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This study aimed to evaluate the hypoglycemic effect of Zanthoxylum alkylamides
and explore the potential mechanism in streptozotocin (STZ)-induced diabetic rats.
Diabetic rats were orally treated with 3, 6, and 9 mg kg ' bw alkylamides daily for 28
days. As the alkylamides dose increased, the relative weights of the liver and kidney,
fasting blood glucose, and fructosamine levels were significantly decreased. The
alkylamides also significantly increased the body weight and improved the oral
glucose tolerance of the rats. Likewise, the alkylamides significantly increased the
levels of liver and muscle glycogen and plasma insulin. These substances further
alleviated the histopathological changes in the pancreas of the diabetic rats. The
beneficial effects of high-dose alkylamides showed a comparable activity to the
anti-diabetic drug glibenclamide. Western blot and real-time PCR results revealed that
the alkylamide treatment significantly decreased the expression levels of the key
enzymes (phosphoenolpyruvate caboxykinase and glucose-6-phosphatase) involved in
gluconeogenesis and increased glycolysis enzyme (glucokinase) in the liver, and
enhanced the expression levels of pancreatic duodenal homeobox-1, glucokinase, and
glucose transporter 2 in the pancreas. In addition, it was also observed that the
alkylamides, unlike glibenclamide, increased the transient receptor potential cation
channel subfamily V member 1 and decreased cannabinoid receptor 1 expressions in
the liver and pancreas. Therefore, alkylamides can prevent STZ-induced
hyperglycemia by altering the expression levels of the genes related to glucose

metabolism and by ameliorating pancreatic dysfunction.
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Introduction
Diabetes mellitus is a metabolic disorder characterized by chronic hyperglycemia that
results from deficient insulin secretion and/or insulin resistance'. According to the
statistics presented by the International Diabetes Federation in 2014, 8.3% of adults or
387 million individuals suffer from diabetes worldwide. Without intervention, the
number of people with this disease will likely exceed 592 million by 2035°. Hence,
the prevalence of diabetes is one of the most serious global health problems. Diabetes
is treated using currently available agents, including insulin and various oral drugs,
such as a-glucosidase inhibitors, metformin, and sulfonylureas. However, many of
these agents produce adverse side effects after long-term use® *. Thus, safer and more
effective components, especially from natural sources, should be developed.
Zanthoxylum schinifolium Sieb. et Zucc is an aromatic plant belonging to the genus
Zanthoxylum of the family Rutaceae; this plant is mainly distributed in Sichuan,
Chongqing, Hebei, Hunan, and Jilin in China, as well as in some Southeast Asian
countries. The pericarps of Z.schinifolium is widely used as a seasoning spice in Asia
because of the distinctive taste known as “ma,” which is a tingling taste’”.
Unsaturated alkylamides, such as a-, B-,y-, and d-sanshool, and their analogues have
been identified as the tingling taste-producing substances of Zanthoxylum species®°.
The alkylamides from Zanthoxylum have shown extensive biological functions,
including anticancerlo, anti-wrinkle“, analgesic12'14, digestive aid, and

anti-inflammatory properties'>. Previous studies demonstrated that alkylamides

extracted from Zanthoxylum act as a transient receptor potential cation channel
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subfamily V member 1 (TRPVI1) activator and a cannabinoid receptor 1 (CB1)
blocker'®'®. TRPV1 and CBI receptors play important roles in diabetes development;
in particular, TRPV1 activator promotes insulin secretion and improves glucose
homeostasis'”?°. The inhibition of CB1 receptor prevents apoptosis of B-cells under
stress caused by obesity and streptozotocin (STZ) toxicity*'. The two receptors also
regulate energy expenditure in peripheral organs”. Therefore, alkylamides exhibit
promising hypoglycemic properties. However, studies have yet to investigate the
hypoglycemic properties and possible mechanism of Zanthoxylum alkylamides.

In this study, alkylamides were extracted from a highly tingling active supercritical
fluid (SCF) extract prepared from the dried pericarps of Z. Schinifolium, to evaluate
the hypoglycemic effects and potential mechanism in STZ-induced diabetic rats.
Materials and methods
Alkylamide extraction and identification
Alkylamides were extracted from the SCF extract (Jiangjin Four Mountain Company,
Chongqing, China) isolated from the dried pericarps of Z. Schinifolium through
supercritical carbon dioxide extraction. The SCF extract (20 g) was mixed with 40 g

of a heated water-free silica gel chromatograph and then soaked in 200 mL of

anhydrous ether at room temperature for 2 h to remove essential and non-essential oils.

