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Abstract: Apple pomace is a by-product of the processing of apple for juice, cider or wine preparation. Rosemary is 
a herb commonly used as spice and flavoring agent in food processing. Evidence suggests that both apple pomace 
and rosemary have rich bioactive molecules with numerous metabolic effects. To provide more information for using 
apple pomace and rosemary as functional foods for management of metabolism-associated disorders, the pres-
ent study investigated the insulin-sensitizing effect of a mixture of apple pomace and rosemary extract (AR). The 
results showed that treatment with AR (500 mg/kg, daily, by gavage) for 5 weeks attenuated chronic liquid fructose 
consumption-induced increases in fasting plasma insulin concentration, the homeostasis model assessment of 
insulin resistance index and the adipose tissue insulin resistance index in rats. Mechanistically, AR suppressed 
fructose-induced acceleration of the clearance of plasma non-esterified fatty acids during oral glucose tolerance 
test, and decreased excessive triglyceride accumulation and the increased Oil Red O staining area in the gastroc-
nemius. Furthermore, AR restored fructose-induced overexpression of sarcolemmal CD36 that is known to contrib-
ute to etiology of insulin resistance by facilitating fatty acid uptake, and downregulation of sarcolemmal glucose  
transporter (GLUT)-4 that is the insulin-responsive glucose transporter. Thus, these results demonstrate that AR 
improves fructose-induced insulin resistance in rats via modulation of sarcolemmal CD36 and GLUT-4. 
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Introduction

The metabolic syndrome (obesity, insulin resis-
tance, dyslipidemia and hypertension) is asso-
ciated with development of numerous disor-
ders, such as diabetes, nonalcoholic fatty liver 
disease, and cardiovascular diseases [1]. In- 
sulin resistance is the key component of the 
metabolic syndrome.

Apple is one of the most favorite fruits in  
the world. Based on the report by the Food  
and Agriculture Organization of the United 
Nations Statistics Division, the total world 

apple production for 2012 was 76,378,700 
tons, of which China produced 37,001,601  
tons (https://en.wikipedia.org/wiki/List of cou- 
ntries by apple production). Current clinical, in 
vitro, and in vivo data suggest that exposure to 
apples and apple products is associated with 
beneficial effects on risk, markers, and etiology 
of cancer, cardiovascular disease, asthma, and 
Alzheimer’s disease, and also with improved 
outcomes related to cognitive decline of normal 
aging, diabetes, weight management, bone 
health, pulmonary function, and gastrointesti-
nal protection [2]. Apple pomace is a by-product 
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of the processing of apple for juice, cider or 
wine preparation. Generally, apple pomace has 
been thrown away, which causes environmen-
tal pollution. However, apple pomace is a pre-
cious resource because it contains rich bioac-
tive molecules. Apple pomace has been dem-
onstrated to improve lipid profiles in obese rats 
[3] and endurance in exercise performance in 
mice [4]. Furthermore, acute ingestion of apple 
pomace has been found to improve glucose 
metabolism in the oral glucose tolerance test 
(OGTT) in healthy volunteers [5]. On the other 
hand, rosemary, an aromatic evergreen shrub 
grown in many parts of the world, is commonly 
used as spice and flavoring agents in food pro-
cessing. It has been demonstrated that rose-
mary also regulates glucose and lipid metabo-
lism in diabetic animals [6-10]. These findings 
suggest that both apple pomace and rosemary 
may improve metabolic abnormalities. However, 
their underlying mechanisms of action are still 
largely unclear.

Chronically high consumption of fructose is 
associated with numerous metabolic abnor-
malities, such as obesity, insulin resistance, 
fatty liver and dyslipidemia [9]. To provide infor-
mation for using apple pomace and rosemary 
as functional foods for management of insulin 
resistance-associated disorders, the present 
study examined the effects of a mixture of 

apple pomace and rosemary extract (AR) on 
insulin resistance induced by long-term exces-
sive liquid fructose consumption. 

