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Rutaecarpine ameliorates hyperlipidemia and
hyperglycemia in fat-fed, streptozotocin-treated rats
via regulating the IRS-1/PI3K/Akt and AMPK/ACC2
signaling pathways
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Aim: We have shown that rutaecarpine extracted from the dried fruit of Chinese herb Evodia rutaecarpa (Juss) Benth (Wu Zhu Yu)
promotes glucose consumption and anti-inflammatory cytokine expression in insulin-resistant primary skeletal muscle cells. In this
study we investigated whether rutaecarpine ameliorated the obesity profiles, lipid abnormality, glucose metabolism and insulin
resistance in rat model of hyperlipidemia and hyperglycemia.

Methods: Rats fed on a high-fat diet for 8 weeks, followed by injection of streptozotocin (30 mg/kg, ip) to induce hyperlipidemia and
hyperglycemia. One week after streptozotocin injection, the fat-fed, streptozotocin-treated rats were orally treated with rutaecarpine
(25 mgkg™d™) or a positive control drug metformin (250 mgkg™®d™) for 7 weeks. The body weight, visceral fat, blood lipid profiles
and glucose levels, insulin sensitivity were measured. Serum levels of inflammatory cytokines were analyzed. IRS-1 and Akt/PKB
phosphorylation, PI3K and NF-kB protein levels in liver tissues were assessed; pathological changes of livers and pancreases were
examined. Glucose uptake and AMPK/ACC2 phosphorylation were studied in cultured rat skeletal muscle cells in vitro.

Results: Administration of rutaecarpine or metformin significantly decreased obesity, visceral fat accumulation, water consumption,
and serum TC, TG and LDL-cholesterol levels in fat-fed, streptozotocin-treated rats. The two drugs also attenuated hyperglycemia and
enhanced insulin sensitivity. Moreover, the two drugs significantly decreased NF-kB protein levels in liver tissues and plasma TNF-a,
IL-6, CRP and MCP-1 levels, and ameliorated the pathological changes in livers and pancreases. In addition, the two drugs increased
PI3K p85 subunit levels and Akt/PKB phosphorylation, but decreased IRS-1 phosphorylation in liver tissues. Treatment of cultured
skeletal muscle cells with rutaecarpine (20-180 pmol/L) or metformin (20 umol/L) promoted the phosphorylation of AMPK and ACC2,
and increased glucose uptake.

Conclusion: Rutaecarpine ameliorates hyperlipidemia and hyperglycemia in fat-fed, streptozotocin-treated rats via regulating IRS-1/
PI3K/Akt signaling pathway in liver and AMPK/ACC2 signaling pathway in skeletal muscles.
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Introduction
Diabetes mellitus (DM) is the third leading cause of death in
developed countries, and the number of patients is still grow-
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ing?. The World Health Organization (WHO) estimates that
more than 347 million people worldwide suffer from diabetes,
and the number is likely to more than double by 2030 without
intervention. Moreover, most cases of type 2 diabetes mel-
litus (T2DM) are associated with obesity and high blood lipid
profiles. Diabetes and high blood lipids can lead to metabolic
syndrome (MetS) and eventually induce other conditions, such
as heart disease!™*.
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Thus, studies have focused on the development of drugs
that regulate lipid and carbohydrate metabolism. Until now,
potential clinical drugs have included insulin and its ana-
logues, sulfonylureas, biguanides, thiazolidinediones (TZDs),
meglitinides, a-glucosidase inhibitors, amylin analogues,
incretin hormone mimetics, and dipeptidyl peptidase 4 (DPP4)
inhibitors. Although these aforementioned drugs have signifi-
cant effects, guidelines still recommend metformin monother-
apy in most cases”®. Metformin has been conclusively shown
to reduce LDL cholesterol, triglyceride levels, hepatic glucose
output and plasma insulin level and enhance insulin sensitiv-
ity of peripheral tissues, thereby increasing glucose uptake.
It is used as the first-line anti-diabetic drug in clinic. In the
WHO Model List of Essential Medicines of 2011, metformin
is one of only two oral anti-diabetic drugs (the other one is
glibenclamide)®. However, side effects, such as lactic acidosis
and permanent nerve damage, limit its application in certain
populations™® ™,

The insulin receptor signaling pathway is a major mecha-
nism underlying the development of diabetes and MetS. The
IRS-1/phosphatidylinositol 3-kinase (PI3K)/Akt axis plays a
key role in insulin receptor signaling transduction. Phosphor-
ylation of IRS-1 Ser312 (Human)/307 (rodent) has been impli-
cated in the inhibition of insulin signal transduction™ . In
contrast, phospho-IRS-1 participates in the down-regulation of
PI3-kinase p85 activity and subsequent Akt phosphorylation.
Akt phosphorylation induces metabolic syndrome and insulin
resistance. Therefore, the IRS/PI3K/ Akt axis transduces insu-
lin receptor signaling.

