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Chlorogenic acid from honeysuckle improves
hepatic lipid dysregulation and modulates
hepatic fatty acid composition in rats with
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Chlorogenic acid as a natural hydroxycinnamic acid has protective
effect for liver. Endotoxin induced metabolic disorder, such as
lipid dysregulation and hyperlipidemia. In this study, we investi-
gated the effect of chlorogenic acid in rats with chronic endotoxin
infusion. The Sprague-Dawley rats with lipid metabolic disorder
(LD group) were intraperitoneally injected endotoxin. And the
rats of chlorogenic acid-LD group were daily received chlorogenic
acid by intragastric administration. In chlorogenic acid-LD group,
the area of visceral adipocyte was decreased and liver injury was
ameliorated, as compared to LD group. In chlorogenic acid-LD
group, serum triglycerides, free fatty acids, hepatic triglycerides
and cholesterol were decreased, the proportion of C20:1, C24:1
and C18:3n-6, A9-18 and A6-desaturase activity index in the liver
were decreased, and the proportion of C18:3n-3 acid was increased,
compared to the LD group. Moreover, levels of phosphorylated
AMP-activated protein kinase, carnitine palmitoyltransferase-l,
and fatty acid p-oxidation were increased in chlorogenic acid-LD
group compared to LD rats, whereas levels of fatty acid synthase
and acetyl-CoA carboxylase were decreased. These findings
demonstrate that chlorogenic acid effectively improves hepatic
lipid dysregulation in rats by regulating fatty acid metabolism
enzymes, stimulating AMP-activated protein kinase activation,
and modulating levels of hepatic fatty acids.
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ipid metabolic disorder is a common characteristic of meta-

bolic syndrome and is present at an alarming rate worldwide.
It can result in an increased risk of many serious diseases,
including obesity, hyperlipidemia, and nonalcoholic fatty liver
disease.’ The altered lipid profile in metabolic syndrome is
characterized by elevated levels of circulating free fatty acids
and triglycerides and a reduction in high-density lipoprotein
cholesterol along with excess fat deposition in various tissues,
including the liver.*? Lipid accumulation in liver can occur either
by increased uptake of fatty acids, increased synthesis within the
tissue involved, or reduced fatty acid oxidation/disposal.®* There-
fore, prevention and treatment of fatty acid metabolism is relevant
to health promotion.

The balance between lipogenesis and lipolysis is disturbed by
various factors, such as endotoxin. Endotoxin has been identified
as a strong inducer of nonalcoholic hepatic steatosis and dys-
lipidemia.®® The intestine and blood are constantly exposed to
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various levels of endotoxin because there is more than 1 g of
endotoxin presented in the gut, and endotoxin is a toxic compo-
nent of cell walls of gram-negative bacteria.”” Feeding with a high
fat diet (approximately 900 kcal) increased endotoxin in serum by
approximately 50% in healthy persons.® Diet can induce altera-
tion of gut microbiota and increased levels of endotoxin, and then
increase the permeability of the intestine in which endotoxin
permeates into the blood and liver.®!9 Disrupted intestinal epithe-
lium integrity led to increased portal endotoxemia and exposure
of the liver to high levels of endotoxin.!""'» Hence, humans are
continuously exposed to low doses of endotoxin, and remission of
endotoxin-induced metabolism disorder, such as lipid metabolic
disorder, is important to health.