Materials and methods

Preparation of AR and quantification of ursolic 
acid (UA) in AR

Fresh apple (Malus pumila var. domestica) was 
purchased from Aomori County, Japan. Apple 
pomace was produced after the free run juice 
is poured off, and dried below 50°C. Rosemary 
(Rosmarinus officinalis) extract was purchased 
from SAMI LABS LIMITED, Bangalore India (Lot 
No: C131509E). AR was made of apple pomace 
and rosemary extract at the ratio of 10:1. 
Because UA is one of the prominent active  
components contained in both apple pomace 
and rosemary [10], we determined UA content 
in the mixture as a quality control. The mixture 
was extracted with methanol, and quantified by 
a HPLC method to contain 5.5% UA. HPLC fin-
gerprints of AR and UA standard (Wako, Osaka, 
Japan) (inset) at 210 nmUV are shown in Figure 
1.

Animals, diet and experimental protocol

All experimental procedures were carried out in 
accordance with the internationally accepted 
principles for laboratory animal use and care, 

Figure 1. HPLC fingerprints of the mixture of apple pomace and rosemary extract (AR) and ursolic acid standard 
(inset) at 210 nmUV.
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and approved by the Animal Ethics Committee, 
Chongqing Medical University, China (02/03/ 
2015, No: 2015007).

Male Sprague-Dawley rats (210-230 g) and the 
standard chow were supplied by the laboratory 
animal center, Chongqing Medical University, 
China. Rats were housed in the Specific 
Pathogen Free (SPF) facility (21±1°C, 55±5% 
relative humidity, a 12-h light/dark cycle). 
Animals were allowed free access to water and 
the standard chow for at least 1 week prior to 
starting the experiments.

The animal model used for the present study 
was made as described previously [11-15]. 
Thirty-three rats were divided initially into 2 
groups: water controls (n=6) given free access 
to water, and fructose group (n=27) in which 
rats had free access to 10% fructose solution 
(w/v, preparation every day) for 13 weeks. The 
fructose group was divided into the following 3 
groups (n=9 each) during the last 5 weeks: fruc-
tose control (AR 0 mg/kg), fructose AR 100 
mg/kg and fructose AR 500 mg/kg. Animals in 
AR-treated groups were administered AR at the 
dosages of 100 and 500 mg/kg (suspended in 
5% Gum Arabic, gavage once daily), respective-
ly. The rats in the corresponding water- and 
fructose-control groups received vehicle (5% 
Gum Arabic) alone. All rats had free access to 
the standard chow. To avoid stress and increase 
monitoring accuracy of fructose and chow 
intakes, only 3 rats were housed in a cage at 
any given time. The consumed chow and fruc-
tose solution were measured daily and the 
intake of fructose was calculated. Blood sam-
ples were collected under ether anesthesia 
under overnight-fasted condition 4 weeks after 
treatment with vehicle or AR. Here, the plasma 
concentrations of glucose (kit from Kexin 
Institute of Biotechnology, Shanghai, China), 
insulin (kit from Morinaga Biochemical 
Industries, Tokyo, Japan), triglyceride (Trigl- 
yceride-E kit, Wako, Osaka, Japan), non-
esterified fatty acids (NEFA) (NEFA-C kit, Wako, 
Osaka, Japan) and total cholesterol (kit from 
Kexin Institute of Biotechnology, Shanghai, 
China) were determined using enzymatic meth-
ods or by ELISA. Immediately followed, OGTT 
was performed. Animals were weighed and 
euthanized after being fasted overnight at the 
endpoint of the treatments. Epididymal and 
peri-renal fats, and gastrocnemius (right) were 

collected. Segments of gastrocnemius were 
individually snap frozen in liquid nitrogen and 
stored at -80°C for subsequent determination 
of the content of triglyceride and/or gene 
expression.