AMP-activated protein kinase (AMPK) is a metabolic sen-
sor, and it serves as one of the crucial targets for treatment of
diseases associated with high blood glucose and lipid™* *!.
AMPK is composed of a catalytic (a) subunit and two regula-
tory (B, y) subunits, and AMPK activation requires a subunit
phosphorylation. AMPK is the major kinase regulator of ace-
tyl-CoA carboxylase (ACC), and ACC2 plays an essential role
in controlling fatty acid oxidation, making it a potential thera-
peutic target for obesity and related diseases"®. The IRS-1/
PI3K/ Akt and AMPK pathways are therefore critical signaling
pathways in the glucose metabolism regulation and appear to
contribute to the development of insulin resistance.

Rutaecarpine is extracted from the dried fruit of Evodia
rutaecarpa (Juss) Benth, which is known as the Chinese herb
Wu Zhu Yu'”. Various pharmacological effects have been
reported for rutaecarpine, including analgesic effects, anti-
inflammatory activity, atherosclerosis suppression, inotro-
pic action on cardiomyocytes, and vasodilatory effects**’),
Rutaecarpine also reduces lipid accumulation in adipocytes by

inhibiting adipogenesis/lipogenesis™"

. We recently reported
that rutaecarpine promoted glucose consumption and anti-
inflammatory cytokine expression in insulin-resistant primary
skeletal muscle cells™, but the underlying mechanisms remain
unclear.

In the present study, we generated a rat model treated with
high-fat diet (HFD) plus low-dose streptozotocin (STZ) to

mimic hyperlipidemia and hyperglycemia. We found that
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rutaecarpine exerted its effect by acting on two important
insulin signaling pathways. Our findings suggest that rutae-
carpine is a good drug candidate for treatment of lipid and
carbohydrate metabolism disorders.

Materials and methods

Animals

The animal experiment protocol was approved by the Animal
Experiment Ethics Committee of Shanghai University of Tra-
ditional Chinese Medicine, and all experimental animals were
treated following the Guide for the Care and Use of Labora-
tory Animals published by the National Institutes of Health
(NIH publication 85-23, revised 1986). Specific pathogen-free
(SPF) male Sprague-Dawley (SD) rats (Sino-British SIPPR/BK
Lab, Shanghai, China) weighing 200+20 g were housed (3 rats
per cage) at 2243 °C and 12-h light-dark cycles.

Chemicals and reagents

Rutaecarpine was purchased from Shanghai Tauto Biotech Co,
Ltd (purity=98%). STZ and metformin hydrochloride tablets
were purchased from Sigma Company (MO, USA). Tween-80,
citric acid (C¢HsO, -H,0), trisodium citrate (NaC¢H;0,-2H,0),
CMC-Na and NaCl were obtained from National Pharma-
ceutical Group Chemical Reagent Co, Ltd. The blood glucose
meter was from LIFESCAN Company (OneTouch Ultra, John-
son & Johnson, USA).

Induction of Fat-fed/STZ rat model

The fat-fed/STZ rat model was developed as previously
(5241 " Sixty SPF male SD rats
were acclimated for 2 weeks (weeks 0-2), then randomly

described with modifications

divided into two groups: normal control (NC, n=10), and high-
fat diet (HFD, n=50). Rats in the NC group were fed standard
chow diet (23% protein, 49% carbohydrate, 8% fat), and rats in
the HFD group received a high-fat diet (25.7% protein, 28.8%
carbohydrate, 38.9% lard fat). After 8 weeks, the Lee obesity
index values for rats in the HFD group were measured, and
rats with an index greater than 300 were considered obese™.
Obese rats were treated with STZ (30 mg/kg, ip), while control
rats received an equal volume of vehicle. Seventy-two hours
after STZ administration, tail vein blood glucose levels were
measured, and rats with blood glucose levels higher than 16.7
mmol/L were considered hyperglycemic®.

Experimental animal group and treatment
At week 11 (1 week post-STZ injection), 38 Fat-fed/STZ rats
were randomly divided into 3 groups based on blood glucose,
body weight, and serum lipid levels:

Group 1: Fat-fed/STZ-Control (F/SC, solvent alone, ig,
n=14);

Group 2: Fat-fed/STZ-rutaecarpine (Rut; 25 mg-kg"-d”, ig,
n=12);

Group 3: Fat-fed/STZ-metformin (Met; 250 mg-kg'-d”, ig,
n=12; Figure 1B).

See Figure 1A for outline of animal grouping and treat-
ments.



Hyperinsulinemic euglycemic clamp (HEC)

The hyperinsulinemic-euglycemic clamp is recommended to
assess insulin sensitivity, in which the glucose infusion rate
(GIR) is considered to be a gold standard® *. Following the
published classical methods, we assessed the GIR values of 4
rats in each group at week 18. The 12-h fasted rats were anes-
thetized, the right jugular vein was cannulated for glucose
and insulin infusion, and the left carotid artery was used for
blood sampling. Glucose and insulin solutions were stored
in two digital syringe pumps (Microinfusion Pump WZ-50C2,
Hangzhou, China) and joined to the jugular catheter by a “Y”
connector. Insulin (Mixtrad 30, Novo Nordisk, Denmark) was
infused at a rate of 1.67 mU-kg" min™ from 0 to 120 min. The
euglycemic levels were clamped at 5.0£0.5 mmol/L by a vari-
able infusion rate of 10% glucose. Blood glucose levels were
monitored with a glucometer (OneTouch Ultra, Johnson &
Johnson, USA), and the GIR was adjusted every 5 to 10 min
as needed to maintain the euglycemic level. Clamping was
achieved by 90 min and maintained for 30 min.

