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Abstract

The aim of this study was to examine the effects of chlorogenic acid (CGA) on glucose and
lipid metabolism in late diabetic db/db mice, as well as on adiponectin receptors and their
signaling molecules, to provide evidence for CGA in the prevention of type 2 diabetes. We
randomly divided 16 female db/db mice into db/db-CGA and db/db-control (CON) groups
equally; db/m mice were used as control mice. The mice in both the db/db-CGA and db/m-
CGA groups were administered 80 mg/kg/d CGA by lavage for 12 weeks, whereas the mice
in both CON groups were given equal volumes of phosphate-buffered saline (PBS) by la-
vage. At the end of the intervention, we assessed body fat and the parameters of glucose
and lipid metabolism in the plasma, liver and skeletal muscle tissues as well as the levels of
aldose reductase (AR) and transforming growth factor-1 (TGF-f1) in the kidneys and mea-
sured adiponectin receptors and the protein expression of their signaling molecules in liver
and muscle tissues. After 12 weeks of intervention, compared with the db/db-CON group,
the percentage of body fat, fasting plasma glucose (FPG) and glycosylated hemoglobin
(HbA1c) in the db/db-CGA group were all significantly decreased; TGF-31 protein expres-
sion and AR activity in the kidney were both decreased; and the adiponectin level in visceral
adipose was increased. The protein expression of adiponectin receptors (ADPNRs), the
phosphorylation of AMP-activated protein kinase (AMPK) in the liver and muscle, and the
mRNA and protein levels of peroxisome proliferator-activated receptor alpha (PPAR-a) in
the liver were all significantly greater. CGA could lower the levels of fasting plasma glucose
and HbA1c during late diabetes and improve kidney fibrosis to some extent through the
modulation of adiponectin receptor signaling pathways in db/db mice.

Introduction

Diabetes has become a worldwide epidemic. In 2011, there were 366 million people with diabe-
tes, and this number is expected to rise to 552 million by 2030 [1]. In China, the age-standard-
ized prevalence of total diabetes and prediabetes was 9.7%, amounting to 92.4 million Chinese
adults with diabetes, and this disease has already become a major public health problem [2].
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Type 2 diabetes and its complications are a serious hazard to human health. The main causes
of premature death are cardiovascular disease, blindness, kidney disease, neuropathy and am-
putation. As the occurrence and development of type 2 diabetes are closely related to unhealthy
lifestyles (such as unreasonable dietary structure and limited physical activity), finding natural
bio-active ingredients in frequently consumed foods to attenuate diabetes has become urgent
and significant.

CGA is a type of phenolic acid created by the condensation of caffeic acid and quinic acid,
also known as 5-coffee quinic acid (5-CQA, the [IUPAC numbering). It is widely available in
seeds, fruits, vegetables and coffee drinks and is also the main functional ingredient in herbal
honeysuckle and eucommia. Systematic reviews and meta-analyses of prospective cohort stud-
ies indicate that habitual coffee consumption is associated with a substantially lower risk (RR
0.70~0.40) of type 2 diabetes; this effect is dose-responsive [3-6]. A crowd randomized con-
trolled intervention experiment showed that either the oral administration of CGA or drinking
coffee rich in CGA can improve glucose tolerance and decrease plasma glucose in both healthy
and overweight people [7-9]. In addition, the long-term consumption of coffee rich in CGA
can help facilitate weight loss in obese people [10]. The plant extract containing CGA helps im-
prove glucose and lipid metabolism, lowers plasma glucose and C-reactive protein levels, and
improves liver function in diabetic patients [11, 12]. Animal experiments suggest that CGA has
beneficial effects on glucose and lipid metabolism disorders in high fat diet-induced mice and
rats and can also improve type 2 diabetes in genetically predisposed animals [13-17]. Recent
studies claim that CGA modulates glucose-6-phosphatase (G-6-P) activity to reduce hepatic
glucose output [18, 19]. CGA can increase glucose uptake by skeletal muscle cells by activating
AMPK [20], and it can also decrease the triglyceride content in plasma, liver and muscle and
enhance insulin sensitivity by promoting the expression of PPAR-o. in the liver [17]. However,
the mechanism underlying CGA-mediated improvements in insulin sensitivity requires further
research. Adiponectin is generally accepted as an insulin sensitizer. Moreover, adiponectin and
its associated receptors play an important role in improving obesity-related diabetes [21].
Thus, we hypothesize that CGA acts through ADPNR-related signaling pathways to improve
glucose and lipid metabolism. In this study we used the db/db diabetic mouse model to observe
the impact of CGA on the adiponectin receptor and its associated signaling molecules as well
as its influence on glucose and lipid metabolism during late diabetes and diabetic nephropathy.
Therefore, our study may provide scientific support for using CGA to prevent type 2 diabetes.

Materials and Methods
Ethics statement

Animals were treated humanely, using approved procedures in accordance with the guidelines
of the Peking University Health Science Center Animal Care and Use Committee. The study
was approved by the Animal Care and Use Committee at the Peking University Health Science
Center.

Animals

Five to six-week-old 20-25 g female C57BL/BKS db/db mice (n = 16) were divided into db/db-
control (CON) (n = 8) and db/db-CGA groups (n = 8). As a control, five to six-week-old female
db/m mice were also randomly divided into either a db/m-CON group (n = 8) or a db/m-CGA
group (n = 8). Animals in the CGA groups were treated once daily with CGA (CGA:5-CQA,
99% purity, extracted from green coffee seeds, Acros Ltd., USA) (80 mg/kg/d). Van Dam R M.
et al. showed that habitual coffee consumption was inversely related to type 2 diabetes and

that CGA intake was approximately 1000 mg/day in habitual coffee drinkers, equivalent to
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14 mg/kg body weight daily for a man of 70 kg body weight. The dose for db mice is generally
5-7 times that for humans, approximately 70-100 mg/kg body weight daily. In this study, the
dose of 80 mg/kg body weight daily was lavaged for 12 weeks, and the control groups were treat-
ed with PBS in an identical manner. The intervention period was 12 weeks. All mice were kept at
constant room temperature (23 + 2°C) and humidity (55 + 5%) under a 12 h light/dark cycle. At
the end of the experiment, blood samples were taken by enucleating the eyeballs after fasting for
12 h. We then separated the plasma and measured FPG, HbA1c and free fatty acids (FFA) on
the same day. Next, the mice were sacrificed with ether anesthesia. Next, the liver, kidney, quad-
riceps, and visceral adipose tissue surrounding the kidney and ovary were removed, rinsed with
physiological saline solution prior to blotting with filter paper, immediately placed into liquid ni-
trogen and quickly transferred to a -80°C low temperature freezer until use.

