further supporting the role of SREBP-1c in lipogenic transcrip-
tion factor that contributes to fatty acid synthesis and TG
accumulation. In this study, we showed that TRR suppressed
mRNA levels of lipogenic SREBP1c to decreased hepatic
triglyceride output, apparently leading to anti-
hypertriglyceridemic effect of TRR. SREBP2 is known to play
a key role in total cholesterol synthesis.53 In this study, plasma
levels of TC were lowered following treatment with TRR may
contribute to the decreased mRNA levels of SREBP2 to decrease
the synthesis of TC. The overall results implied that TRR
treatment display a reduction in expressions of FAS and mRNA
levels of SREBP2, but an increase in PPARa to exert an anti-
hypertriglyceridemic and anti-hypercholesterolemic activity.
Our data suggest that TRR may offer a possibility of efficacious
treatment of type 1 diabetes accompanied with hyper-
triglyceridemia and/or hypercholesterolemia.

PPARg is known to play an important role in stimulation of
adipogenesis and lipogenesis.54 In this study, we showed that
administration of TRR, Feno and Metf not only reduced
expression levels of PPARg, with consequent reduced adipo-
genesis, but decreased lipid accumulation in liver tissues. Our
data suggest that TRR may remove fat from adipose tissues to
the liver through enhancing hepatic lipid catabolism and
decreasing adipogenesis, thus leading to suppressing TG levels
not only in the liver but also in plasma as well as almost absent
in hepatic lipid droplets.

Administration of globular domains of adiponectin has been
suggested to account for enhancing glucose uptake and fatty
acid oxidation, and it is reported to be negatively associated
with plasma lipid makers.55 Leptin is demonstrated to play a key
role in the regulation of adipocyte differentiation and adipose
tissue metabolism.56 In this study, we showed that adminis-
tration of TRR increases plasma adiponectin levels, and TRR
signicantly enhanced leptin concentrations. Circulating lipids
is known to move among blood, the liver, and adipose tissue.
Thus, the benecial effect of TRR was clearly associated with
suppression of lipid synthesis and enhancement of fat oxida-
tion and in relation to modulation of adiponectin and/or leptin
secretion.

The researchers showed that leptin could substitute for
insulin to control blood sugar uctuations in patients with type
1 diabetes.57 Furthermore, the researchers showed that in
a mouse model of type 1 diabetes, leptin was as effective as
insulin in controlling blood sugar; nevertheless the mechanism
of action is far from clear. These present data demonstrated
that TRR had favorable effect on leptin levels, further suggest-
ing that TRR plays a key role in glucose metabolism.

Recently, we have investigated and conrmed the anti-
diabetic and anti-hyperlipidemic effects of TRR in high-fat-
diet (HFD)-induced type 2 diabetic mice.58 Type 2 diabetes
mellitus have revealed mechanisms of insulin resistance that
target the insulin insensitive action at adipose tissue, skeletal
muscle, or liver tissues. Our previous data showed that the
overall effect of TRR is to decrease glucose and triglyceride
levels and improved peripheral insulin sensitivity.58 The model
of C57BL/6J mouse that was fed a high fat-diet (HFD) is a robust
20472 | RSC Adv., 2018, 8, 20462–20476
and efficient model for early type 2 diabetes.59,60 The C57BL/6J
mouse is susceptible not only to HFD-induced marked
increases in adipose tissue mass but also to pronounced insulin
resistance, hyperlipidemia, hyperinsulinemia, hyper-
triglyceridemia, and hypercholesterolemia.61 HFD-induction for
14 weeks, mice increased both body weight and body weight
gain. HFD-fed mice displayed an increase in relative weights of
epididymal, retroperitoneal and mesenteric white adipose
tissue, and visceral fat.58 TRR-treated mice signicantly
decreased the relative weights of epididymal WAT and visceral
fat.58 Visceral adiposity is strongly linked to insulin resistance,
type 2 diabetes, and dyslipidaemia.62 The HFD-fed mice dis-
played the signicant hyperinsulinemia and hyperleptinemia,
and TRR-treated mice signicantly lowered levels of blood
insulin and leptin,58 and these results are different from the
present results showing STZ-induction display a decrease in
blood insulin and leptin levels, and TRR treatment exhibited an
increase in blood insulin and leptin levels. To our knowledge,
insulin is the only clinic method to treat Type 1 DM. Our
previous results concluded that TRR treatment not only signif-
icantly lowered the levels of blood glucose and insulin, triglyc-
erides and total cholesterol, but also reduced visceral fat mass,
and providing an outcome of TRR to have protective effects on
insulin resistance in HFD-fed mice.58

STZ is widely used in inducing experimental animal models
with type 1 DM. The STZ-induced diabetic rodent model is
usually characterized by fasting or nonfasting hyperglycemia,
and lowered serum insulin levels with hyperlipidemia; however,
insulin resistance is oen absent in this STZ-induced model.