OGTT

All overnight-fasted rats received a glucose 
solution (2 g/kg, p.o.). Blood samples were col-
lected prior to and 20, 60 and 120 min after 
glucose administration. Plasma glucose and 
NEFA concentrations were determined. The 
homeostasis model assessment of insulin 
resistance (HOMA-IR) index {[fasting insulin 
(μIU/mL) × fasting glucose (mM)]/22.5} and the 
Adipo-IR index [Adipo-IR index = fasting insulin 
(mmol/L) × fasting NEFA (pmol/L)] were 
calculated [16]. The clearance of plasma NEFA 
was calculated using the following formula: the 
concentration under fasting condition (baseline) 
-the concentration at the time-point (20, 60 or 
120 min) after glucose administration. The 
area under the curve (AUC) of plasma con- 
centrations and/or clearances of NEFA were 
calculated. 

Determination of muscular triglyceride content

Triglyceride content in the gastrocnemius was 
determined as described previously [13, 16]. 
Briefly, 100 mg of tissue was homogenized and 
extracted with 2 mL of isopropanol. After cen-
trifugation (3000 rpm), the triglyceride content 
in supernatant was determined (Wako, Osaka, 
Japan).

Measurement of muscular fatty droplet accu-
mulation

Frozen gastrocnemius was cut into six-micron 
sections, and stained with Oil Red O. Fatty 
droplet accumulation was examined under 
microscope (BX-51, Olympus Corporation, 
Tokyo, Japan). Forty fields in individual section 
were randomly selected, and the Oil Red 
O-stained and total fiber areas were measured 
using an ImageJ 1.43 analyzing system. The 
ratio of the Oil Red O-stained area to the total 
fiber area was calculated (%). 

Real time PCR

Real time PCR described previously [15] was 
used to determine mRNA expression. Total RNA 
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was isolated from gastrocnemius of individual 
rats using TRIzol (Takara, Dalian, China). cDNA 
was synthesized using M-MLV RTase cDNA 
Synthesis Kit (Takara, Dalian, China) according 
to the manufacturer’s instructions. Real time 
PCR was performed with the CFX 96 Real Time 
PCR Detection System (Biorad Laboratories 
Inc, Hercules, CA, USA) using the SYBR® Premix 
Ex Taq™ II (Takara, Dalian, China). The sequ- 
ences of primers are as follows: β-actin: ����for-
ward: ACGGTCAGGTCATCACTATCG and reverse: 
GGCATAGAGGTCTTTACGGATG (Accession num-
ber: NM_031144.2); CD36: forward: AACCC- 
AGAGGAAGTGGCAAAG and reverse: GACAG- 
TGAAGGCTCAAAGATGG (Accession number: 
NM_001109218); and glucose transporter 
(GLUT)-4: forward: CTTCCGTTTCTCATCCTTCAGC 
and reverse: GATACCTCTACATCATCC (Accession 
number: NM_012751.1). The gene expression 
from each sample was analysed in duplicates 
and normalized against the internal control 
gene β-actin. Levels in control rats were 
arbitrarily assigned a value of 1.

Western blot

Western blot was performed basically as 
described previously [12, 15]. Proteins were 
prepared from gastrocnemius using the T-PER 
tissue protein extraction reagent kits (Pierce 
Biotechnology, Rockford, IL, USA) according to 
the manufacturer’s instructions. Protein con-
centration was determined using the Bradford 
method (Bio Rad Laboratories, Hercules, CA, 
USA) using bovine serum albumin as a stan-
dard. Protein (30 μg) was subjected to SDS-
PAGE analysis on a 10% gel, then electrotrans-
ferred onto Polyvinylidene Fluoride Membrane 
(Amersham, Buckinghamshire, UK). CD36 (dilu-
tion 1:1000, Abcam, Cambridge, Massa- 
chusetts, USA) and GLUT4 (dilution 1:500, 
Santa Cruz Biotechnology, Santa Cruz, CA,  
USA) were detected with a rabbit polyclonal 
antibody. Detection of signals was performed 
using the ECL Western blot detection kit (Pierce 
Biotechnology, Rockford, IL, USA) with anti-rab-
bit horseradish peroxidase-conjugated IgG 
(dilution 1:5,000, Santa Cruz Bio- 
technology, Santa Cruz, CA, USA) as second 
antibody. Polyclonal rabbit GAPDH antibody 
(dilution 1:10,000, Cell Signaling Technologies, 
Beverly, MA, USA) was used as loading control 
to normalize the signal obtained for CD36 or 
GLUT-4 protein. The immunoreactive bands 
were visualized by autoradiography and the 