Food intake, body weight and content of visceral fat

During the experiment, food intake was measured daily and body weight (BW) was measured
weekly. After 12 weeks of intervention, we measured body length (BL) and final body weight
(FBW) prior to sacrifice. After death, we removed and weighed the visceral adipose tissue (VA)
surrounding the kidney and ovary. We calculated the percentage of visceral fat (VF %) and
Lee's index according to the following formula. VF% = (perirenal + ovarian surrounding) VA /

FBWx 100%, Lee's index =v/BW(g) x 10°/BL(cm).

Oral glucose tolerance test

At the end of 8 weeks, all mice were fasted for 12 h before the test. They were given 2.5 g/kg
BW glucose in solution by lavage. Then, blood samples were collected from the tail vein at 15,
30, 60 and 120 minutes after glucose loading for measurement using a blood glucose meter
(ACCU—CHEK Advantage, Roche, DE). The area under the curve (AUC) values for glucose
were calculated using the trapezoidal method.

Detection of blood biochemistry

Fasting glucose (FPG), total cholesterol (TC), triglycerides (TG), muscle glycogen and liver gly-
cogen were detected by enzymatic colorimetric assays (Biosino Bio-Technology and Science,
CHN). Glycated hemoglobin (HbA1c) levels were measured using a commercial kit (Nanjing
Jiancheng Bioengineering Institute, CHN). We used the improved copper reagent colorimetric
method to determine free fatty acids (FFA) (Nanjing Jiancheng Bioengineering Institute,
CHN). Insulin detection was achieved by a competitive assay method with an enzyme-linked
immunosorbent assay (ELISA) kit (Rapidbio, USA).

Detection of adipocytokines and tissue TG

The adiponectin and visfatin contents in VA were determined by ELISA kit (Rapidbio, USA).
After chloroform homogenate treatment of liver and muscle tissues, we used an enzymatic col-
orimetric method to detect liver and muscle TG.

Detection of aldose reductase (AR) activity in the kidney

Using Vander’s colorimetric method [22] with slight modifications, we added 80-100 mg from
part of the kidney tissue to precooled 0.9% saline 1:5 (W/V), homogenized the mixture in a low
temperature centrifuge (12000 rpm/min) for 2 h, and pipetted the supernatant fluid for subse-
quent measurements. The entire process was performed at 4°C. The reaction system totaled 1 ml,
with 67 mmol/L of Na+-K+ phosphate buffer (pH = 6.2) 0.4 ml, 10 mmol/L DL-glyceraldehydes
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(Sigma, USA) 0.1 ml, 100 mmol/L ammonium sulfate 0.3 ml, 0.1 mmol/L coenzyme II (NADPH,
Sigma, USA) 0.1 ml, and 0.1 ml tissue supernatant. Control cups used double-distilled water in-
stead of DL-glyceraldehyde as the substrate. NADPH was added to start the reaction at 37°C for
4 min, and then the OD values of NADPH were recorded with a UV260 spectrophotometer at
340 nm, with continuous recording of the OD value every 15 seconds for 3 min. The aldose re-
ductase (AR) activity is the OD value decline per unit of time. The unit of AR is defined as

1 umol of NADPH per mg of protein consumed per minute (umol/mg/min).

Detection of mMRNA expression of PPAR-a in liver by RT-PCR

Total RNA was extracted from the liver with Trizol reagent (Life Tech, USA). First-strand
cDNA was generated from 3 g of total RNA in a volume of 20 uL using a reverse-transcription
kit (TTANGEN BIOTECH, B] CHN) with Oligo dT as a primer. The PCR was performed in a
final volume of 25 uL containing 2 ug of cDNA, 9.5 uL of double-distilled water, 12.5 uL of
PCR master mix (TTANGEN BIOTECH, BJ CHN), and 0.5 pL of each of the primers specific
for PPAR-o. or GADPH. The primer sequences are as follows: (1) PPAR-o. sense primer, 5’-
ATGTCCGTGGAGACCGTCA-3’; antisense primer, 5-GGTTCTTAAGGAACTCGCGTG-3%
(2) GADPH sense primer, 5-AGGCCGGTGCTGAGTATGTC-3’; and antisense primer,
5-TGCCTGTTCACCACCTTCT -3’. PPAR-a was amplified under the following conditions:
initial denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 30 s,
annealing at 55°C for 30 s, and extension at 72°C for 40 s in a GeneAmp PCR system 9700

(PE, USA). As an internal control, GADPH was amplified concomitantly using the same ampli-
fication conditions. PCR products (5 puL) were electrophoresed on a 2.0% agarose gel. Band in-
tensity was quantified under UV light using the Sygene Bio-ID system (USA). The level of
mRNA expression was expressed as the ratio of band intensity of the target gene relative to that
of GADPH.

Detection of ADPNR-1, ADPNR-2, PPAR-a, pAMPK, G-6-P, GLUT-4,
TGFB-1, and GADPH protein expression by western blot

Total protein was extracted from liver, muscle, and kidney tissues using radioactive immuno-
precipitation (RIPA) lysates. Approximately 50-80 pug of protein was run on a discontinuous
SDS-PAGE gel and transferred to a nitrocellulose membrane. The membranes were blocked
with 5% skim milk in TBST containing 0.05% tween for 2 h and were then incubated with the
following primary antibodies overnight at 4°C: (1) rabbit anti-ADPNR-1 (1:500), rabbit anti-
ADPNR-2 (1:300), and rabbit anti-TGFp-1 (1:200) (Santa Cruz Biotech, USA); (2) rabbit anti-
PPAR-a (1:200), rabbit anti-G-6-P (1:500), and mouse anti-GLUT-4 (1:500) (Abcam, USA);
(3) rabbit anti-AMPKoa (1:1500), rabbit anti-Phospho-AMPKoa: (1:1000) (Cell Signaling Tech-
nology, USA); and (4) rabbit anti-GADPH (1:2000, Bioworld Tech). The membrane was
washed and incubated at room temperature for 2 h in the dark with goat anti-rabbit fluorescent
secondary antibodies (Li-COR Bioscience, USA). The NC membranes were scanned with an
Odyssey infrared fluorescence scanner (Li-COR Bioscience, USA). The optical density (OD) of
the signals was quantified and expressed as the ratio of OD of the tested proteins (PPAR-0, G-
6-P, GLUT-4, ADPNR-1, ADPNR-2, and TGFp-1) to that of GADPH. The protein expression
of AMPK phosphorylation parameters was expressed as the pAMPK and AMPK striped gray
value ratio.
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Table 1. Effect of chlorogenic acid supplementation on physical characteristics and other parameters in plasma, whole blood, liver and muscle in
db/db and db/m mice. *