Blood collection and tissue preparation

At the end of the experiment (week 18), fasted (12 h) rats
were weighed and anesthetized (1% sodium pentobarbital, 60
mg/kg body weight, ip). Blood samples were collected from
the abdominal artery. Serum samples were isolated after cen-
trifugation of whole blood at 10 000xg at -4 °C for 5 min, and
stored at -20°C. The visceral fat pads (epididymal, perirenal,
and mesenteric) and the left liver were promptly removed, and
the visceral fat wet-weight was measured. The liver tissues
were divided into two sections; one was fixed in 10% formalin
for histology analysis, and the other was immediately frozen
in liquid nitrogen and transferred to —80°C freezer until use.

Biochemistry assays

Total cholesterol (TC), triglyceride (TG), LDL-cholesterol
(LDL-C), hepatic alanine transaminase (ALT) and aspartate
transaminase (AST) were measured in serum samples by auto
biochemistry analyzer (Olympus AU 600, Hamburg, Ger-
many). The C-reactive protein (CRP), monocyte chemotactic
protein (MCP-1), interleukin-6 (IL-6), and tumor necrosis
factor-a (TNF-a) serum levels were measured by enzyme-
linked immunosorbent assay (ELISA) (R&D Systems, Minne-
apolis, MN, USA).

Histopathological analysis

Liver tissue slides were stained with hematoxylin/eosin (H&E)
and scored according to the criteria proposed by Hsieh!™!
and Ozden™. The degree of inflammation was based on the
number of foci per low-power field: O=absent, 1°=1 focus, 2°=2
or more foci, 3"=bridging or confluent. Fibrosis was staged
according to the following index: 0=absent, 1"=focal or patchy
nonbridging (<50% of low-power field), 2"=extensive non-
bridging (>50% of low-power field), 3"=bridging, 4 =cirrhosis.
Steatosis was estimated by the fraction of fat in liver cells:
O=absent, 1'=<25%, 2"=25%-50%, 3'=50%~75%, 4"=275%. A
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total score was calculated for each liver sample and compared
to the controls. Scoring was performed in a blinded manner
by a pathologist.

The splenic portion of the pancreas from each rat was fixed
in 10% buffered formalin and processed via the paraffin wax
embedding method. Paraffin-embedded sections were cut at
4 pm thickness using a microtome (Leitz 1512, Germany) fol-
lowed by H&E staining. Images were acquired on an Olym-
pus microscope (Olympus IX70, Japan). Quantitative (mor-
phometric) analysis was performed with Image] Software.
Islet density was determined at 100x magnification, while islet
diameter, islet area and islet cell number were determined at
400% magnification.

Primary skeletal muscle cell culture

Primary cultures of skeletal muscle cells were prepared from
soleus skeletal muscle of 10 neonate SD rats as previously
described® *!. Briefly, muscle tissue was dissected from the
soleus and cut into small pieces using scissors, incubated with
0.75 mg/mL collagenase type I and 1.5 mg/mL trypsin in a
Ca™-Mg**-free phosphate buffer for 20 min at 37°C. After fil-
tration through 100 pm, 200 pm, and 400 pm multilayer nylon
membranes, the cells were collected by centrifugation at 150xg
for 10 min and seeded onto 60-mm plates in a proliferation
medium composed of DMEM/F12 (1:1), 10% FBS, 1% penicil-
lin/streptomycin (Sigma, MO, USA). Twenty-four hours after
plating, the plates were washed to eliminate non-adherent
cells. The culture medium was renewed every three days,
while cultures were monitored by daily observation under an
inverted microscope (OLYMPUS, IX71, Japan). For differen-
tiation, the growth medium was changed to 2% FBS medium
at d 4 of culture. After 7 additional days, the primary skeletal
muscle cells were ready for experiments. At this time, most of
the myocytes had differentiated into multinucleated myotubes
could be easily identified as muscle cells. Each condition was
performed in triplicate.

Experimental skeletal muscle cell groups and treatments

After 48 h in differentiation media in which myotubes were
formed, skeletal muscle cells were divided into the following 5
groups:

Group 1: Skeletal muscle cells -Control (Con, solvent alone,
+insulin or -insulin );

Group 2: Skeletal muscle cells -Metformin (Met; 20 pmol/L,
+insulin or -insulin);

Group 3: Skeletal muscle cells ~-Rutaecarpinel (Rutl; 20
pmol/L, +insulin or -insulin);

Group 4: Skeletal muscle cells ~-Rutaecarpine2 (Rut2; 60
pmol/L, +insulin or -insulin);

Group 5: Skeletal muscle cells ~-Rutaecarpine3 (Rut3; 180
pmol/L, +insulin or -insulin).