density was evaluated using ImageJ 1.43. 
Levels in control rats were arbitrarily assigned 
a value of 1. 

Immunofluorescence staining 

To examine the distribution of CD36 and GLUT-
4 in skeletal muscle fibers, cryosections were 
immunofluorescently labeled and analyzed by 
fluorescence microscopy. Transverse cryosec-
tions from gastrocnemius were transferred to 
glass slides, and allowed to dry at room tem-
perature. The sections were blocked with nor-
mal goat serum for 30 min and incubated with 
rabbit polyclonal anti-CD36 antibody (dilution 
1:200, Abcam, Cambridge, Massachusetts, 
USA) and anti-GLUT-4 (dilution 1:50, Santa  
Cruz Biotechnology, Santa Cruz, CA, USA) in 
blocking buffer at 4°C overnight. Sections were 
rinsed with PBS three times and incubated with 
CY3-labeled goat anti-rabbit IgG as secondary 
antibody in blocking buffer for 30 min. Sections 
were rinsed with PBS three times again and 
nuclei were counterstained with DAPI (Molec- 
ular Probes/Invitrogen Life Technologies, Car- 
lsbad, CA, USA). Finally, sections were mounted 
and analyzed. Images were collected with fluo-
rescent microscope (NIKON TE2000-U, Nikon 
Corporation, Tokyo, Japan). Imaging settings 
were set so that no signal was detected in the 
respective negative controls and a low fraction 
of pixels showed saturation intensity values 
when imaging the stained samples. The fluores-
cence intensity of the sarcolemmal CD36 and 
GLUT-4 fluorescent signal of skeletal muscle 
fiber was quantified by Image Pro Plus 5.1. 
~100 fibers were rated each sample. Levels in 
control rats were arbitrarily assigned a value of 
1.

Data analysis

All data are expressed as mean ± SEM. Data 
were analyzed by ANOVA using StatView, and 
followed by Student-Newman-Keuls testing to 
locate the differences between groups. P<0.05 
was considered to be statistically significant.

Results

Effects on intakes of fructose and chow, body 
weight and fat mass in rats

Fructose intake in all fructose-consumed 
groups was similar (Supplementary Table 1). 
Further, these groups showed decrease in 
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chow intake, compared to water control, 
Supplementary Table 1). There was no signifi-
cant difference in body weight between water 
control and fructose control or fructose AR 
groups (Supplementary Table 1). However, long 
term fructose consumption increased epididy-
mal and perirenal fat weight; treatment with AR 
was without effect on it (Supplementary Table 
1). 

Effects on glucose metabolism in rats

Although plasma glucose concentrations at the 
baseline (Figure 2A) and in OGTT (Figure 2D) 
were not altered, fasting plasma insulin con-
centration (Figure 2B) and the HOMA-IR index 
(Figure 2C) were increased over three folds in 
fructose controls, compared to those in water 
controls. Treatment with AR at the dosage of 
500 mg/kg significantly decreased fasting 
plasma glucose concentration (Figure 2A), but 
did not affect plasma glucose concentrations 

NEFA concentration at 20-min point; there was 
no significant difference in plasma NEFA con-
centration (Figure 4A) and the AUC of plasma 
NEFA concentration (Figure 4B) in OGTT among 
water control, fructose control and fructose 
500 mg/kg group. However, the clearance of 
plasma NEFA (Figure 4C) and the AUC of plas-
ma NEFA clearance (Figure 4D) were increased 
in fructose controls compared to water con-
trols. AR treatment significantly decreased the 
clearance of plasma NEFA (Figure 4C) and the 
AUC of plasma NEFA clearance (Figure 4D) in 
fructose-fed rats.