After anhydrous ether was volatilized, the mixture was extracted with 200 mL of
methanol at 55 °C for 6 h and then filtered. The filtrate was evaporated in vacuo to
yield a crude extract. The crude extract was refluxed with 50 mL of petroleum ether

overnight. The supernatant was collected and crystallized at =20 °C. The resultant
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suspension was dried using a drying N, gas at low temperature; as a result, white
powder was produced.

The individual alkylamides were identified through HPLC-UV/MS in accordance
with a previous report with slight modifications™. The alkylamides (10 mg/mL in
methanol) were analyzed using a Shidmadzu LC-20A system (Shidmadzu Corp.,
Tokyo, Japan) equipped with a diode array detector (DAD) and an API 4000 QTRAP
mass spectrometer system (AB Sciex, Darmstadt, Germany). The samples were
applied to a C;g column (4.6 mm X% 250 mm, 5 um, Phenomenex Ltd., Guangzhou,
China) and eluted with a gradient mobile phase composed of water (phase A) and
acetonitrile (phase B) at a flow rate of 500 uL/min. The linear gradient program of
phase B started from 35%, increased to 75% from 0 min to 30 min, and further
increased to 100% when the time was 40 min; the program was maintained at 100%
from 40 min to 45 min and then decreased from 100% to 35% from 45 min to 50 min.
The wavelength range of the DAD was set as 200 nm to 700 nm. The API 4000
QTRAP LC-MS was fitted with an electrospray ionization source and a triple
quadrupole-ion trap mass analyzer. The following parameters were set: nitrogen
pressure, 30 psi; turbo ion spray probe, 400°C; ion spray voltage, 4500 V, positive
mode; declustering potential, 450 V; entrance potential, 6 V; and collision energy, 10
V. Ions were scanned from m/z 100 to m/z 1000.

Experimental animals
6-8 weeks old male Sprague—Dawley rats were obtained from Chongqing Tengxin

Laboratory Animal, Inc. (Chongqing, China). The rats were housed in stainless steel
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screen bottom cages (two rats per cage) at an ambient temperature of 25 + 2 °C with
12 h/12 h light/dark cycle. The rats were allowed free access to standard diet
(Chongqing Tengxin Laboratory Animal, Inc., Chongqing, China) and water ad
libitum. The rats were acclimatized to the laboratory environment for one week.
Experiments were performed in accordance with the institutional regulations and
national criteria for the use of laboratory animals and approved by the Animal Care
and Use Committee of Southwest University.

Diabetes induction and experimental design

After the rats were subjected to an overnight fasting, the rats were intraperitoneally
injected with 60 mg kg ' bw STZ (Sigma Chemicals, St. Louis, MO, USA) dissolved
in 0.1 mol/L of citrate buffer (pH 4.5)**. The rats in the normal control group were
treated with the same volume of citrate buffer. Three days after STZ was injected, the
fasting blood glucose (FBG) of the rats was measured from the tail tip. The rats with
FBG levels above 11.1 mmol/L were used as diabetic rats for further study.

The experiments involving the rats were carried out after STZ was injected for one
week. Forty-eight rats were randomly divided into six groups with eight rats in each
group. The positive group (600 pug kg’ bw): diabetic rats treated with 0.2 mL per 100
g bw of soybean oil containing 300 pg/mL glibenclamide. Diab-LD (3 mg kg ' bw),
diab-MD (6 mg kg ' bw) and diab-HD (9 mg kg ' bw) group: diabetic rats treated
with 0.2 mL per 100 g bw of soybean oil containing 1.5, 3, and 4.5 mg/mL
alkylamides, respectively. The normal and diabetic model groups received equivalent

amounts of soybean oil. The rats were orally treated once daily via an intragastric tube
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for 28 days.

Experimental and sampling procedures

Body weight was measured every two days. FBG was examined on days 0, 14, and 28
of the experiment. Oral glucose tolerance test (OGTT) was performed on day 27 of
the treatment. The rats were fasted for 12 h and treated with 2 g kg’ bw of glucose
via orogastric gavage. Blood was collected from the tail vein at 0, 30, 60, 90, and 120
min after glucose was administered. On the last day of the experimental period, the
rats were sacrificed through decapitation after these rats were subjected to an
overnight fasting. Blood was collected from the neck and then placed in a blood
collection tube (Shandong Aosite Medical Instrument Factory, Shandong, China)
containing heparin sodium as an anticoagulant. The plasma was separated through
centrifugation at 1400 x g at 4°C for 15 min and then stored at —80 °C until analysis.
The liver, kidney, pancreas, and muscle tissues of each rat were immediately excised,
washed with ice-cold saline, dried, weighed, transferred to liquid nitrogen, and stored
at —80 °C for further analysis.