The cells were harvested, lysed, and processed for glucose
uptake assay and Western blot analysis after an additional
24 h or 48 h period. See Figure 1D for outline of in vitro experi-
ment grouping and treatments.
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Figure 1. Animal and cell study protocols and chemical structures of rutaecarpine, metformin hydrochloride and streptozocin. (A) Animal study protocol
and the effects of rutaecarpine on glycaemic and lipid profile of Fat-fed/STZ rats in vivo. (B) Chemical structure of rutaecarpine (C,sH13N3;0, molecular
weight: 287.32). (C) Chemical structure of metformin hydrochloride (C,H,,NsHCI, molecular weight: 165.62). (D) Effects of rutaecarpine (20, 60, and
180 pmol/L) on glucose uptake and AMPKa, p-AMPKa, ACC2 and p-ACC2 in primary skeletal muscle cells in vitro.

Glucose transport in rat skeletal muscle cells

2—Deoxy—D—[1,2—3H(N)]glucose (2—D[3H]OG, Sigma, MO, USA)
uptake in skeletal muscle cells was measured as previously
described™. Briefly, primary cultured skeletal muscle cells
were exposed to serum-free medium containing 0.5% BSA for
12 h. The cells were then incubated in the presence or absence
of rutaecarpine (Rutl, 20 pmol/L; Rut2, 60 pmol/L; and Rut3,
180 pmol/L) with or without human insulin (10 U/L; Novolin
R; Novo Nordisk) for 24 h. The preparations were rinsed to
terminate the experimental treatment and then incubated for
20 min at 29°C in 1.5 mL KHB buffer containing 8 mmol/L
2-D[’H]OG (2.25 mCi/mL), 2 mmol/L sodium pyruvate, and
0.1% BSA. To stop the reaction, the cells were immersed in
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ice-cold saline for 30 min and dissolved in 1 mol/L NaOH at
55°C for 60 min. The extract was neutralized with 1 mol/L
HCI, and *H-labeled radioactivity was counted in the presence
of a scintillation buffer. The blank containing KHB buffer or
liquid scintillation buffer and the hot control of radioactive
2-D[’H]OG in the mixture were used for calibration. The
readouts were normalized against total cellular protein, and
2-deoxyglucose uptake was calculated. Dose-response curves
for in vivo insulin sensitivity in individual tissues were gener-
ated.

Western blot analysis
Protein lysates were prepared from liver tissues or primary



cultured skeletal muscle cells as previously described™. Total
protein from frozen liver samples (20-50 ng) was subjected
to Western blot analysis using polyclonal antibodies against
NF-xB p65. Skeletal muscle cells were rinsed twice with PBS
and maintained on dry ice. The muscle cells were harvested
and lysed in radioimmunoprecipitation assay (RIPA) buffer
containing protease inhibitors and phosphatase inhibitors.
Homogenates were incubated with end-over-end rotation at
4°C for 1 h and centrifuged at 10 000 rounds per minute for 20
min at 4°C. Protein concentrations were determined by BCA
protein assay kit (Beyotime, Haimen, China). Homogenates
were then lysed in 5% SDS loading buffer. SDS-PAGE was
performed on a mini-vertical electrophoresis system (Bio-Rad
Mini-PROTEAN?®, Bio-Rad Laboratories, Hercules, CA, USA).

Equal amounts of total proteins from each sample were
separated on a 10% acrylamide resolving gel (0.1% SDS, 1.5
mol/L Tris-HCI, pH 8.8) with a 5% acrylamide stacking gel
(0.1% SDS, 0.5 mol/L Tris-HCI, pH 6.8). Electrophoresis was
performed in electrode buffer (0.1% SDS, 0.25 mol/L gly-
cine, 0.025 mol/L Tris-HCI, pH 8.3) at 60 V for 60 min, then
switched to 100 V for 120 min or 240 min, and then transferred
to nitrocellulose membranes. The membranes were blocked
for 1 h or 3 h in TBST (0.14 mol/L NaCl, 0.02 mol/L Tris base,
pH 7.5, and 0.1% Tween-20) containing 3% (w/v) bovine
serum albumin (BSA), incubated with the primary antibodies
NF-xB p65 (#4764, 1:1000), AMPKa (#2532, 1:1000), p-AMPKa
(Thr172, #2535, 1:1000), ACC2 (#3662, 1:1000), p-ACC2 (#3661,
1:1000), IRS-1 (#2382, 1:1000), p-IRS-1 (Ser 307, #2381, 1:1000),
PI3K p85 (#4292, 1:1000), Akt (#9272, 1:1000), and p-Akt (Ser
473, #9271, 1:1000) (Cell Signaling Technology, Beverly, MA,
USA) overnight at 4°C. The membrane was then washed with
TBST for 5 min and repeated 5 times. Secondary antibodies
(HRP, 1:2000, Abbkine, Redlands, CA, USA) were incubated
for 1-2 h at room temperature. Antigen-antibody complexes
were detected by ECL (Enhanced Chemiluminescence, Amer-
sham, Picataway, UK). The housekeeping protein p-actin
was used as a loading control. Each experiment was repeated
three times on different gels and running buffers.