ltems db/m-CON db/m-CGA db/db-CON db/db-CGA
Physical parameters Initial body weight (g) 16.9+0.872 17.0£0.732 26.6+1.05° 26.7+0.90°
Final body weight (g) 23.1+0.95° 22.3+1.16° 58.5+1.25° 58.6+1.64°
Lee’s index 14.2+0.222 13.9+0.23° 19.1+0.19° 19.0+0.23°
Visceral adipose (%) 4.56+0.60% 2.66+0.76° 12.7+0.34° 11.5+1.02¢
Plasma FPG (mmol/L) 7.02+0.89° 5.52+2.10° 20.5+3.96° 14.6+4.04°
FFA (mmol/L) 0.88+0.09° 0.63+0.18° 1.42+0.36° 1.35+0.17°
TG (mmol/L) 1.44+0.26% 1.29+0.202 1.53+0.142 1.43+0.23%
TC (mmol/L) 2.76+0.28° 2.76+0.26° 5.21+0.35° 4.83+0.45°
Insulin (mIU/L) 9.18+1.022 20.47+3.51° 10.24+1.48° 13.26+2.08°
Whole blood HbA1c (%) 15.7+4.742 8.62+2.44° 35.8+6.27° 27.6+5.86°
Liver TG (mg/g) 8.96+1.77° 8.78+1.52° 21.4+3.39° 53.9+10.92°
Glycogen (mg/g) 5.63+1.77° 5.63+1.77° 10.8+2.44° 8.53+1.29°
Muscle TG (mg/g) 3.52+0.412 3.07+0.34° 14.3+2.07° 14.6+1.42°
Glycogen (mg/g) 1.21+0.30% 1.19+0.292 1.00+0.16% 1.01+0.172

ab.ed Those means not sharing a common letter in the same row are significantly different between groups (n = 8) (P <0.05).
*The values are expressed as the means+SD.

doi:10.1371/journal.pone.0120842.1001

Statistical analysis

Statistical analysis was performed with SPSS 16.0. All data were expressed as the mean+SD. A
Student’s t-test for independent-samples was used to compare differences between the two
groups. P<0.05 was considered statistically significant.

Results
The general condition of db/db and db/m mice

During the entire experiment, the food intake of db/db mice was significantly higher than that
of db/m mice (P <0.05). Compared with db/m mice, BW, Lee's index, VA percentage and plas-
ma FPG, TG, and TC were significantly higher, as well as the whole blood HbAlc and TG con-
tents in the liver and skeletal muscle (P <0.05). Those parameters were in accordance with
other spontaneously obese diabetic models (Table 1). However, food intake was not significant-
ly different between the CGA and control groups (P >0.05) in either db/db or db/m mice, indi-
cating that CGA has no effect on food intake (Table 1).

Effect of CGA on the content of BW, body fat, FPG, HbA1c and insulin

At the end of the experiment, compared with the db/db-CON group, the VA percentage in
db/db-CGA was significantly reduced by 10% (P <0.05), glycogen in the liver was 21% lower
(P <0.05), TG in the liver was significantly higher (P <0.05), and levels of FPG and HbAlc
were significantly decreased by 28.8% and 22.9%, respectively (P <0.05). However, plasma TG,
TC, Lee's index, and the insulin level were not significantly different between the two groups
(P> 0.05). In db/m mice, Lee's index and the HbA1c level in the CGA group were significantly
decreased by 42% and 45.2%, respectively (P <0.05), whereas the levels of insulin and FFA
were significantly increased in the CGA group (P <0.05). The percentages of VA, FPG, TG
and glycogen in both muscle and liver were not significantly different between the two groups
(P> 0.05) (Table 1).
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Fig 1. OGTT Test on db/db and db/m Mice after 8 Weeks of Intervention with CGA. An oral glucose
tolerance test was performed on db/db and db/m (n = 8 each) mice. 2.5 g/kg glucose was loaded at 0
minutes. Blood samples were collected at 0, 15, 30, 60 and 120 min for glucose measurements. The values
are expressed as the mean+SD. *P <0.05.

doi:10.1371/journal.pone.0120842.g001

Effect of CGA on OGTT

At the end of the experiment, the OGTT results showed that the 15-min peak blood glucose
level in the CGA group was decreased by 18.2% (P <0.05) compared with the control group of
db/db mice. There were no differences at 30 min, 60 min or 120 min between the two groups
(P> 0.05). The glucose AUC in the CGA group showed a non-significant decrease of 10.5%
(P> 0.05). The level of plasma glucose was not significantly different in the db/m mice at all
time-points (Fig. 1).

Effect of CGA on the level of adiponectin and visfatin in VA in db/db and
db/m mice

At the end of the experiment, compared with the control group, the adiponectin level in VA
was 50.2% higher (P <0.05), and the visfatin level was 32.7% (P <0.05) lower in the CGA
group in db/db mice. However, both the levels of adiponectin and visfatin were not different in
the db/m mice between the two groups (P >0.05) (Table 2).

Effect of CGA on the activity of AR and protein expression of TGFB-1 in
the kidney of db/db and db/m mice

At the end of the experiment, the AR activity of the kidney in db/db mice was significantly
higher than in the db/m group (P <0.05). Compared with the control group, the activity of AR
and the protein expression of TGF-B1 were 29.5% and 33.3% lower, respectively, in the CGA
group of db/db mice (P <0.05). The AR activity of the kidney was not different in db/m mice
from the two groups (Table 2) (Fig. 2).

Table 2. Visfatin and adiponectin levels of visceral adipose and aldose reductase activity of the kidney in db/db and db/m mice groups. *

ltems db/m-CON db/m-CGA db/db-CON db/db-CGA

Visceral adipose Visfatin (ug/mg) 31.1£9.0% 26.416.1% 100+16.1° 67.3+11.8°
Adiponectin (ug/mg) 520+45.4% 547+54.4° 242+49 6° 363+19.8°

Kidney AR activity (umol/mg/min) 0.185+0.03% 0.174+0.03% 0.687+0.15° 0.484+0.09°

ab Those means not sharing a common letter in the same row were significantly different between groups (n = 8) (p<0.05).