Biochemical assay

FBG and fructosamine (FMN) levels in the plasma were determined using a
commercially available kit (Sichuan Maker Biotechnology Co., Ltd., Sichuan, China)
on a Hitachi 7020 automatic biochemistry analyzer (Hitachi High-Technologies Corp.,
Tokyo, Japan). The plasma insulin and glycogen content of the liver and muscle
tissues were determined using an enzyme linked immunoabsorbent assay kit and a

glycogen kit, respectively (Nanjing Jiancheng Bioengineering Institute, Nanjing,
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China), in accordance with the manufacturer’s protocols.

RNA extraction and quantitative RT-PCR analysis

Frozen tissues were homogenized in 1 mL of RNAiso Plus (TaKaRa Bio, Otsu, Japan)
by using TissueLyser II (Qiagen, Hilden, Germany) at 30 Hz for 4 min. Total RNA
was extracted in accordance with the manufacturer’s recommendations. RNA
concentration and purity were quantified using a NanoDrop 1000 spectrophotometer
(Thermo Scientific, Delaware, USA). The integrity of RNA was verified through
agarose gel electrophoresis by using a Gel Doc XR" system (Bio-Rad, Hercules, CA,
USA). Afterward, 2 ug of RNA was reverse transcribed to cDNA by using a
PrimeScript RT reagent kit (TaKaRa Bio, Otsu, Japan). The genes of TRPV1, CBI,
glucokinase  (GK), glucose-6-phosphatase  (G6Pase), phosphoenolpyruvate
caboxykinase (PEPCK), pancreatic duodenal homeobox-1 (PDX-1), and glucose
transporter 2 (GLUT2) were analyzed through RT-PCR by using the Light Cycler
Nano Instrument (Life Technologies, USA). The reaction mixture (20 pL) contained
10 uL of SYBR Premix Ex Tagll (TaKaRa Bio, Otsu, Japan), 1 uL of forward primer
(10 umol/L), 1 puL of reverse primer (10 pmol/L), and 2 uL of cDNA. The real-time
PCR protocol was conducted as follows: 95 °C for 10 min and 45 cycles of 95 °C for
10 s, 55 °C for 20 s, and 72 °C for 30 s. The sequences of the primers (Sangon
Biological Engineering, Shanghai, China) used in the experiments are shown in Table
1. Gene expression data were normalized to B-actin, and the relative expression level

-AACt
2

of each gene was calculated using the method.

Western blot analysis of the target proteins
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The liver and pancreas samples collected from each group were homogenized in an
ice-cold lysed buffer. The suspensions were centrifuged at 14,000 x g at 4 °C for 15
min. The protein content was determined using the BCA method. The proteins were
separated by 12% SDS-PAGE and then transferred to a 0.45 pym PVDF membrane
(Millipore Corp., USA). The membranes were blocked with 5% defatted milk powder
for 1 h and incubated with anti-PEPCK, anti-G6Pase, anti-GK, anti-PDX,
anti-GLUT2, anti-TRPV1, or anti-CB1 (Abcam Inc., USA) antibodies for 1 h at 37 °C.
Afterward, the membranes were washed with TBST and incubated with horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz, USA) at 37 °C for 1 h. After
the membrane was washed with TBST, the proteins were visualized through ECL
(Millipore Corp., USA); the expression level was determined using Quantity One
software (Bio-Rad, USA).

Histopathological examination

A part of the pancreatic tissues were fixed in a Bouin solution for 24 h and then stored
in 70% ethanol until histological analysis. A portion of the stored tissue was
embedded in paraffin, cut into 5 pum thick sections by using a microtome (Leica,
Wetzlar, Germany), stained with hematoxylin and eosin (HE), and observed under an
Olympus BX43 light microscope (Olympus Corp., Tokyo, Japan) coupled with a
high-resolution digital camera.

Statistical analysis

Results were expressed as mean + standard error and analyzed by one-way analysis of

variance (ANOVA). Student’s ¢ test was used to detect the differences in the means
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between the normal group and the diabetic rat group. Differences were considered
significant when P<0.05. Data were processed using SPSS 21.0 and Origin 8.1.
Results

HPLC-UV/MS analysis of alkylamides

HPLC-UV/MS was performed to identify the individual alkylamides present in the
extracts. The peaks were identified by comparing the UV absorption and MS spectra
with the published data. On the basis of the HPLC chromatogram and mass spectra of
the extracts shown in Fig.1, we found that the three main peaks exhibited a maximal
UV absorption at approximately 270 nm, which is consistent with the presence of an
aliphatic-conjugated double bond system and fits well with the data reported for
sanshool derivatives'’. Peaks 1 and 2 yielded UV Apax of 262, 272, and 283 and
revealed an [M+H]" ion at m/z 264; this result indicated that the two compounds were
isomers, which correspond to hydroxy-a-sanshool and hydroxy-B-sanshool,
respectively'™ **. Peak 3 was identified as hydroxy-y-sanshool with UV Ay of 265,
275, and 283, and [M+H] " ion at m/z 2907 .