Nutritional supplements, which are extracted from plants, are
extremely popular on regulation metabolism disorders. Honey-
suckle is the flower of the plant, which belongs to the family
Lonicera caerulea L., is widely harvested in China, Japan, and
Europe. It is consumed as herbal tea and medicine in China and
Japan. The pharmacological activities of honeysuckle include anti-
inflammatory, anti-atherogenic, and anti-carcinogenic effects.(>19
Chlorogenic acid (CGA) is considered to be one of the major com-
ponents of honeysuckle, and has multiple physiological functions.
CGA regulates glucose homeostasis by inhibiting glucose-6-
phosphatase activity,'® decreasing intestinal glucose absorp-
tion,'” modulating glucose release in the liver!"™ and increasing
glucose uptake in muscle tissue.'” CGA also has shown anti-
lipogenesis effects and improves plasma lipid profiles in obesity
animals.®*? Tt decreased the blood triglyceride and cholesterol,*”
lowered lipid profiles in liver, epididymal adipose tissue and heart
in high fat induced obese mice.®? Fatty acid metabolism in liver is
subject to extensive in vivo regulation, in particular by the control
of fatty acid entry into the cell, transfer of fatty acids into the
mitochondria and the capacity of the -oxidation. The balance
between the uptake and utilization of fatty acid will ultimately
determinate the magnitude of lipid accumulation in liver cells.
However, there has been no scientific literature available on the
effect of CGA supplementation on fatty acid composition.

Fatty acid metabolism is a complex process involved with fatty
acid synthase and fatty acid oxidation. AMP-dependent protein
kinase (AMPK) plays a key role in fatty acid metabolism, activa-
tion of AMPK affects key enzymes in fatty acid synthesis, in
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which acetyl-CoA carboxylase (ACC) activity is inhibited and
fatty acid synthase (FAS) expression is decreased.® Activation of
AMPK not only inhibits fatty acid synthesis but also activates fatty
acid B-oxidation by reducing the levels of malonyl-CoA as the
product of ACC.®¥ In vitro study, Tsuda et al.® reported that no
effects of CGA treatment on AMPK activation were observed in
rat skeletal muscle, while Ong e al."” demonstrated that CGA
stimulated glucose uptake in L6 myoblasts through AMPK. In vivo
study, chronic administration of CGA stimulated AMPK activa-
tion in liver in Lepr db/db mice.®® However, Mubarak et al.®”
reported that CGA supplementation in a high fat diet inhibited
AMPK activation in obese C57BL/6 mice. Thus, further evidences
should be provided on the effect of CGA on AMPK.

In the present study, we investigated the effect of CGA (extract
from honeysuckle) on lipid metabolic disorder in rats induced by
low-dose endotoxin infusion. Thus, the growth parameters, organ
weights, adipose and liver tissue histology, serum and hepatic
lipid parameters were determined, we also analyzed the influence
of CGA on fatty acid composition and enzymes involved in
lipogenesis and fatty acid oxidation.

Materials and Methods

Animals, diets and experimental design. The experiment
was conducted with thirty-two female Sprague-Dawley rats aged 6
weeks [182.84 g (SE 2.13)] purchased from Changsha Tianqin
Biotechnology Co., Ltd. (Changsha, China). The rats aged 6 week
were before sexual maturation period. Hence, all rats were at same
starting line of estrous cycle would not affect the accuracy of
experimental results. The experiment was approved by the
Nanchang University Animal Care and Use Committee. The rats
were individually housed in an air-conditioned room (22 + 2°C)
with a 12-h light:12-h dark cycle in the Animal Laboratory of
Jiangxi Province Center for Disease Control and Prevention
(Nanchang, China).

After a 7-days adaptation period, rats were randomly distributed
in four experimental groups (eight animals each group), with free
access to water and a standard laboratory diet (China General
Quality Standards for Animal Feed, GB14924.1-2001). CGA from
honeysuckle (=98% purify, Shanghai, China) was dissolved in
sterile saline and orally administered into the rats every day for 28
days between 09:00 am and 10:00 am. Endotoxin (Escherichia
coli 055:B5, Sigma-Aldrich, St. Louis, MO) was dissolved in
sterile saline.

The rats of normal group were daily received sterile saline by
intragastric administration (ig) and sterile saline by intraperitoneal
injection (ip). The rats of CGA group were daily received chloro-
genic acid (60 mg CGA/kg body weight) by ig and sterile saline by
ip. The rats with lipid metabolic disorder (LD group) were daily
received sterile saline by ig and intraperitoneally injected endo-
toxin (300 pg/kg body weight). The CGA-LD group was daily
administrated with CGA at dosage of 60 mg/kg body weight by ig
and intraperitoneally injected endotoxin (300 pg/kg body weight).