*The values are expressed as the means+SD.

doi:10.1371/journal.pone.0120842.1002
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Fig 2. CGA Lowered the Protein Expression of TGFB-1 in db/db Mice. *P <0.05 compared with the db/
db-CON group (n = 8).

doi:10.1371/journal.pone.0120842.g002

Effect of CGA on protein expression of ADPNR-2, pAMPK, and G-6-P in
the liver of db/db mice

After 12 weeks of intervention, compared with the control group, the liver protein expression
of ADPNR-2 (Fig. 3A) and AMPK phosphorylation (Fig. 3A) were 58.3% and 143% higher in

the CGA treatment group (P <0.05). In contrast, the liver protein expression of G-6-P was
43.9% lower in the CGA treatment group (P <0.05) (Fig. 3D).

Effect of CGA on mRNA and protein expression of PPAR-a in the livers
of db/db and db/m mice

After 12 weeks of intervention, compared with the control group, CGA administration signifi-
cantly up-regulated the mRNA (Fig. 4) and protein (Fig. 3C) expression of PPAR-o. by 64.3%
and 53.3%, respectively, in the liver of db/db mice (P <0.05). The expression of mRNA in the
liver was not different from that of the db/m mice (P >0.05) (Fig. 4).

Effect of CGA on protein expression of ADPNR-1, pAMPK, PPAR-a, and
GLUT-4 in the skeletal muscle of db/db mice
After 12 weeks of intervention, compared with the control group, the skeletal muscle protein

expression of ADPNR-1 (Fig. 5A), AMPK phosphorylation (Fig. 5B), and GLUT-4 (Fig. 5D)
were significantly higher by 72.7%, 60.4% and 89.5%, respectively, in the CGA treatment group
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Fig 3. Effects of CGA on the Protein Expression of ADPNR-2 (a), pAMPK (b), PPAR-a (c), and G-6-P (d)
in the Liver of db/db Mice. *P <0.05 compared with the db/db-CON group.

doi:10.1371/journal.pone.0120842.9003

of db/db mice (P <0.05). The protein expression of PPAR-o. was not significantly different in
the db/db mice (P >0.05) (Fig. 5C).

Discussion

In this study, we used db/db mice as a type 2 diabetic mouse model to observe the impact of
CGA on glucose and lipid metabolism disorders and diabetic nephropathy. The results showed
that CGA significantly reduced FPG and HbAlc in db/db mice and also improved fibrosis in
diabetic nephropathy (DN). Its mechanism may be related to the regulation of adiponectin re-
ceptors and related signaling molecules.

Db/db mice have a homozygous spontaneous mutation of the leptin receptor and are a dia-
betic model that shows type 2 diabetic characteristics such as obesity at 3-4 weeks after birth,
an uncontrolled rise in blood glucose and insulin 4-8 weeks after birth, typical diabetic ne-
phropathy and serious loss of pancreatic B cells. Plasma insulin declined 15-17 weeks after
birth, and the process of type 2 diabetes in this model is similar to that in human beings [23,
24]. Although different genetic mutations in db/db mice can induce variation in phenotype,
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Fig 4. CGA Effects on PPAR-a mRNA Expression in the Liver of db/db and db/m Mice. *P <0.05
compared with the db/db-CON group, n = 8.

doi:10.1371/journal.pone.0120842.9004

but this article can reflect a part of the whole picture. In this study, compared with db/m mice,
the weight, Lee’s index and VA percentage as well as the TG in the plasma, liver and skeletal
muscle were significantly higher in db/db mice, conforming to the model of spontaneous obese
diabetes. Between the two groups of db/db mice and db/m mice, food-intake was not significant-
ly different, indicating that CGA did not affect the food-intake in either db/db or db/m mice.

The aim of OGTT test was to evaluate the function of islet B-cell. Previous studies found
CGA can significantly low OGTT glucose AUC and postprandial glucose [15, 25]. After 8
weeks of intervention in our study, CGA significantly reduced the 15-min peak blood glucose
in an OGTT (P <0.05) but did not significantly reduce the blood glucose at other times, nor
the glucose AUC, indicating that CGA might lower transient blood sugar, but could not im-
prove the insulin level which was secreted by islet B-cell in db/db mice. At the end of 12 weeks,
CGA had no significant effect on the level of plasma insulin, which is consistent with our previ-
ous study in male db/db mice [16]. However, the FPG, HbAlc and visceral adipose content
were all reduced in the db/db-CGA group. Therefore, we speculated CGA may act its function
through inslulin sensitization pathway.
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At the same time, we also found CGA increased adiponectin and decreased visfatin in vis-
ceral fat (P <0.05). Recent studies in L6 myotubes by Ong et al. found an additive effect of
CGA on insulin-mediated glucose transport, suggesting that CGA may act through a signifi-
cant pathway that is different from insulin signaling [20]. Above all, CGA may exert its anti-di-
abetic function through adiponectin receptor-mediated signaling pathway. As we all know the
increase in visceral adipose tissue is closely related to diabetes, lipid metabolism disorders and
hypertension but negatively correlated with adiponectin secretion [26]. As a key cytokine in
visceral adipose, even at extremely low physiological concentrations in the liver, adiponectin is
a very effective insulin sensitizer, and elevated levels in the plasma are positively correlated
with insulin sensitivity [27]. Low serum adiponectin has been linked to central obesity, insulin
resistance, type 2 diabetes, and metabolic syndrome [28]. Both male and female workers with
or without type 2 diabetes in Japan who regularly drink coffee rich in CGA have higher plasma
adiponectin, and they show a dose-dependent association between coffee consumption and
adiponectin level [29-31]. Unfortunately, our blood samples were too small to measure plasma
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adiponectin. We had to detect adiponectin in adipose tissue, which is a maior source of adipo-
kines. In the research of Yuichiro Kawano, both plasma adiponectin and mRNA expression in
white adipose tissue were significantly elevated in male Zucker diabetic fatty rats who were
treated by a popular procure for treating obesity [32]. Further research is needed to clarify the
relevance of these findings.