Effect of alkylamides on body weight and relative weight of organs

The changes in the body weight of the experimental rats are shown in Table 2. After
four weeks, the diabetic model rats showed less body weight gain (6.37%) than the
normal rats (29.21%). The body weight gain was significantly increased when the rats
were treated with alkylamides and glibenclamide. Table 2 also shows the relative
weight of the organs of the experimental rats after four weeks. After the rats were

treated with alkylamides, the relative weight of the pancreas decreased, but the
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difference was not significant. Compared with the normal rats, the STZ-induced
diabetic rats showed a significant increase in the relative weights of the liver and the
kidney. By contrast, the weights of the liver and the kidney were considerably
decreased when alkylamides and glibenclamide were administered.

Effect of alkylamides on FBG and fructosamine

The initial FBG level of the STZ-induced diabetic rats was markedly increased
compared with that of the normal group, and there were no significant differences in
the glucose level among the diabetic rats (Fig. 2A). However, the FBG level of the
rats in alkylamide- and glibenclamide-treated groups were significantly decreased
after two weeks of the experiment. Compared with the FBG level of the diabetic
model rats, the FBG level of the rats in diab-LD, diab-MD, and diab-HD groups were
respectively reduced by 8.83%, 20.77%, and 23.83% after 14 days; the FBG level of
the rats in diab-LD, diab-MD, and diab-HD groups were further reduced respectively
by 18.14%, 32.33%, and 36.68% after 28 days.

Fructosamine is related to the average content of glucose during the first three
weeks; this parameter was considered as an earlier indicator of the diagnosis of
ambient glycemia compared with HbA, . Therefore, plasma fructosamine
concentrations were measured in the experimental rats. The fructosamine level was
significantly higher in diabetic model rats than in the normal control group at the end
of the study. The alkylamide treatment significantly decreased the fructosamine level
of the diabetic rats by 5.20%, 10.4%, and 12.72% when low-, medium-, and high-dose

alkylamides were respectively administered. Glibenclamide also significantly
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decreased the fructosamine level in diabetic rats, but glibenclamide did not
significantly differ from the high-dose alkylamide administered to the rats (Fig. 2B).
Effect of alkylamides on OGTT

OGTT was performed using the experimental rats after these rats were subjected to
fasting for 12 h on day 27. In normal rats, the blood glucose level returned to the
initial level at 120 min after glucose was administered (Fig. 3A). In the diabetic model
rats, the blood glucose levels remained higher than the initial level even after 120 min.
Low-, medium-, and high-dose alkylamides induced a significant decrease at 60, 90,
and 120 min after glucose was administered. Diab-MD-, diab-HD-, and the
glibenclamide-treated rats did not significantly differ from one another. The AUC
indicated a significant restoration of the glucose tolerance and homeostasis when the
rats were treated with alkylamides and glibenclamide compared with the diabetic
model rats (Fig. 3B).

Effect of alkylamides on plasma insulin and tissue glycogen

The plasma insulin level was significantly decreased in the diabetic model rats
compared with the normal rats (Fig. 4A). After 28 days of alkylamide and
glibenclamide treatment, alkylamides significantly increased the diabetic-induced
decrease in the plasma insulin levels; among the three doses, the high-dose
alkylamide treatment was the most beneficial; the beneficial effect of the high-dose
alkylamide treatment was also significantly greater than that of glibenclamide. After
the rats were treated with high-dose alkylamide, the plasma insulin level was almost

similar to that of the normal group (24.70 + 1.30 plU/mL and 26.93 + 1.08 pIU/mL).
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Similar results were observed in the glycogen content of the liver and muscle tissues
(Fig. 4B). Medium- and high-dose alkylamides significantly increased the glycogen
contents to an extent similar to that of glibenclamide.

Histopathological changes in the pancreas

Histopathological changes in the pancreas of the experimental rats were observed
through HE staining after 28 days of treatment (Fig. 5). A complete pancreatic islet
structure exhibiting regular distribution, B-cell-granulated cytoplasm, and uniform
nuclei was detected in the normal rats. By contrast, the pancreatic islets of the diabetic
model rats were atrophic and damaged, and the number and size of B-cells were
reduced. Alkylamide and glibenclamide treatments markedly ameliorated these
histopathological changes and elicited a distinct granulated and protective effect on
B-cells.