Statistical analysis

The data are expressed as the mean+SD. The difference
between two groups was analyzed by Student’s ¢ test. Dif-
ferences among multiple groups were analyzed by one-way
ANOVA. Correlations between variables were evaluated by
Pearson’s product-moment correlation coefficient. Tests were
performed using GraphPad Prism version 5.0 for Windows
(GraphPad Software, San Diego, CA, USA). The acceptable
value of significance was P<0.05.

Results

Effect of rutaecarpine on body weight, Lee obesity index and
visceral fat of Fat-fed/STZ rats

A high-fat diet for 8 weeks significantly increased body weight
(Figure 2A) and Lee obesity index (Figure 2J) of rats. Injection
of STZ (week 10) reduced body weight in all experimental
groups (Figure 2A). Co-treatment of rutaecarpine with met-
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formin effectively prevented STZ-induced body weight loss
(Figure 2A). However, Fat-fed/STZ Rats showed a marked
increase in the Lee obesity index at week 18 (Figure 2K). Simi-
lar to metformin, rutaecarpine significantly decreased the Lee
obesity index in contrast to the F/SC group. As excess visceral
fat is linked to T2DMP*, IR™ and other obesity-related disor-

ders?

, we also examined the visceral fat weight level.

The fat deposits in F/SC rats were so large that it impeded
visualization of the epididymal head (Figure 2C). Metformin
treatment reduced the fat deposits. The effect of rutaecarpine
was significantly higher than metformin (Figure 2D and 2E).
Fat assays confirmed these results (Figure 2F-2I).

As a result (Figure 2L and 2M), the high fat diet markedly
increased visceral fat and fat coefficient in the F/SC group.
Rutaecarpine treatment and the positive control metformin
significantly reduced the visceral fat weight and fat coefficient
in obese-diabetes rats (Figure 2L and 2M, P<0.01). Water con-
sumption was higher in the F/SC group compared to the NC
group and was significantly reduced by rutaecarpine and the
positive control metformin (P<0.05, Figure 2N).

Effect of rutaecarpine on lipid profiles of Fat-fed/STZ rats

As lipid metabolism is highly associated with the develop-
ment of type 2 diabetes, we examined TC, TG, LDL-C and
HDL-C serum levels (Figure 3). The high fat diet markedly
increased TC (Figure 3A), TG (Figure 3B), and LDL-C (Figure
3C), but decreased HDL-C (Figure 3D). Eight weeks after STZ
injection, Fat-fed/STZ rats remained in good fat status (Fig-
ure 3A-3D). Consistent with our previous findings®™, seven
weeks treatment with rutaecarpine significantly decreased TC,
TG, LDL-C and increased HDL-C in Fat-fed/STZ rats (Figure
3E-3H).

Effect of rutaecarpine on blood glucose and insulin sensitivity of
Fat-fed/STZ rats

A single STZ injection increased blood glucose levels in F/SC
rats (Figure 4A). Treatment with metformin and rutaecarpine
(starting 1 week after STZ injection) decreased blood glucose
levels at week 14 and 16, respectively, compared to the F/SC
group.

To further confirm the effect of rutaecarpine on glucose
metabolism, we tested peripheral insulin sensitivity by using
GIR values in the HEC method, which is the gold standard in
assessing IR. As shown in Figure 4B, F/SC rats had markedly
decreased GIR values compared to the NC group, indicating
that Fat-fed/STZ significantly induced IR. Treatment with
rutaecarpine and metformin effectively reversed the decrease
in insulin sensitivity (Figure 4B).

Effect of rutaecarpine on glucose uptake in skeletal muscle cells
Insulin treatment leads to increased glucose uptake in adipo-
cytes or skeletal muscle cells. Therefore, glucose uptake assay
can also be used to indicate insulin sensitivity. In the absence
of insulin treatment of skeletal muscle cells, we observed a
direct concentration-dependent positive effect of rutaecarpine
on glucose uptake (Figure 4C). Moreover, we examined the
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Figure 2. Changes in body weight, Lee obesity index, visceral fat and water consumption in NC, F/SC, Met, Rut groups. (A) The body weight is increased
with aging and facilitated by high fat diet (HFD). STZ single dose injection (week 10) decreased body weights which were reversed by rutaecarpine (Rut)
and metformin (Met) at week 18 (F/SC: The rats treated with HFD plus low dose STZ as control group). (B) The head of the epididymis of a NC rat (arrow)
with a slight mesenteric fat deposit (arrowhead) and epididymal fat (f). (C) The hidden epididymal head by the large amount of fat (arrow) and a high
fatty deposit in the mesenterium (arrowhead) and epididymal fat (f) of a F/SC rat. (D and E) The hidden epididymal head by the middle amount of fat
(arrow) and a high fatty deposit in the mesenterium (arrowhead) and epididymal fat (f) of Met and Rut rats. (F-I) Effect of rutaecarpine on visceral fat
morphology of Fat-fed/STZ rats. (J) High fat diet (HFD) increases the Lee obesity index (measured at week 10). (K) The high-fat diet plus STZ treatment
increase the Lee obesity index (measured at week 18) which is attenuated by rutaecarpine or metformin administration. (L) Visceral fat (epididymal,
perirenal, and mesenteric; collected at week 18) and fat coefficient (M) were higher in F/SC group. Met and Rut markedly inhibited visceral fat weight.
(N) The water consumption of individual rats were measured longitudinally before and after treatment. Values are mean+SD, n=10 in NC, n=50 in HFD,
n=10 for F/SC, Met and Rut group respectively. °P<0.05, °P<0.01 vs NC; °P<0.05, 'P<0.01 vs F/SC.