In the present study, we showed for the first time an effect of CGA on adiponectin receptors
in the liver and muscle of the db/db diabetic animal model. CGA increased ADPNR-2 in the
liver by 58.3% and ADPNR-1 in muscle by 72.7%. Previous studies indicated that ADPNR-1
and ADPNR-2 serve as major ADPNRs in vivo [21]. Adiponectin primarily combines with the
c-terminus first, which is distributed on ADPNR-1 in muscle and ADPNR-2 in the liver, and
then bonds with a signal adapter protein through the membrane via the N-terminal, thereby
activating downstream signal transduction pathways [33]. The expression of ADPNR-1 and
ADPNR-2 are decreased both in obese mice and humans, and decreased ADPNRs in obesity
can reduce adiponectin sensitivity, which ultimately leads to diminished insulin sensitivity,
whereas up-regulating ADPNRs can ameliorate the symptoms of diabetes. At the same time,
ADPNR function relies on adiponectin [21, 34]. In our study, CGA up-regulated the ADPNRs
in the liver and muscle, and thus CGA may improve glucose and lipid disorders in diabetic ani-
mals through adiponectin receptors.

There are two pathways for ADPNRs to exert their function. One is to accelerate the B-oxi-
dation of fatty acids in the liver and muscle via PPAR-a, which is a member of the nuclear re-
ceptor family of ligand-activated transcription factors. Liver and muscle are the main target
organs, and their key role is to enhance enzyme activity during the process of fatty acid B-oxi-
dation [35]. Regardless of rodent type, a high-fat diet with CGA can up-regulate PPAR-a. in
the liver and subsequently enhance the enzyme activities involved in fatty acid oxidation [13,
17]. PPAR-o. is one of the key molecules downstream of the ADPNRs that can also up-regulate
the expression of ADPNRs [21]. In our previous work [16], both the mRNA and the protein
levels of PPAR-o were significantly upregulated in db/db-CGA male mice, in full agreement
with this study.

Another function is to regulate glucose and lipid metabolism in liver and muscle through
AMPK phosphorylation [21, 34]. AMPK is a type of protein kinase that plays a critical role in
cellular energy status and systemic energy balance [36, 37] and can be activated through a vari-
ety of means [20]. Active AMPK can act on multiple signaling molecules downstream. In the
liver, it can enhance lipid metabolism by increasing the activities of acetyl coenzyme A carbox-
ylase (ACC) and PPAR-o and also inhibit the activity of G-6-P [20, 37]. In skeletal muscle, the
activation of AMPK causes GLUT4 translocation, thereby increasing glucose intake [38, 39].
Prabhakar et al. showed that CGA stimulates glucose transport in myotubes by increasing the
expression of GLTU4 [40]. Three years later, Ong et al. investigated the role of CGA in db/db
mice and L6 skeletal muscle, demonstrating that CGA stimulates glucose transport by activat-
ing AMPK [20]. Further, chronic administration of CGA inhibits hepatic G-6-P expression
and activity [41]. In our study, CGA significantly up-regulated phospho-AMPK in liver and
skeletal muscle, and down-regulated G-6-P in liver, while up-regulating GLUT4. Finally, FPG,
HbA1lc and visceral adipose content were decreased by CGA. In summary, these results indi-
cate that CGA potentially ameliorates glucose and lipid disorders in diabetic mice through
ADPNR mediated signaling pathways, and it may play a role in maintaining whole-body ho-
meostasis. More research is needed to support the use of CGA to target ADPNR-mediated sig-
naling in the prevention and treatment of type 2 diabetes.

Another important finding in our study was that CGA may improve renal fibrosis in late di-
abetic db/db mice. DN has long been recognized to cause severe morbidity and mortality. An
important aspect in improving the quality of life in diabetic patients is to prevent and delay the
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emergence and worsening of DN. Db/db mice exhibit significant renal pathobiology at 10-20
weeks old [24]. After 12 weeks of intervention, our results showed that AR in db/db mice was
three times higher than in db/m but that CGA significantly decreased the activity of AR and
down-regulated the protein expression of TGFB-1 (P <0.05) in the db/db mice. The activation
of AR, a key rate-limiting enzyme in the polyol pathway, and increased expression of TGFp-1
in the kidney are the most important factors in the development of DN. Hyperglycemia causes
the increase in AR activity, resulting in the accumulation of intracellular sorbitol, ultimately
causing the destruction of structure and function in the target tissue. The inhibitor of AR activ-
ity can significantly improve DN [42]. Recent research in vitro showed that CGA significantly
inhibited AR activity [43, 44]. Hyperglycemia in diabetes stimulates the increase in TGFp-1 ex-
pression and, in turn, induces kidney multi-cellular hypertrophy through autocrine and para-
crine pathways. Hyperglycemia was also a key indicator in assessing the degree of renal fibrosis
in DN [45, 46]. The inhibition of AR activity and TGFB-1 expression has an important role in
improving diabetic nephropathy. The reason may be that CGA improved insulin sensitivity
through an ADPNR mediated signaling pathway. The decreased level of FPG, HbAlc and post-
prandial blood sugar may have significant functions in ameliorating DN.

In addition, during the 12 consecutive week intervention, we did not find that CGA had any
adverse effects in db/m mice, but we did find that CGA significantly reduced the visceral fat
content and increased the plasma insulin levels in db/m mice. In this study, the hepatic TG was
elevated in db/db-CGA mice. In the study by Li et al., CGA decreased the levels of TG in plasma
and liver in high-fat diet-fed golden hamsters but had no effect on LPL activity, showing that
excessive exogenous fat flows into the liver to be metabolized. However, lipopexia in liver was
critically high in 15-17-week-old db/db mice after birth. CGA, as a natural phyto-compound,
cannot successfully clear haptic TG. Only one article has been published about overdose intake
of CGA (2 g/d), in which it caused elevated blood homocysteine [40]. Under conditions of
acute peritoneal injection or chronic feeding in rats, no side effects of overtaking CGA have
been observed [41, 47]. Whether CGA can cause an increase in hepatotoxicity and enhance
steatosis needs more research. All these results provide a safety and efficacy evaluation for
CGA in the prevention and treatment of type 2 diabetes.

The limiting factors in this study were that the sample size was not enough to detect the
plasma adiponectin level and the plasma insulin at the end of 8 weeks intervention as well as
the terminal stage level of OGTT. More research is needed to confirm this mechanism.

In summary, we have demonstrated that CGA decreased the fasting plasma glucose, glyco-
sylated hemoglobin and visceral fat contents and improved renal fibrosis in db/db diabetic
mice. The mechanism may occur through an adiponectin receptor-mediated signaling pathway
as follows. CGA elevates the adiponectin level in visceral fat and the adiponectin receptors in
liver and muscle in db/db mice. Furthermore, CGA reduces the activity of G-6-P in the liver to
inhibit gluconeogenesis and increase glucose transport in skeletal muscle through the phos-
phorylation of AMPK and improves disordered lipid metabolism through PPAR-c. The most
important finding in our study is that the long-term administration of CGA may improve glu-
cose and lipid metabolism disorders in late diabetic mice. Moreover, it also may prevent diabet-
ic complications. Our findings combined with the evidence from other studies strongly suggest
that CGA, as a natural phytochemical, may contribute, at least in part, to the beneficial effect of
coffee on the blood glucose levels of patients with type 2 diabetes.