Effect of alkylamide on the mRNA and protein levels of key genes in liver and
pancreas

The mRNA and protein expression levels of the genes related to glucose metabolism
and insulin signaling and other relevant genes in the liver and pancreas tissues were
investigated to wunderstand the mechanism by which alkylamides elicit a
hypoglycemic effect on STZ-induced diabetic rats (Fig. 6 and 7). The mRNA and
protein expression levels of pancreatic PDX-1, GLUT2, and GK and hepatic GK were
significantly decreased; by contrast, the mRNA and protein expression levels of
hepatic PEPCK and G6Pase were remarkably upregulated in the diabetic model rats

(Fig. 6A, B and C, 7A, B and C). After the rats were treated with alkylamides and
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glibenclamide, the expression levels of pancreatic PDX-1, GK, and GLUT2 were
significantly higher than those of the diabetic model rats (Fig. 7A, B and C).
Compared with the diabetic model rats, the rats treated with alkylamides and
glibenclamide also exhibited a remarkable increase in the hepatic GK level and a
significant decrease in the expression levels of hepatic PEPCK and G6Pase (Fig. 6A ,
B and C).

The expression levels of CB1 in hepatic and pancreatic tissues were significantly
increased in the diabetic rats. After the rats were treated with alkylamides, the
expression levels of TRPVI1 in hepatic and pancreatic tissues were significantly
upregulated; by contrast, the expression levels of CBI1 were remarkably
downregulated. These changes in TRPV1 and CBI1 levels were not found in the
glibenclamide-treated group (Fig. 6D, E and F, 7D, E and F).

Discussion

Diabetes mellitus is often associated with hyperglycemia, defects in insulin secretion,
and reduced pancreatic B-cell mass®®. STZ is widely used to induce experimental type
I diabetes, and this substance can damage pancreatic 3 cells and cause a decreased
insulin release” **. These events then lead to hyperglycemia. In this study, the
STZ-induced diabetic rats exhibited a notable increase in FBG and relative weight of
organs (Table 2); this finding is consistent with that observed in previous studies®" 2.
However, the alkylamide treatment for 28 days reversed organs enlargement, caused

an evident decrease in the levels of FBG, plasma fructosamine, and improved oral

glucose intolerance; these changes in the parameters indicated the hypoglycemic
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effect of alkylamides. Similar to alkylamides, glibenclamide elicited a significant
hypoglycemic effect on the STZ-induced diabetic rats. As an orally anti-diabetic drug,
glibenclamide is often used as a positive drug in STZ-induced diabetic models to
compare the anti-diabetic properties of various natural compounds. Serrano-Martin et
al® indicated that glibenclamide increases insulin secretion by blocking the
ATP-sensitive potassium channels in pancreatic B-cells; as a result, membrane
depolarization and stimulation of Ca*" influx, an initial key step in insulin release,
however, the risk of hypoglycemia increases, particularly in elderly people®®. In our
study, side effects were not observed in the alkylamide-treated rats; therefore,
alkylamides can be safely administered.

Increased endogenous glucose production is a common abnormality associated with
diabetes. The liver is the main site that maintains the balance between glucose use and
storage by regulating glycolysis and gluconeogenesis®> *°. In our study, the levels of
blood glucose and hepatic glycogen were significantly reversed after the rats were
treated with alkylamides (Fig. 2A and 4B). On the basis of these findings, we
hypothesized that alkylamides may modulate the critical enzymes of glycolysis and
glycogen synthesis in the liver. GK, which catalyzes the phosphorylation of glucose to
glucose-6-phosphate, is the first rate-limiting enzyme in glucose oxidation. PEPCK is
a crucial enzyme of gluconeogenesis; this enzyme catalyzes the synthesis of
glucose-6-phosphate from non-carbohydrate precursors. G6Pase catalyzes the
dephosphorylation of glucose-6-phosphate to glucose, and this reaction is the last step

in gluconeogenesis and glycogenolysis. Previous studies indicated that GK, PEPCK,
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and G6Pase are the most sensitive indicators of endogenous glucose production in the
diabetic state’>’. The reduced GK level and the enhanced expression levels of
PEPCK and G6Pase in the liver are likely responsible for the increase in endogenous
glucose associated with diabetes™. Our results indicated that alkylamide treatment
increased the GK expression and downregulated PEPCK and G6Pase expression
levels in the liver of diabetic rats (Fig. 6A and B). These findings suggested that the
mediated hepatic glucose metabolism and gluconeogenesis via the reversal of the
expression levels of GK, PEPCK, and G6Pase genes may be the functional
mechanism operated by alkylamides in the STZ-induced diabetic rats.