The quantifications showed no obvious differ-
ence in gastrocnemius weight between water 
control and fructose control or fructose AR 
groups (Figure 5A). However, long term fruc-
tose consumption increased triglyceride con-
tent (Figure 5B) and Oil Red O stained area 
(Figure 5C-E) in the gastrocnemius. AR at 500 

Figure 2. Plasma glucose (A) and insulin (B) concentrations under fasted 
condition, HOMA-IR index (C) and plasma glucose concentrations (D) in oral 
glucose tolerance test in rats. The fructose controls (AR 0 mg/kg) and fruc-
tose AR (100 and 500 mg/kg) groups had free access to 10% fructose in 
their drinking water over 13 weeks. The water controls (AR 0 mg/kg) had free 
access to a tap water. AR was administered by gavage daily during the last 
5 weeks. The water and fructose controls received vehicle (5% Gum Arabic) 
alone. Data are means ± SEM (n=6-9 each group). *P<0.05.

during OGTT (Figure 2D) in 
fructose-fed rats. Strikingly 
AR at 100 and 500 mg/kg 
suppressed the increases in 
fasting insulin concentration 
and the HOMA-IR index 
(Figure 2B and 2C). 

Effects on lipid metabolism 
in rats

Under fasted condition, plas-
ma total cholesterol concen-
tration (Figure 3A) was un- 
changed, but plasma trigly- 
ceride (Figure 3B) and NEFA 
concentrations (Figure 3C) 
and the Adipo-IR index (Figure 
3D) were significantly incre- 
ased after long-term fructose 
consumption. AR treatment 
minimally affected the fast- 
ing plasma concentrations  
of total cholesterol, triglycer-
ide and NEFA (Figure 3A-C) in 
fructose-fed rats. However, 
AR at dosages of 100 and 
500 mg/kg suppressed the 
increased Adipo-IR index (Fig- 
ure 3D).

Oral glucose administration 
potently decreased plasma 
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mg/kg inhibited the increases 
in triglyceride content and Oil 
Red O staining area (Figure 
5B, 5C and 5F). 

Gene/protein expression pro-
file in rats

Generally, treatment with AR 
at 500 mg/kg showed better 
metabolic effects than 100 
mg/kg. We analyzed and com-
pared gene expression in gas-
trocnemius among water con-
trol, fructose control and fruc-
tose AR 500 mg/kg groups.

By Real-time PCR and Western 
blot, fructose feeding did not 
significantly affect total mus-
cular mRNA and protein ex- 
pression of CD36 and GLUT-4; 
AR treatment was without 
effect in fructose-fed rats 
(Supplementary Figure 1A-D). 
By immunofluorescence stain-
ing, however, fructose feeding 
increased sarcolemmal CD36 
expression, compared to wa- 
ter feeding (Figure 6A and 
6B). In contrast, sarcolemmal 
GLUT-4 expression was signif-
icantly decreased after fruc-
tose consumption (Figure 6C 
and 6D). AR treatment rever- 
sed fructose-induced overex-
pressed sarcolemmal CD36 
and downregulated sarcolem-
mal GLUT-4 expression in the 
skeletal muscle fibers (Figure 
6A-D).

Discussion

The previous research find-
ings have suggested that 

Figure 3. Plasma concentrations of total cholesterol (A), triglyceride (B) and 
NEFA (C) and Adipo-IR index (D) in rats. The fructose controls (AR 0 mg/kg) 
and fructose AR (100 and 500 mg/kg) groups had free access to 10% fruc-
tose in their drinking water over 13 weeks. The water controls (AR 0 mg/kg) 
had free access to a tap water. AR was administered by gavage daily during 
the last 5 weeks. The water and fructose controls received vehicle (5% Gum 
Arabic) alone. Data are means ± SEM (n=6-9 each group). *P<0.05.