PLOS ONE | DOI:10.1371/journal.pone.0120842 April 7, 2015 12/15



@’PLOS | ONE

Chlorogenic Acid Improves Late Diabetes in db/db Mice

Author Contributions

Conceived and designed the experiments: CC S] LZ. Performed the experiments: S] LZ. Ana-
lyzed the data: S] LZ. Contributed reagents/materials/analysis tools: S] LZ YL XH ZC. Wrote
the paper: SJ CC.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

Whiting DR, Guariguata L, Weil C, Shaw J. IDF diabetes atlas: global estimates of the prevalence of di-
abetes for 2011 and 2030. Diabetes Res Clin Pract. 2011; 94(3): 311-321. doi: 10.1016/j.diabres.
2011.10.029 PMID: 22079683

Yang W, LuJ, Weng J, Jia W, Ji L, Xiao J, et al. Prevalence of diabetes among men and women in
China. N Engl J Med. 2010; 362(12): 1090—1101. doi: 10.1056/NEJM0a0908292 PMID: 20335585

van Dam RM, Hu FB. Coffee consumption and risk of type 2 diabetes: a systematic review. JAMA.
2005; 294(1): 97-104. PMID: 15998896

Pereira MA, Parker ED, Folsom AR. Coffee consumption and risk of type 2 diabetes mellitus: an 11-
year prospective study of 28812 postmenopausal women. Arch Intern Med. 2006; 166(12): 1311—
1316. PMID: 16801515

Lin WY, Xaiver PF, Chen CC, Davidson LE, Liu CS, Li TC, et al. Coffee consumption is inversely asso-
ciated with type 2 diabetes in Chinese. Eur J Clin Invest. 2011; 41(6): 659-666. doi: 10.1111/j.1365-
2362.2010.02455.x PMID: 21226707

Salazar-Martinez E, Willett WC, Ascherio A, Manson JE, Leitzmann MF, Stampfer MJ, et al. Coffee
consumption and risk for type 2 diabetes mellitus. Ann Intern Med. 2004; 140(1): 1-8. PMID: 14706966

van Dijk AE, Olthof MR, Meeuse JC, Seebus E, Heine RJ,van Dam RM. Acute effects of decaffeinated
coffee and the major coffee components chlorogenic acid and trigonelline on glucose tolerance. Diabe-
tes Care. 2009; 32(6): 1023—1025. doi: 10.2337/dc09-0207 PMID: 19324944

Johnston KL, Clifford MN, Morgan LM. Coffee acutely modifies gastrointestinal hormone secretion and
glucose tolerance in humans: glycemic effects of chlorogenic acid and caffeine. Am J Clin Nutr. 2003;
78(4): 728-733. PMID: 14522730

Olthof MR, van Dijk AE, Deacon CF, Heine RJ, van Dam RM. Acute effects of decaffeinated coffee and
the major coffee components chlorogenic acid and trigonelline on incretin hormones. Nutr Metab
(Lond). 2011;7; 8:10.

Thom E. The effect of chlorogenic acid enriched coffee on glucose absorption in healthy volunteers and
its effect on body mass when used long-term in overweight and obese people. J Int Med Res. 2007; 35
(6): 900-908. PMID: 18035001

Herrera-Arellano A, Aguilar-Santamaria L, Garcia-Hernandez B, Nicasio-Torres P, Tortoriello J. Clinical
trial of Cecropia obtusifolia and Marrubium vulgare leaf extracts on blood glucose and serum lipids in
type 2 diabetics. Phytomedicine. 2004; 11(7-8): 561-566. PMID: 15636186

Abidov M, Ramazanov A, Jimenez DRM, Chkhikvishvili . Effect of Blueberin on fasting glucose, C-re-
active protein and plasma aminotransferases, in female volunteers with diabetes type 2: double-blind,
placebo controlled clinical study. Georgian Med News. 2006; (141:): 66-72. PMID: 17261891

Cho AS, Jeon SM, Kim MJ, Yeo J, Seo KI, Choi MS, et al. Chlorogenic acid exhibits anti-obesity proper-
ty and improves lipid metabolism in high-fat diet-induced-obese mice. Food Chem Toxicol. 2010; 48
(3): 937-943. doi: 10.1016/j.fct.2010.01.003 PMID: 20064576

Karthikesan K, Pari L, Menon VP. Combined treatment of tetrahydrocurcumin and chlorogenic acid ex-
erts potential antihyperglycemic effect on streptozotocin-nicotinamide-induced diabetic rats. Gen Phy-
siol Biophys. 2010; 29(1): 23-30. PMID: 20371877

Rodriguez DSD, Hadley M. Chlorogenic acid modifies plasma and liver concentrations of: cholesterol,
triacylglycerol, and minerals in (fa/fa) Zucker rats. J Nutr Biochem. 2002; 13(12): 717-726. PMID:
12550056

Zhang LT, Chang CQ, Liu Y, Chen ZM. Effect of chlorogenic acid on disordered glucose and lipid me-
tabolism in db/db mice and its mechanism. Zhongguo Yi Xue Ke Xue Yuan Xue Bao. 2011; 33(3): 281—
286. doi: 10.3881/j.issn.1000-503X.2011.03.015 PMID: 21718611

Li SY, Chang CQ, Ma FY, Yu CL. Modulating effects of chlorogenic acid on lipids and glucose metabo-
lism and expression of hepatic peroxisome proliferator-activated receptor-alpha in golden hamsters fed
on high fat diet. Biomed Environ Sci. 2009; 22(2): 122—-129. doi: 10.1016/S0895-3988(09)60034-9
PMID: 19618689