In this study, STZ-induction decreased the size of adipocytes
(different from the HFD-induced visceral obesity), and treat-
ment with TRR increased the size of adipocyte but did not
change the weights of epididymal WAT and visceral fat, and the
reason may be due to few water retention or TRR's insulin-effect
to promote adipose inammatory63 and growth. Since STZ-
induced mice are too lean to collect adipose tissue, the
expression levels of PPARg were not examined to clarify whether
TRR could enhance adipocyte differentiation or not. Further
study still remains to be claried.

The physiological phenomena of human are complex to keep
glucose and lipid kinetic homeostasis among blood, skeletal,
muscle, adipose, and liver tissue. Type 2 diabetes mellitus have
revealed the majority of mechanisms of insulin resistance that
target the insulin insensitive action at adipose tissue, skeletal
muscle, or liver tissues. Based on structure activity relationship
(SAR) and natural products from A. camphorata bearing similar
structures of pentacyclic triterpenoid with strong antioxidant
and excellent anti-diabetic activity (such as dehydroeburicoic
acid: decreased blood glucose by 42%), we investigated the anti-
type 2 diabetic and anti-hyperlipidemic activity using these
tissues (skeletal, muscle, adipose, and liver tissue) to clarify how
these compounds against insulin resistance. To clarify the
effects of anti-type 1 DM, the pancreas are also included.
Nevertheless, rstly, in vitro test, different model test was
administered including assay of expressions of p-Akt's time
course as compared with insulin in type 1 DM, or palmitate-
induced insulin resistance. Regarding the anti-diabetic drugs,
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 The graphic abstract of eburicoic acid (TRR) in streptozotocin-
induced diabetic mice.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:1

6:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
evidences have shown that canagliozin is an inhibitor of
sodium-glucose co-transporter 2 acting by inhibition of the
reabsorption of glucose in proximal renal tubule. Acarbose is
one of a-glucosidase inhibitors in intestinal mucosa. Glucagon-
like peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP)
(releasing from gastrointestinal tract) is one of incretin
hormones and could stimulate insulin secretion, and these
applications including dipeptidyl peptidase-4 inhibitors (DPP
IV inhibitors) have potential in the treatment of type 2 diabetes
mellitus in the future. Whether TRR could modulate the kidney,
intestinal mucosa, and gastrointestinal tract with anti-diabetic
and anti-hyperlipidemic activity or not, further investigations
remain to be conducted.
5. Conclusions

In summary (Fig. 7), TRR treatment was found to not only lower
blood glucose and HbA1C levels, but also decrease plasma
triglyceride and total cholesterol levels. Our ndings showed
that the STZ-induced diabetic islets are found to retraction from
their classic round-shaped. Administration of TRR displayed
improvement in the islets size and less degeneration. In vitro
experiment, TRR was found to enhanced phosphorylation of Akt
in the absence of insulin in C2C12 myotube, implying that TRR
act as a regulator on insulin pathway (Akt). In the animal model,
TRR enhanced the expressions of phosphorylation of Akt and
activation of AMPK and membrane GLUT4 in skeletal muscles.
Administration of TRR increased the blood insulin levels and
enhanced hepatic expression levels of p-Akt and p-FoxO1 but
decreased the mRNA levels of glucose-6-phosphatase (G6 Pase)
to suppress hepatic glucose production. The overall TRR effect
is to lead to antidiabetic activity of TRR. In the liver, TRR
treatment increased the phosphorylation of AMPK and Akt, and
enhanced the expression levels of PPARa, but reduced lipogenic
FAS, thus leading to decreasing plasma triglyceride levels. TRR
was found to exhibit the antioxidant activity in STZ-induced
diabetic mice through mechanisms of decreases in HbA1C
levels and improvements in histological examination within
This journal is © The Royal Society of Chemistry 2018
pancreas. Our results indicate that TRR may enhance optimal
intervention strategies for type 1 diabetes and/or
hyperlipidemia.
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