Figure 4. Plasma NEFA concentrations (A), the AUC of plasma NEFA concen-
trations (B), plasma NEFA clearance (C), and the AUC of plasma NEFA clear-
ance (D) during OGTT in rats. The fructose controls (AR 0 mg/kg) and fructose 

AR (500 mg/kg) groups had free 
access to 10% fructose in their 
drinking water over 13 weeks. 
The water controls (AR 0 mg/kg) 
had free access to a tap water. AR 
was administered by gavage daily 
during the last 5 weeks. The wa-
ter and fructose controls received 
vehicle (5% Gum Arabic) alone. 
Data are means ± SEM (n=6-9 
each group). *P<0.05.
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apple pomace [3, 5] and rosemary [6-8] 
improve metabolic abnormalities. Insulin resis-
tance plays a pivotal role in the development of 
metabolism-associated disorders. The present 
results clearly demonstrate that treatment with 
AR suppressed fructose-induced both hyperin-
sulinemia, and increases in the HOMA-IR index 
and the Adipo-IR index. Thus, these results sup-
port that AR treatment improves insulin resis-
tance/hyperinsulinemia in rats.

It is known that restriction of energy intake may 
result in an increase in insulin sensitivity. 
Adipose tissue, liver and skeletal muscle are 
the main targets of insulin. Skeletal muscle is 
the major site of insulin resistance in obesity 
and type 2 diabetes [17]. Mounting evidence 
indicates that insulin resistance is closely asso-
ciated with intramyocellular triglyceride overac-
cumulation [18]. Long-term high fructose diets 
cause insulin resistance [19] and triglyceride 

overaccumulation [20] in the skeletal muscle of 
rodents. It has been demonstrated that apple 
pomace extract improves endurance in exer-
cise performance by increasing strength and 
weight of skeletal muscle [4]. Rosemary extract 
increases skeletal muscle glucose uptake [21]. 
In the present study, AR treatment was without 
significant effect on fructose and chow intakes, 
and fructose-induced adiposity. In contrast, 
fructose-induced increases in triglyceride ac- 
cumulation and Oil Red O-stained area in the 
skeletal muscle of rats were diminished after 
treatment with AR. This diminishment was 
accompanied by improvement of insulin resis-
tance. Thus, these results raise the possibility 
that skeletal muscle is one of the key target 
sites in AR treatment-elicited improvement of 
insulin resistance.

The increased muscular lipid deposition is sec-
ondary to increased fatty acid transport in 

Figure 5. Gastrocnemius weight (A), triglyceride content (B), Oil Red O staining area (C) and representative images 
(Oil Red O staining, scale bars: 50 μm) (D-F) in rats. The fructose controls (AR 0 mg/kg) and fructose AR (100 and 
500 mg/kg) groups had free access to 10% fructose in their drinking water over 13 weeks. The water controls (AR 0 
mg/kg) had free access to a tap water. AR was administered by gavage daily during the last 5 weeks. The water and 
fructose controls received vehicle (5% Gum Arabic) alone. Data are means ± SEM (n=6-9 each group). *P<0.05.
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obese Zucker rats [22], high fat-fed rats [23] 
and obese, insulin-resistant humans [24]. In 
muscle, increased plasma free fatty acids dis-
rupt the glucose-fatty acid cycle [25]. The pre-
dominant defect in insulin action in skeletal 
muscle relates to an inhibitory effect of the 
increased plasma free fatty acids on insulin-
mediated glucose transport [26]. Postprandial 
hyperinsulinemia is the most important physio-
logical stimulus to enhance fatty acid uptake 
[27]. Thus, the clearance of plasma fatty acids 
in OGTT reflects the status of uptake of fatty 
acids by the key tissues, such as skeletal mus-
cle. In the present study, long-term fructose 
consumption increased clearance of plasma 
NEFA during OGTT. This acceleration was atten-
uated by AR treatment. These results suggest 
that AR treatment may decrease fructose-
induced excessive triglyceride accumulation in 
the skeletal muscle by inhibiting the increased 
uptake of fatty acids.