PLOS ONE | DOI:10.1371/journal.pone.0120842 April 7, 2015 13/15


http://dx.doi.org/10.1016/j.diabres.2011.10.029
http://dx.doi.org/10.1016/j.diabres.2011.10.029
http://www.ncbi.nlm.nih.gov/pubmed/22079683
http://dx.doi.org/10.1056/NEJMoa0908292
http://www.ncbi.nlm.nih.gov/pubmed/20335585
http://www.ncbi.nlm.nih.gov/pubmed/15998896
http://www.ncbi.nlm.nih.gov/pubmed/16801515
http://dx.doi.org/10.1111/j.1365-2362.2010.02455.x
http://dx.doi.org/10.1111/j.1365-2362.2010.02455.x
http://www.ncbi.nlm.nih.gov/pubmed/21226707
http://www.ncbi.nlm.nih.gov/pubmed/14706966
http://dx.doi.org/10.2337/dc09-0207
http://www.ncbi.nlm.nih.gov/pubmed/19324944
http://www.ncbi.nlm.nih.gov/pubmed/14522730
http://www.ncbi.nlm.nih.gov/pubmed/18035001
http://www.ncbi.nlm.nih.gov/pubmed/15636186
http://www.ncbi.nlm.nih.gov/pubmed/17261891
http://dx.doi.org/10.1016/j.fct.2010.01.003
http://www.ncbi.nlm.nih.gov/pubmed/20064576
http://www.ncbi.nlm.nih.gov/pubmed/20371877
http://www.ncbi.nlm.nih.gov/pubmed/12550056
http://dx.doi.org/10.3881/j.issn.1000-503X.2011.03.015
http://www.ncbi.nlm.nih.gov/pubmed/21718611
http://dx.doi.org/10.1016/S0895-3988(09)60034-9
http://www.ncbi.nlm.nih.gov/pubmed/19618689

@’PLOS | ONE

Chlorogenic Acid Improves Late Diabetes in db/db Mice

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Arion WJ, Canfield WK, Ramos FC, Schindler PW, Burger HJ, Hemmerle H, et al. Chlorogenic acid and
hydroxynitrobenzaldehyde: new inhibitors of hepatic glucose 6-phosphatase. Arch Biochem Biophys.
1997; 339(2): 315-322. PMID: 9056264

Bassoli BK, Cassolla P, Borba-Murad GR, Constantin J, Salgueiro-Pagadigorria CL, Bazotte RB, et al.
Chlorogenic acid reduces the plasma glucose peak in the oral glucose tolerance test: effects on hepatic
glucose release and glycaemia. Cell Biochem Funct. 2008; 26(3): 320—-328. PMID: 17990295

Ong KW, Hsu A, Tan BK. Chlorogenic acid stimulates glucose transport in skeletal muscle via AMPK
activation: a contributor to the beneficial effects of coffee on diabetes. PLOS ONE. 2012; 7(3): €32718.
doi: 10.1371/journal.pone.0032718 PMID: 22412912

Yamauchi T, Kadowaki T. Physiological and pathophysiological roles of adiponectin and adiponectin
receptors in the integrated regulation of metabolic and cardiovascular diseases. Int J Obes (Lond).
2008; 32 Suppl 7: S13-S18.

Vander JD, Robinson B, Taylor KK, Hunsaker LA. Aldose reductase from human skeletal and heart
muscle. Interconvertible forms related by thiol-disulfide exchange. J Biol Chem. 1990; 265(34): 20982—
20987. PMID: 2174432

Like AA, Lavine RL, Poffenbarger PL, Chick WL. Studies in the diabetic mutant mouse. VI. Evolution of
glomerular lesions and associated proteinuria. Am J Pathol. 1972; 66(2): 193—224. PMID: 5009970

Ziyadeh FN, Hoffman BB, Han DC, Iglesias-De LCM, Hong SW, Isono M, et al. Long-term prevention of
renal insufficiency, excess matrix gene expression, and glomerular mesangial matrix expansion by
treatment with monoclonal antitransforming growth factor-beta antibody in db/db diabetic mice. Proc
Natl Acad Sci. 2000; USA 97(14): 8015-8020. PMID: 10859350

Battram DS, Arthur R, Weekes A, Graham TE. The glucose intolerance induced by caffeinated coffee
ingestion is less pronounced than that due to alkaloid caffeine in men. J Nutr. 2006; 136: 1276—1280.
PMID: 16614416

Lafontan M, Girard J. Impact of visceral adipose tissue on liver metabolism. Part I: heterogeneity of adi-
pose tissue and functional properties of visceral adipose tissue. Diabetes Metab. 2008; 34(4 Pt 1):
317-327. doi: 10.1016/j.diabet.2008.04.001 PMID: 18550411

Scherer PE. Adipose tissue: from lipid storage compartment to endocrine organ. Diabetes. 2006; 55
(6): 1537—-1545. PMID: 16731815

Peters KE, Beilby J, Cadby G, Warrington NM, Bruce DG, Davis WA, et al. A comprehensive investiga-
tion of variants in genes encoding adiponectin (ADIPOQ) and its receptors (ADIPOR1/R2), and their as-
sociation with serum adiponectin, type 2 diabetes, insulin resistance and the metabolic syndrome.

BMC Med Genet. 2013; 14(1): 15.

Yamashita K, Yatsuya H, Muramatsu T, Toyoshima H, Murohara T, Tamakoshi K. Association of coffee
consumption with serum adiponectin, leptin, inflammation and metabolic markers in Japanese workers:
a cross-sectional study. Nutr Diabetes. 2012; 2: €33. doi: 10.1038/nutd.2012.6 PMID: 23169586

Imatoh T, Tanihara S, Miyazaki M, Momose Y, Uryu Y, Une H, et al. Coffee consumption but not green
tea consumption is associated with adiponectin levels in Japanese males. Eur J Nutr. 2011; 50: 279—
284. doi: 10.1007/s00394-010-0136-5 PMID: 20953616

Williams CJ, Fargnoli JL, Hwang JJ, van Dam RM, Blackburn GL, Hu FB, et al. Coffee consumption is
associated with higher plasma adiponectin concentrations in women with or without type 2 diabetes: a
prospective cohort study. Diabetes Care. 2008; 31: 504—-507. PMID: 18070989

Kawano Y, Ohta M, Hirashita T, Masuda T, Inomata M, et al. Effects of sleeve gastrectomy on lipid me-
tabolism in an obese diabetic rat model. Obes Surg. 2013; 23: 1947-1956. doi: 10.1007/s11695-013-
1035-7 PMID: 23838995

Guo XH, Wu LL, Li L. Research progression of adiponectin related signal pathway in regulating glucose
and lipid metabolism. Progress In Physiological Sciences. 2010; 41(6): 471-474. PMID: 21416971

Yamauchi T, Nio Y, Maki T, Kobayashi M, Takazawa T, lwabu M, et al. Targeted disruption of AdipoR1
and AdipoR2 causes abrogation of adiponectin binding and metabolic actions. Nat Med. 2007; 13(3):
332-339. PMID: 17268472