Insulin deficiency plays an important role in the development of type I diabetes.
The hypoglycemic property of some bioactive components are mainly induced by

48 pancreas

protecting the pancreatic islets and by improving insulin secretion
development, B-cell differentiation, and mature B-cell functioning are significantly
mediated by PDX-1**. During pancreas development, PDX-1 is expressed in
precursor cells and then becomes restricted to B-cells. In mature B-cells, PDX-1 is
considered as a key transcription factor of insulin gene and other genes, such as
GLUT? and GK, related to glucose sensing and metabolism* *®. In the present study,
followed with the damage of the pancreatic B-cells by STZ, the expression levels of
PDX-1, GLUT2, and GK were remarkably downregulated in the pancreas. As a result,
the decreased plasma insulin level and hyperglycemia. After the diabetic rats were

treated with high-dose alkylamides, the decreased PDX-1, GLUT2, and GK

expression levels and plasma insulin level were almost restored to the normal level
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(Fig. 4A, 7A, B and C); this result indicated that alkylamides can protect pancreatic
B-cells from STZ-induced damage. This hypothesis was further confirmed by the
results of the histopathological examination of the pancreas (Fig. 5).

The roles of TRPV1 and CB1 receptors in diabetes, obesity, metabolic syndrome,
and cardiovascular diseases have been described’ . TRPV1 interacts with CBI; in
this interaction, receptors undergo “cross-talking.”*® Glucose-mediated insulin release
is increased in INS-1E cells when CB1 receptors are blocked with an inverse agonist
and TRPV1 receptors are maintained in a sensitized responsive state’'. These findings
indicated that the regulation of TRPV1 and CB1 receptors may be a novel method to
treat diabetes. Our study is the first to demonstrate that alkylamide treatment
significantly downregulated CB1 expression level and upregulated TRPV1 expression
level in diabetic rats (Fig. 6D, E and F, 7D, E and F). Hence, alkylamides in the liver
and pancreas may mediate CB1 and TRPV1 expression levels and affect the
enzymatic expression of glucose metabolism-related genes, such as PEPCK, GK, and
PDX-1. However, further studies should be conducted to verify this hypothesis.
Conclusion
The hypoglycemic effect of the alkylamides extracted from Zanthoxylum may be
attributed to the modulation of hepatic glucose metabolism and gluconeogenesis by
upregulating or downregulating the expression levels of key enzymes, such as PEPCK,
GK, and G6Pase in STZ-induced diabetic rats. Alkylamide treatment could also repair
the damaged pancreatic B-cells and upregulate the expression levels of PDX-1, GK,

and GLUT2 in the pancreas; as a result, plasma insulin level may be almost restored
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to normal levels. Although alkylamides may provide many health benefits for diabetic
individuals, the alkylamides used in the study are a mixture of hydroxy-a-sanshool,
hydroxy-p-sanshool, and hydroxy-y-sanshool. Further studies should be conducted to
isolate individual components and characterize the corresponding beneficial

biological properties.

Abbreviations

CBI Cannabinoid receptor 1
DAD Diode array detector
FBG Fasting blood glucose
FMN Fructosamine

Go6pase Glucose-6-phosphatase

GK Glucokinase

GLUT2 Glucose transporter 2

OGTT Oral glucose tolerance test

PDX-1 Pancreatic duodenal homeobox-1 and

PEPCK Phosphoenolpyruvate caboxykinase,

SCF Supercritical fluid
STZ Streptozotocin
TRPV1 Transient receptor potential cation channel subfamily V member 1
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Tables
Table 1 primer sequence and product size

Gene Primer sequence Product
Forward primer Reverse primer size
B-actin ACGTCAGGTCATCACTATCG GGCATAGAGGTCTTTACGGATG 154
TRPV1 GGTTCACTCCTGACGGCAAG GCCTGGGTCCTCGTTGATG 107
CB1 CTGAGGAGCAAGGACCTGAGAC GTTGTTGGCGTGCTTGTGC 120
GK GCTTTTGAGACCCGTTTCGT CGCACAATGTCGCAGTCG 119
G6Pase GGCTCACTTTCCCCATCAGGT CCAAGTGCGAAACCAAACAGG 144
PEPCK GACAGACTCGCCCTATGTGGTG GGTTGCAGGCCCAGTTGTTG 161
PDX-1 AAACGCCACACACCAAGGAGAA AGACCTGGCGGTTCACATG 152
GLUT2 CCAGCACATACGACACCAGACG CCAAAGAACGAGGCGACCAT 125
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473 Table 2 Body weight and weight of organs in diabetic rats treated with alkylamides®
Body weight (g) Relative weight of organs
Initial Final Gain Liver (%) Kidney (%)  Pancreas (%)
Control 259.29+£10.82 334.86+16.49 75.75£7.08 2.76+0.14 0.67+0.02 0.20+0.03
Diabetic 206.43£6.42  219.57£11.06 13.14£5.70"  4.03£0.14"  0.95£0.04™  0.22+0.04
Diab-LD 203.29£7.08  223.86£7.74  20.57£1.77° 3.65£0.25°  0.85+0.03°  0.21%0.07
Diab-MD 221.13+4.27 258.63+5.24  37.50+4.55°  3.30+£0.14°  0.80+0.02° 0.20+0.06
Diab-HD 208.254+4.93 247.50+10.67 39.25+7.16°  3.28+0.17°  0.79+0.02° 0.20+0.03