At the end of the experimental period and after a fasting period
of 12 h, animals were sacrificed by cardiac exsanguination under
anesthesia by using an intraperitoneal injection of an overdose
(45 mg/kg) of sodium pentobarbital. Liver, visceral adipose tissue,
kidney, spleen, and intestine samples were harvested, weighed and
immediately frozen.

Growth and serum biochemical parameters. The body
weight and food intake of rats were measured weekly. The food
efficiency ratio (FER) was calculated as body weight gain in gram
divided by food intake in gram. Blood samples were collected
from rats for the measurement of serum levels of triglyceride,
total cholesterol, high density lipoprotein cholesterol (HDL-C),
low density lipoprotein cholesterol (LDL-C) and free fatty acids.
Liver injury was assessed by measurement of total bilirubin,
alanine transarninase (ALT) and aspartate aminotransferase (AST).
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Briefly, blood samples were centrifuged at 4,000 x g for 15 min at
4°C, and the supernatant fluid (serum) was obtained. The kits of
triglyceride, total cholesterol, HDL-C, LDL-C, AST, and ALT
were purchased from Leadman Company (Beijing, China). Serum
biochemical parameters were measured by a biochemistry ana-
lyzer (Beckman Coulter Inc., Fullerton, CA).

The analysis of bilirubin and free fatty acid were determined by
the spectrophotometric method using a commercial kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

Hematoxylin and eosin staining. Histology analyses of
liver and visceral adipose tissue were measured by hematoxylin
and eosin staining (H&E) according to methods described pre-
viously.®® At the end of the experiment, liver and visceral adipose
tissue were dissected and fixed in 10% phosphate-buffer formalin
overnight before being incubated in 50% ethanol (v/v) and then
promptly embedded with paraffin. The tissues were then cut into
4 um sections and stained with hematoxylin and eosin to reveal
the structural features, and observed under a light microscope. The
Motic Med 6.0 (Beijing, China) and the Image-Pro Plus 6.0 were
used to examine these sections with a final magnification of x200.
The number of adipocytes per microscopic field (density) was
determined at a magnification of x200, and the mean surface area
of adipocytes (um?) was calculated using image analyzer software
(Image J, NIH, Bethesda, MD). Each adipocyte was manually
delineated, and 600—1,000 adipocytes per sample were assessed.

Oil-Red O staining. To visualize the lipid droplets, livers
from the animal were stained according to that described by
Bergheim et al.® The liver samples were frozen in liquid
nitrogen, embedded in an optimal temperature-cutting compound,
cut into 8 um sections, stained with Oil-Red O for 10 min,
washed, and counterstained with hematoxylin for 45 s. A patho-
logist, blinded to the experimental procedure, examined the
histopathology of the hepatic tissue sections at a magnification
of x 400.

Determination of triglyceride and cholesterol in the liver.
Liver lipids were extracted as described previously.C” Briefly,
liver (1 g) was homogenized with a chloroform/methanol/distilled
water (2:2:1) mixture. After centrifugation (10,000 x g for
15 min), the lower clear organic phase solution was transferred
into a new glass tube and the lipid fraction was dried under a
nitrogen stream. Then, the lyophilized powder was dissolved in
hexane as the liver lipid extract. The liver triglyceride and
cholesterol in the lipid extracts were measured by enzymatic
colorimetric methods using commercial kits (Nanjing Jiancheng
Bioengineering Institute).

Lipid regulating enzymes activities and content. For lipo-
genic enzyme analysis, samples of liver (500 mg) were homo-
genized in 5 ml buffer (pH 7.6) containing 0.02 mol/L ethylene
diamine tetraacetic acid (EDTA) and 0.002 mol/L dithiothreitol
(DTT). After centrifugation at 1,000 x g at 4°C for 15 min, the
supernatant was centrifuged again at 10,000 x g at 4°C for 20 min.
After centrifugation, the pellets (mitochondrial) were re-suspended
in the same buffer used in homogenization and analyzed for fatty
acid B-oxidation and CPT-1 activity and concentration. The super-
natant was measured for FAS activity and concentrations of FAS
and ACC.