Chen X, Matthews J, Zhou L, Pelton P, Liang Y, Xu J, et al. Improvement of dyslipidemia, insulin sensi-
tivity, and energy balance by a peroxisome proliferator-activated receptor alpha agonist. Metabolism.
2008; 57(11): 1516-1525. doi: 10.1016/j.metabol.2008.06.005 PMID: 18940388

Kahn BB, Alquier T, Carling D, Hardie DG. AMP-activated protein kinase: ancient energy gauge pro-
vides clues to modern understanding of metabolism. Cell Metab. 2005; 1(1): 15-25. PMID: 16054041

Hosch SE, Olefsky JM, Kim JJ. APPLied mechanics: uncovering how adiponectin modulates insulin ac-
tion. Cell Metab. 2006; 4(1): 5-6. PMID: 16814726

PLOS ONE | DOI:10.1371/journal.pone.0120842 April 7, 2015 14/15


http://www.ncbi.nlm.nih.gov/pubmed/9056264
http://www.ncbi.nlm.nih.gov/pubmed/17990295
http://dx.doi.org/10.1371/journal.pone.0032718
http://www.ncbi.nlm.nih.gov/pubmed/22412912
http://www.ncbi.nlm.nih.gov/pubmed/2174432
http://www.ncbi.nlm.nih.gov/pubmed/5009970
http://www.ncbi.nlm.nih.gov/pubmed/10859350
http://www.ncbi.nlm.nih.gov/pubmed/16614416
http://dx.doi.org/10.1016/j.diabet.2008.04.001
http://www.ncbi.nlm.nih.gov/pubmed/18550411
http://www.ncbi.nlm.nih.gov/pubmed/16731815
http://dx.doi.org/10.1038/nutd.2012.6
http://www.ncbi.nlm.nih.gov/pubmed/23169586
http://dx.doi.org/10.1007/s00394-010-0136-5
http://www.ncbi.nlm.nih.gov/pubmed/20953616
http://www.ncbi.nlm.nih.gov/pubmed/18070989
http://dx.doi.org/10.1007/s11695-013-1035-7
http://dx.doi.org/10.1007/s11695-013-1035-7
http://www.ncbi.nlm.nih.gov/pubmed/23838995
http://www.ncbi.nlm.nih.gov/pubmed/21416971
http://www.ncbi.nlm.nih.gov/pubmed/17268472
http://dx.doi.org/10.1016/j.metabol.2008.06.005
http://www.ncbi.nlm.nih.gov/pubmed/18940388
http://www.ncbi.nlm.nih.gov/pubmed/16054041
http://www.ncbi.nlm.nih.gov/pubmed/16814726

@’PLOS | ONE

Chlorogenic Acid Improves Late Diabetes in db/db Mice

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Ceddia RB, Somwar R, Maida A, Fang X, Bikopoulos G, Sweeney G. Globular adiponectin increases
GLUT4 translocation and glucose uptake but reduces glycogen synthesis in rat skeletal muscle cells.
Diabetologia. 2005; 48(1): 132—139. PMID: 15619075

Kurth-Kraczek EJ, Hirshman MF, Goodyear LJ, Winder WW. 5' AMP-activated protein kinase activation
causes GLUTA4 translocation in skeletal muscle. Diabetes. 1999; 48(8): 1667—-1671. PMID: 10426389

Olthof MR, Hollman PC, Zock PL, Katan MB. Consumption of high doses of chlorogenic acid, present
in coffee, or of black tea increases plasma total homocysteine concentrations in humans. Am J Clin
Nutr. 2001; 73(3): 532-538. PMID: 11237928

Li BQ, Dong X, Yang GQ, Fang SH, Gao JY, Zhang JX, et al. Role of chlorogenic acid in the toxicity in-
duced by Chinese herbal injections. Drug Chem Toxicol. 2010; 33(4): 415-420. doi: 10.3109/
01480540903580055 PMID: 20550460

Tomlinson DR, Stevens EJ, Diemel LT. Aldose reductase inhibitors and their potential for the treatment
of diabetic complications. Trends Pharmacol Sci. 1994; 15(8): 293-297. PMID: 7940997

Kim CS, Kim J, Lee YM, Sohn E, Jo K, Kim JS. Inhibitory effects of chlorogenic acid on aldose reduc-
tase activity in vitro and cataractogenesis in galactose-fed rats. Arch Pharm Res. 2011; 34(5): 847—
852. doi: 10.1007/s12272-011-0519-z PMID: 21656371

Kim YS, Kim NH, Lee YM, Kim JS. Preventive effect of chlorogenic acid on lens opacity and cytotoxicity
in human lens epithelial cells. Biol Pharm Bull. 2011; 34(6): 925-928. PMID: 21628897

Choi ME, Kim EG, Huang Q, Ballermann BJ. Rat mesangial cell hypertrophy in response to transform-
ing growth factor-beta 1. Kidney Int. 1993; 44(5): 948-958. PMID: 8264154

Sharma K, Ziyadeh FN. Hyperglycemia and diabetic kidney disease. The case for transforming growth
factor-beta as a key mediator. Diabetes. 1995; 44(10): 1139—-1146. PMID: 7556948

de Oliveira RB, de Paula DAC, Rocha BA, Franco JJ, Gobbo-Neto L, Uyemura SA, et al. Renal toxicity
caused by oral use of medicinal plants: the yacon example. J Ethnopharmacol. 2011; 133(2): 434—
441.doi: 10.1016/j.jep.2010.10.019 PMID: 20951787

PLOS ONE | DOI:10.1371/journal.pone.0120842 April 7, 2015 15/15


http://www.ncbi.nlm.nih.gov/pubmed/15619075
http://www.ncbi.nlm.nih.gov/pubmed/10426389
http://www.ncbi.nlm.nih.gov/pubmed/11237928
http://dx.doi.org/10.3109/01480540903580055
http://dx.doi.org/10.3109/01480540903580055
http://www.ncbi.nlm.nih.gov/pubmed/20550460
http://www.ncbi.nlm.nih.gov/pubmed/7940997
http://dx.doi.org/10.1007/s12272-011-0519-z
http://www.ncbi.nlm.nih.gov/pubmed/21656371
http://www.ncbi.nlm.nih.gov/pubmed/21628897
http://www.ncbi.nlm.nih.gov/pubmed/8264154
http://www.ncbi.nlm.nih.gov/pubmed/7556948
http://dx.doi.org/10.1016/j.jep.2010.10.019
http://www.ncbi.nlm.nih.gov/pubmed/20951787


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