Diab-Gliben 219.86£5.10  254.71£3.58  34.86+2.37°  3.09+0.11°  0.81x0.02° 0.21+0.05

474  “Values are the mean + S.E.M (n = 8). Control: normal rats treated with vehicle; Diabetic: diabetic
475  rats treated with vehicle; Diab-LD, diabetic rats treated with 3 mg kg™ bw alkylamides; Diab-MD:
476  diabetic rats treated with 6 mg kg~ bw alkylamide; Diab-HD, diabetic rats treated with 9 mg kg '
477  bw alkylamide; Diab-Gliben: diabetic rats treated with 600 pg kg™' bw glibenclamide. Means with
478  different superscript letters are significantly different among the diabetic rats (P< 0.05); * means

479  are significantly different (P<0.05) than the means in the control group.

480
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Figure captions

Fig. 1 HPLC-DAD chromatogram of alkylamides extracted from Zanthoxylum (a) and mass
spectra for peak 1 (b), peak 2 (c) and peak 3 (d), respectively.

Fig.2 Fasting blood glucose (FBG) (A) and fructosamine level (B) in diabetic rats treated with
alkylamides. Data are expressed as mean £ S.E.M (n = 8). Control: normal rats treated with
vehicle; Diabetic: diabetic rats treated with vehicle; Diab-LD, diabetic rats treated with 3 mg kg '
bw alkylamides; Diab-MD: diabetic rats treated with 6 mg kg™ bw alkylamide; Diab-HD, diabetic
rats treated with 9 mg kg™ bw alkylamide; Diab-Gliben: diabetic rats treated with 600 pg kg ' bw
glibenclamide. Means with different superscript letters are significantly different among the
diabetic rats (P< 0.05); * means are significantly different (P<0.05) than the means in the control
group.

Fig.3 Oral glucose tolerance test (OGTT) (A) and area of under curve (AUC) (B) in diabetic rats
treated with alkylamides. Data are expressed as mean + S.E.M (n = 8). Conditions were as defined
in Figure 2. Means with different superscript letters are significantly different among the diabetic
rats (P< 0.05); * means are significantly different (P<0.05) than the means in the control group.
Fig. 4 Plasma insulin (A) and glycogen level (B) in diabetic rats treated with alkylamides. Data
are expressed as mean = S.E.M (rn = 8). Conditions were as defined in Figure 2. Means with
different superscript letters are significantly different among the diabetic rats (P< 0.05); * means
are significantly different (P<0.05) than the means in the control group.

Fig.5 Changes in histopathology of pancreas in diabetic rats treated with alkylamides (HE staining,
scale bar: 200 um). (A) normal control rats, (B) diabetic model rats, (C) diabetic rats treated with
3 mg kg~ bw alkylamides, (D) diabetic rats treated with 6 mg kg ' bw alkylamides, (E) diabetic
rats treated with 9 mg kg bw alkylamides, (F) diabetic rats treated with 600 pg kg™ bw
glibenclamide.

Fig. 6 Glucose metabolism-related protein ( A and B ) and gene (C), and relevant protein (D and E)
and gene (F) expression in the liver of diabetic rats treated with alkylamides. Results are expressed
as mean = S.E.M (n=8). Conditions were as defined in Figure 2. Means with different superscript
letters are significantly different among the diabetic rats (P< 0.05); * means are significantly

different (P<0.05) than the means in the control group. PEPCK: phosphoenolpyruvate
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caboxykinase; Go6Pase: glucose-6-phosphatase; GK: glucokinase; TRPV1: transient receptor
potential cation channel subfamily V member 1; CB1: cannabinoid receptor 1.

Fig. 7 Insulin signaling-related protein (A and B) and gene (C), and relevant protein (D and E) and
gene (F) expression in the pancreas of diabetic rats treated with alkylamides. Results are expressed
as mean = S.E.M (n=8). Conditions were as defined in Figure 2. Means with different superscript
letters are significantly different among the diabetic rats (P< 0.05); * means are significantly
different (P<0.05) than the means in the control group. PDX-1: pancreatic duodenal homeobox-1;
GLUT2: glucose transporter 2; GK: glucokinase; TRPVI1: transient receptor potential cation

channel subfamily V member 1; CB1: cannabinoid receptor 1.