CD36, a multi-functional glycoprotein, facili-
tates a major fraction of fatty acid uptake by 
some key tissues, such as skeletal muscle, and 
plays an important role in membrane transport 
and utilization of long-chain fatty acids [28]. 
Enhancement of fatty acid uptake by postpran-
dial hyperinsulinemia is mediated by induction 
of CD36 translocation [27]. CD36 may contrib-
ute to development of insulin resistance and 
the other key components of the metabolic  
syndrome [28, 29]. In skeletal muscle from dia-
betic rodents and humans, more CD36 is 
recruited to the plasma membrane, leading to 
persistent enhancement of fatty acid uptake, 
thereby contributing to the impairment of insu-
lin signaling and glucose utilization [30]. The 
increase in surface presence of CD36 is due to 
not increased expression, but a permanent 
relocation from its intracellular storage com-
partment. Fructose feeding has been demon-
strated to increase CD36 expression in the sar-

Figure 6. Expression of sarcolemmal CD36 (A) and GLUT-4 (C), representative images (immunofluorescence stain-
ing, B and D, scale bars: 50 μm) in the gastrocnemius of rats. The fructose controls (AR 0 mg/kg) and fructose AR 
(500 mg/kg) groups had free access to 10% fructose in their drinking water over 13 weeks. The water controls (AR 
0 mg/kg) had free access to a tap water. AR was administered by gavage daily during the last 5 weeks. The water 
and fructose controls received vehicle (5% Gum Arabic) alone. After staining, the intensity of CD36 and GLUT-4 ex-
pression was determined using ImageJ 1.43. Levels in control rats were arbitrarily assigned a value of 1. Data are 
means ± SEM (n=6-9 each group). *P<0.05.
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colemma, but not in whole muscular homoge-
nates in rats [31]. Consistently, fructose con-
sumption in the present study resulted in sar-
colemmal CD36 overexpression, but it did not 
alter CD36 mRNA and protein expression in 
whole skeletal muscle. This overexpressed sar-
colemmal CD36 was restored by AR treatment. 
Thus, these results suggest that AR treatment-
elicited improvement of insulin resistance is 
associated with regulation of fatty acid uptake 
in the skeletal muscle through repair of the 
impaired sarcolemmal CD36 recycling.

Uptake of glucose by the muscle cell is via facil-
itated diffusion through GLUT-4. GLUT-4 is the 
main insulin-responsive glucose transporter 
and located primarily in muscle cells and adipo-
cytes. Normally, GLUT-4 is recycled between 
the plasma membrane and intracellular stor-
age pools [32]. In obesity and type 2 diabetes, 
however, GLUT-4 internalizes and is retained in 
intracellular depots, resulting in decreased 
expression in the plasma membrane, despite 
similar level of total availablity [33]. Excessive 
sarcolemmal content of CD36 correlated well 
with reduced insulin-stimulated GLUT-4 trans-
location and glucose uptake [34]. It has been 
demonstrated that UA increases glucose 
uptake in L6 muscle cells [35]. Furthermore, UA 
was found to increase the translocation of 
GLUT-4 from cytoplasm to cell membrane [36]. 
In the present study, fructose consumption did 
not affect total GLUT-4 mRNA and protein 
expression in skeletal muscle. However, it 
reduced plasma membrane GLUT-4 content. 
Treatment with AR did not alter muscular GLUT-
4 mRNA and protein expression, but it com-
pletely restored the decreased plasma mem-
brane GLUT-4 in fructose-fed rats. Thus, it 
appears that AR-elicited improvement of fruc-
tose-induced insulin resistance is also associ-
ated with repair of the impaired sarcolemmal 
GLUT-4 recycling.