effect of rutaecarpine on glucose uptake in insulin-treated
skeletal muscle cells (Figure 4D). Although insulin treat-
ment alone significantly increased glucose uptake in skeletal
muscles, we observed an additive effect of insulin and rutae-
carpine.

Effect of rutaecarpine on AMPK and ACC2 in skeletal muscle
cells

Because phosphorylated AMPK and ACC2 play important
roles in lipid metabolism, we examined their protein levels in
skeletal muscle cells. Rutaecarpine treatment induced AMPKa
phosphorylation in a concentration-dependent manner (Figure
5A). Rutaecarpine also significantly increased ACC2 phos-
phorylation (Figure 5B). These data suggest that the AMPK-
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ACC2 pathway may be involved in the mechanism by which
rutaecarpine affects obesity and type 2 diabetes.

Effect of rutaecarpine on the IRS-1/PI3K/Akt pathway in rat
livers

To understand the mechanism by which rutaecarpine induced
insulin sensitivity, we examined the phosphorylation levels of
IRS-1 (Ser 307) and Akt (Ser 473) as well as the protein expres-
sion level of p85-PI3K. As shown in Figure 6, livers from Fat-
fed/STZ rats showed impaired insulin signaling cascades.
Rutaecarpine treatment decreased IRS-1 phosphorylation
(P<0.01, Figure 6A), enhanced PI3K p85 protein expression
(P<0.05, Figure 6B), and elevated Akt serine 473 phosphoryla-
tion (P<0.05, Figure 6C).
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Figure 3. The high fat diet (HFD) (week 10) and HFD plus STZ injection (F/SC) (week 18) elevated TC, TG, LDL-C and attenuated HDL-C (A-D).
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significance (ns) means P>0.05.

Effect of rutaecarpine on CRP, MCP-1, TNF-&, IL-6 and NF-kB in
Fat-fed/STZ rats

A high-fat diet plus STZ injection significantly increased CRP,
MCP-1, TNF-a and IL-6 serum levels in F/SC rats (Figure
7A-7D), while rutaecarpine treatment reduced them (Figure
7A-7D).

NF-kB plays a central role in inflammation through its abil-
ity to induce the transcription of pro-inflammatory genes®™.
In this study, NF-xB p65 protein expression was significantly
increased in the liver of high-fat diet/STZ rats. Rutaecarpine
treatment attenuated NF-«B expression by 26.0% (P<0.05, Fig-
ure 7E).

Effect of rutaecarpine on pathological changes and function of
the liver

Steatosis is a major pathological change in the livers of Fat-
fed/STZ rats®. As shown in Figure 8B, livers of Fat-fed/
STZ rats showed hepatocellular degeneration, sinusoid dila-
tion, and inflammatory cell infiltration, reflecting the signs of
steatosis. Rutaecarpine treatment blocked this pathological
course (Figure 8D) and improved the pathological score (Fig-
ure 8K).

In addition to hepatic histological evidence, we measured
AST and ALT levels as a readout of hepatic function. AST and
ALT levels were significantly increased (P<0.01, Figure 8I and
8]) in the F/SC group. Rutaecarpine treatment significantly
decreased them.

The effect of rutaecarpine on pancreas pathology in Fat-fed/STZ
rats

Figure 8E-8H shows pathological images after H&E staining
of the rat pancreas. The tissue structures were clear in the
normal group, as we could clearly observe multiple pancreatic
cell mass, normal islet shape, islet cell boundaries, and various
sizes of islets. Moreover, small and large islands were com-
posed of approximately 10 and 100 cells, respectively. Nuclear
chromatin was stained light purple, and the cytoplasm stained
light red. The intercellular capillaries were clearly visible (Fig-
ure 8E). The Fat-fed/STZ group rats had pancreatic alveolar
atrophy, interstitial fibrosis and fatty degeneration. In con-
trast to the NC group, the majority of the islets were smaller
(22.14+1.054 mm? vs 9.58+0.693 mm?, P<0.01, Figure 8L). The
majority of the cells were not clear, and the cytoplasm was
loose and showed signs of vacuole degeneration.

The pancreatic lesions in the metformin-treated group sig-
nificantly improved, while the cytoplasm was significantly
decreased. The nucleus became normal after metformin treat-
ment (Figure 8G), and the islet area significantly increased
(18.8620.867 mm” vs 9.58+0.693 mm?, P<0.01, Figure 8L).