Page 24 of 33



Page 25 of 33

521  Fig.1

522

523

524

525
526

Food & Function

mAU

270nm4nm (1.00) 3
20007 2
2
25; 25
20, x
1500 1 .
10
5
0
200 300 400 500 600
. . — — . . .
0 10 20 30 40 min
100 2640
-
1425
264 .1
1426 2639,
142 4 .
1486 520
3902
ol 1838 || oeramegs 4574 567858366172 6694 8777 i
100 | 150 | 200 | 250 | 300 = 350 = 400 450 = 500 © 550 = 600 = 650 700 | 750 | 800 = 850 900 « 950 = 1000
100 264 0
C
246. 4]
2463
264 .1
=|
6.1
1084 2880
a5 3020
o
62
) H I | 4168 53265155855 6235 6675 8149
L A L e L b R g LA A AR A AR M s A RS B M B LS Rk A i LASS Bases MRS A MARM A LM Aan Raaks any e MY 41 V-4
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
100 20
2901
=
2480
2897
1486
1084 487 urs
,r | | 1361 5 53586515 595 4 634 5305
L B A R A L A M S M A M LARAS M LA A LS MR s LA M LARA Ao LA Laday MM A AaRAS Wby st a1 P4
100 150 200 250 300 350 400 450 500 550 600 650 700 750 = 800 850 900 950 1000




7  Fig.2

__________________
= = < O = = = < Oy, =

1111111111

(Anoww) N4



Fig. 3

time (min)

__________
(=] o o




5  Fig. 4

____________
0000000
22222

o
o
o [
I
o[
8
of
2
2
D
-

666666666
- - -~

(6/6w) usaboo A9



Food & Function

Page 29 of 33

Fig. 5

539




542
543

544

545

546

547

548

549
550

Fig. 6

PEPCK

z6Pase

GK

p-actin

Food & Function Page 30 of 33

Control Diabetic Diab-LD Diab-MD Diab-HD Diab-Gliben

T T — — cg—

1.0 #a Il PEPCK
#a [ ]G6Pase

V7 GK

0.5

Relative protein expression

0.0 4
Control Diabetic  Diab-LD  Diab-MD  Diab-HD Diab-Gliben

3.0
I PEPCK
) #a [ ]G6Pase
5 257 77 Gk
f:
e
5 204
x
o
<
P
X 15
£
Q
=
T 1.0
[
©
0.5
0.0

Control Diabetic  Diab-LD  Diab-MD  Diab-HD Diab-Gliben



Page 31 of 33 Food & Function

551 D Control Diabetic Diab-LD Diab-MD Diab-HD Diab-Gliben
TRPV1
552
CB1
553
p-actin
- T W T T
554
E
Hl TRPV1 a
#a [ lcB1
1.0 c
c
K] b
]
]
9
S
3 b ¢
-g b
0.5
. d
[
=
k] a
& a
0.0 L
Control Diabetic  Diab-LD  Diab-MD  Diab-HD Diab-Gliben
555
5
F d  ETRPV1
1 [ ]cBt1
c
o 44
‘0
7]
[ [
a
3 3
< #a a
] b
£
.g 5 ab
5
[}
x© X b a
1 a
0
Control Diabetic  Diab-LD  Diab-MD  Diab-HD Diab-Gliben
556

557



Page 32 of 33

Diab-LD Diab-MD Diab-HD Diab-Gliben

Food & Function

Diabetic

=

3 - TINIIImyg

#a
%
/
o
.
/

Diab-HD Diab-Gliben

Diabetic  Diab-LD  Diab-MD

Control

o MhHHmmereresy

T W e wesy YW -
W W T W e e

Control

PDX-1
GLUT-2
GK
p-actin

Fig. 7

558
559
560
561
562
563
564

=
uoissaldxa uiajoud annedy

565

T
T N 2 @ @
h

- - o o

uoissaldxa YNYW aAle|ay

Diab-HD Diab-Gliben

Diabetic  Diab-LD  Diab-MD

Control

0.4

566
567



Page 33 of 33 Food & Function

568 D Control Diabetic Diab-LD Diab-MD Diab-HD Diab-Gliben
TRPV1 —
569
CB1 —
b I A — F
570
B-actin e :
W W W e e
571
E
Hl TRPV1
#a [__]cB1
5 1.0
3 a
[
% b o %
£
2
2 X P
&5
[]
4
a
a
0.0 . . . . . L
Control Diabetic Diab-LD Diab-MD Diab-HD Diab-Gliben
572
s Hl TRPV1
F ] [ JcBt1
] b
o
K]
2" b
(4
s
3 3] #a ab a
<«
4
% b
.g 2 bc
&
S f a
14 a
0

Control Diabetic Diab-LD  Diab-MD  Diab-HD Diab-Gliben

573