UA (3β-hydroxy-urs-12-en-28-oic acid) is a na- 
tural pentacyclic triterpenoid carboxylic acid. It 
exists widely in natural plants in the form of 
free acid or aglycones for triterpenoid sapo-
nins. Pharmacological studies have indicated 
that UA has numerous beneficial effects, such 
as hepatoprotection, anti-oxidative stress, anti-
inflammation, anticancer and anti-hyperlipid-
emia [37]. UA has been identified as an inhibi-
tor of skeletal muscle atrophy, and daily UA 

consumption results in skeletal muscle hyper-
trophy [38]. UA was found to ameliorate aging-
associated metabolic phenotypes through pro-
motion of skeletal muscle rejuvenation [39], 
and to improve age-related skeletal muscle 
weakness and atrophy [40]. It has been demon-
strated that the hexane extract of dry apple 
pomace or dry rosemary leaf contains 49.7% 
and 22.7% UA, respectively [10]. The mixture 
used in the present study contained 5.5% UA. 
To further elucidate the underlying mecha-
nisms of metabolic action of AR and other 
UA-rich herbs, therefore, it needs to investigate 
the role of UA in AR-elicited improvement of 
insulin resistance in the future.

In conclusion, our present results demonstrate 
that treatment with a mixture of apple pomace 
and rosemary extract improves chronic fruc-
tose consumption-induced insulin resistance in 
rats via repair of the impaired sarcolemmal 
CD36 and GLUT-4 recycling. Our findings may 
provide important information for using apple 
pomace, a by-product, and rosemary as func-
tional foods for prevention and treatment of 
metabolism-associated disorders.
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Supplementary Table 1. Intakes of fructose and chow, body weight, fat mass, and the weight, TC and 
TG of liver in rats 

Parameter
Group

Water AR 0 (mg/
kg)

Fructose AR 0 
(mg/kg) 

Fructose AR 100 
(mg/kg)

Fructose AR (500 
mg/kg)

Fructose intake (g/5 w/3 rats) - 1152±36 1133±35 1183±37 
Chow intake (g/5 w/3 rats) 2463±51* 1372±52 1455±52 1596±53* 
Body weight (g) 383.6±12.7 389.9±18.3 385.4±17.6 401.4±17.6 
e+p FAT weight (g) 7.696±0.738* 12.368±1.025 12.039±1.297 14.358±1.548 
Liver weight (g) 9.305±0.426 9.526±0.375 9.781±0.397 10.242±0.502 
Liver TC (μmol/g) 5.6±0.7* 8.5±1.2 8.5±0.6 9.3±0.4 
Liver TG (μmol/g) 48.2±5.5* 113.3±15.3 91.5±14.4 88.1±10.7 
e+p FAT: epididymal + perirenal fat; TC, total cholesterol; TG, triglyceride. vs fructose AR 0 mg/kg, *P<0.05.

Supplementary Figure 1. Expression of CD36 (A) and GLUT-4 (C) mRNAs and CD36 (B) and GLUT-4 (D) proteins 
(Lanes 1 & 2, water control; Lanes 3 & 4, fructose control; Lanes 5 & 6, fructose AR (500 mg/kg) in the gastroc-
nemius of rats. The fructose controls (AR 0 mg/kg) and fructose AR (500 mg/kg) groups had free access to 10% 
fructose in their drinking water over 13 weeks. The water controls (AR 0 mg/kg) had free access to a tap water. AR 
was administered by gavage daily during the last 5 weeks. The water and fructose controls received vehicle (5% 
Gum Arabic) alone. mRNA was determined by Real-time PCR and normalized to β-actin, while protein expression was 
analyzed by Western blot and normalized to GAPDH. Expression in water control was arbitrarily assigned a value of 
1. Data are means ± SEM (n=6-9 each group). 