The amount and area of islets in the rutaecarpine-treated
group increased (14.23£0.740 mm” vs 9.58+0.693 mm?, P<0.001).
The number of the cells significantly decreased. Thus, rutae-
carpine has a protective effect on the islets of Fat-fed/STZ rats
by repairing pancreatic tissue injury.
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Figure 4. Rutaecarpine effect on glycaemic profile. (A) The high fat diet (HFD; week 2 to 10) did not inference the blood glucose levels significantly in
all groups. Blood glucose is significantly increased 72 h post STZ injection (week 10+72 h). Treatment of herb element and metformin (1 week post
STZ injection) in F/SC rats gradually decreased glucose levels. Values are expressed as meanSD, n=50 in HFD group, n=10 in NC, F/SC, Met and
Rut groups. (B) Changes of glucose infusion rate (GIR) by rutaecarpine. The hyperinsulinemic euglycemic clamp study shows that herb element (7
weeks treatment) increased GIR markedly. Values are mean+SD, n=10. °P<0.05, °P<0.01 vs NC; °P<0.05, ‘P<0.01 vs F/SC. (C) Glucose uptake in
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Discussion

Hypertrophic obesity is a hallmark of a high-fat diet induced
metabolism disorder™ *!. To better describe the rutaecarpine-
induced body fat change in our animal models, we measured
the Lee obesity index. An increase in visceral/intra-abdominal
fat stores is associated with an increased risk for IR*?, and the
International Diabetes Federation (IDF) particularly reduced
cut-off values for visceral obesity to emphasize its impact on
the prevalence of cardiovascular events'’l, Rutaecarpine treat-
ment reduced the Lee obesity index (Figure 2K) and visceral
fat (Figure 2L), suggesting that rutaecarpine plays a role in
lipid metabolic activity. Consistently, rutaecarpine treatment
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significantly decreased TC (Figure 3E), TG (Figure 3F), and
LDL-C (Figure 3G) in Fat-fed/STZ rat.

The association between abdominal fat accumulation and IR
risk has long been proposed™ *. However, there is no clear
proof of a causal link between obesity and blood glucose con-
centrations in our fat (38.9% lard fat containing chow)-fed rat
model (Figure 4A). Chow (20% protein, 35% carbohydrate,
45% fat) containing 16% higher fat than our fat diet failed to
elevate blood glucose in a Wistar rat model. Buettner!"” per-
formed a 12-week high fat (42%) diet course with coconut fat
(saturated fatty acids), olive oil (monounsaturated fatty acids),
lard (comparable quantities of saturated fatty and monoun-



A Rut
Con 20 60 180  Met
2.5
o
2 20 c x
$s i
o €15 b
<§( 3
N5
g T 1.0
e
>
5 051
0.0l : =
Con 20 60 180 Met
Rut (mol/L)
B Rut

B-Actin

2.0

[
&)

p-ACC2/ACC2 ratio
(fold of control)
I
o

o
ot

0.0

Met

60
Rut (umol/L)

Con 20 180
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saturated fatty acids) and fish oil (polyunsaturated fatty acids)
as fat sources. The blood glucose levels of experimental rats
did not change in any of the high fat diet groups. However, a
58% lard fat diet (49% higher than our high-fat diet) induced
hyperglycemia in female C57BL/6] mice accompanied by an
increase in body weight[48]. Interestingly, a 32% safflower fat
diet also induced increased plasma glucose levels in female
C57BL/6] mice®). Thus, differences in species and genetic
backgrounds may affect the correlation between body weight

50]

and glycemia under high-fat diets®™. In addition, we only
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observed the white fat tissue but not brown fat tissue in our
study. In the histological analysis of the F/SC group, the
epididymis head was hidden by a large amount of fat, and
we also observed a highly fatty deposit in the mesenterium
(Figure 2C). Moreover, fat weight and fat coefficient visceral
in the F/SC group was significantly higher than the control.
Rutaecarpine treatment could significantly reverse these
abnormal indices to different degrees (Figure 2E and 2I).

It is important to note that although a high-fat diet increased
the body weight and blood glucose in Ins1”*: Ins2” mice, insu-
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Figure 7. Effect of rutaecarpine on serum inflammatory cytokines CRP
(A), MCP-1 (B), TNF-a (C), IL-6 (D) and liver NF-kB protein (E) of Fat-fed/
STZ rats. Panels show representative bands and histograms represent
optical density values normalized to the corresponding B-actin. Values are
mean+SD, n=6 or 10 in each group. °P<0.05, °P<0.01 vs NC; °P<0.05,
P<0.01 vs F/SC.

lin resistance was not observed® *. In contrast, our experi-
mental Fat-fed/STZ rats developed hyperglycemia (Figure
4A) and IR (Figure 4B). Rutaecarpine treatment effectively
decreased blood glucose levels and improved insulin sensitiv-
ity by reversing the suppression of GIR in Fat-fed/STZ rats
(Figure 4A and 4B). Furthermore, the herb element promoted
skeletal muscle glucose uptake both under the influence of
insulin or at resting level (Figure 4C and 4D). Therefore,
rutaecarpine can improve glucose metabolism through an
insulin-sensitizing effect or an insulin-independent pathway
in the Fat-fed/STZ model. Together with the observations
that rutaecarpine improves the Lee obesity index (Figure 2C)/
visceral fat (Figure 2D) and restores normal lipid profiles (Fig-
ure 3E-3H), we provide evidence for potential clinic applica-
tion of the herb element in metabolic syndrome patients.
AMPK plays a central role in controlling lipid metabolism
by modulating downstream ACC. AMPK serine/threonine
protein kinase is a heterotrimeric complex consisting of a cata-

Acta Pharmacologica Sinica

lytic subunit (a) and two regulatory subunits (B and y)®. Tt
has been reported that Thr-172 phosphorylation of the AMPKa
subunit negatively regulates hepatic lipid content, and inhibi-
tion of AMPK may contribute to lipid accumulation induced
by high concentrations of glucose associated with IR, In the
present study, we showed that rutaecarpine induced AMPKa
phosphorylation at Thr-172 in a concentration-dependent
manner (Figure 5A). Similarly, ACC phosphorylation at Ser-
79 increased in the rutaecarpine-treated group (Figure 5B).
ACC is a downstream effector of AMPK, and our study sug-
gests that the AMPK-ACC pathway mediates the effect of
rutaecarpine on lipid metabolism. It has been known that
the inhibitory effects of metformin on fatty acid metabolism
occur via preferential AMPK-a; phosphorylation in rat muscle

B found that metformin activates

cells®. More recently, Boyle
AMPK and reduces ACC protein levels in human adipose
tissue in vivo. Our data indicated that rutaecarpine and met-
formin potentially act on the same pathway to regulate lipid
metabolism.

IR is characterized by defects in muscle glucose uptake and
overproduction of both glucose and lipids in livers. PI3K
pathway activation is essential to regulate insulin receptor
substrates (IRS). Among all IRS, IRS-1 is the predominant
isoform in skeletal muscle, and it is closely linked to glucose
homeostasis in the liver™!. Ser/Thr phosphorylation of IRS-1
serves as a new drug target to treat IR. Indeed, there were no
changes in basal hepatic IRS-1 tyrosine phosphorylation levels
in SD rats with hyperglycemia induced by a high-Fat diet®™.
In contrast, the phospho-serine307 IRS-1 level increased in
the muscle of STZ-induced diabetic SD rats®. In the present
study, we found that p-IRS-1*"” elevated (Figure 6A) in the
liver of Fat-fed/STZ rats. Rutaecarpine effectively reversed
the changes in p-IRS-1%"", PI3K p85, and p-Ser*”’AKT in Fat-
fed/STZ rats (Figure 6A-6C), demonstrating a similar mecha-
nism as the anti-diabetic drug rosiglitazone, which was unable
to restore p-Ser*””AKT levels®™.

Metabolic syndrome is an inflammatory disorder disease!®"..
Obesity, IR, T2DM and alterations in vasculature are all
closely associated with chronic inflammation characterized
by abnormal inflammatory cell infiltration, cytokine produc-
tion and ROS/RNS elevation. It is clear that activation of the
NF-xB transcriptional program contributes to the pathological
development of obesity-induced insulin resistance!® !, Rutae-
carpine treatment in Fat-fed/STZ rats significantly inhibited
NF-xB p65 (Figure 7E), a key protein in the NF-xB cascade.
Moreover, as CRP (Figure 7A), MCP-1 (Figure 7B), TNF-a
(Figure 7C), and IL-6 (Figure 7D) are considered important
members of inflammatory pathways'®*, their inhibition sug-
gests that inflammatory pathways are involved in the under-
lying mechanism by which rutaecarpine regulates lipid and
carbohydrate homeostasis. Rutaecarpine restored pancreatic
islet areas impaired by HFD and STZ (Figure 8H and 8L). We
found that HFD plus STZ impaired the pancreatic islet (Figure
8F and 8L); however, whether they were uniquely damaged
by HFD is still unknown.

In summary, rutaecarpine inhibited hypolipidemia and



NC
| 80.01
60.01 f
g
2 40.0]
5
< T
20.01
0.0~
NC  F/SC  Met Rut
K 10.07
]
2
5 e
(9]
o
3 T
2
38 s
o0
2
2 e
<
©
o
NC  F/SC  Met Rut

www.chinaphar.com
Nie XQ et al

Met Rut

J  150.01
120.01

90.01

60.07

AST (U/L)

30.01

0.0

NC F/SC Met Rut

L 40.0q

30.041

20.01

Islet area (mm?)

10.0

0.0 T

NC Met Rut

F/SC
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bar=50 um). Values are mean+SD, n=6 or 10 in each group. "P<0.05, °P<0.01 vs NC; ®P<0.05, 'P<0.01 vs F/SC.

hypoglycemia. AMPK/ACC2 and IRS-1/PI3K/ Akt signaling
pathways (Figure 9) are potentially involved in the underlying
mechanism. Rutaecarpine also improved the inflammatory
response, which can affect lipid and carbohydrate regulation.
This study suggests that rutaecarpine is a potentially useful
drug that could reduce serum lipid and glucose levels.
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