FAS activity was measured using the spectrophotometric
method of Goodridge®” with minor modifications. It was mea-
sured by following the decrease in absorbance at 340 nm resulting
from the oxidation of NADPH, which was dependent on added
malonyl-CoA at 37°C. The assay mixture contained 0.1 mol/L
potassium phosphate (pH 7.0), 3 mmol/L EDTA, 0.1 mmol/L
NADPH, 33 pmol/L acetyl-CoA, 10 mmol/L B-mercaptoethanol,
and the sample. The reaction was initiated by adding malonyl-
CoA to a final concentration of 0.1 mmol/L. Under these condi-
tions, FAS activity was linear for 10 min. The activity of FAS
was expressed as nmol reduced NADPH/min/mg protein.

CPT-1 activity was determined based on the method developed
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by Bieber er al®? with minor modifications. Briefly, the assay
was conducted at 37°C for 2 min and was initiated by the addition
of 50 pl of mitochondrial suspension to 950 ul of the following
standard reaction medium: 116 mmol/L Tris-HCl (pH 8.0),
1.1 mmol/L EDTA, 0.5 mmol/L dithionitrobenzoic acid, 0.2%
Triton X-100, 75 mmol/L palmitoyl-CoA, 2.5 mmol/L carnitine.
The change in absorbance at 412 nm was measured, and the
activity was expressed as nmol CoASH/min/mg protein.

Fatty acid B-oxidation activity was measured from the final
product of NADH using palmitoyl substrates.®® The assay mix-
ture contained 50 mmol/L Tris-HC1 (pH 8.0), 10 mmol/L B-
mercaptoethanol, 1.5% BSA (1.5 g/100 ml), 20 mmol/L NAD",
2% Triton X-100 (2 g/100 ml), 1 mmol/L FAD, 100 mmol/L
KCN and 5 mmol/L palmitoyl-CoA. The reaction was initiated by
the addition of 0.1 ml of mitochondrial suspension, and incubated
at 37°C for 5 min. The absorption value at 340 nm was measured.

The content of FAS, ACC and CPT-1 was measured with
ELISA according to manufacturer’s protocol (Cusabio, Wuhan,
China). The ELISA microplate was read using an ELISA reader
(Dynatech Laboratories, Chantilly, VA) with a maximum absor-
bance of 450 nm.

Hepatic fatty acid composition. The fatty acid composi-
tion of the liver was determined by capillary gas chromato-
graphy.®¥ The lipid extracts from liver were transmethylated in
the presence of 2% sodium methylate/methanol at 37°C for
20 min. The samples were cooled at —20°C for 10 min, and 60 pl
0.1 mol/L oxalic acid was added. After centrifugation, the upper
phase was obtained for fatty acid analysis by an Agilent 7890A
gas chromatogram (Agilent Technologies, Palo Alto, CA) with a
flame ionization detector using a capillary column (100 m x
0.25 um x 0.20 um, Supelco, Bellefonte, PA). The temperature
program was as follows: 140°C initial temperature for 5 min, 4°C/
min to 240°C, 1 min at this temperature and, thereafter tempera-
tures were 260°C, respectively. The carrier gas was hydrogen at a
flow rate of 30 ml/min. Individual fatty acid peaks were identified
by comparison of their retention times with those of standards.
The relative amount of each fatty acid (% of total fatty acid) was
quantified by integrating the area under the peak and dividing the
result by the total area for all fatty acids. Concentrations of
saturated fatty acids (SFA), monounsaturated fatty acids (MUFA),
and polyunsaturated fatty acid (PUFA) were calculated by sum-

ming the respective fatty acids with C14—C24 carbon atoms.

Hepatic desaturase activity indexes of fatty acid. The
desaturase activity was estimated as the ratio of the product or
precursor of fatty acids according to the previous literatures:
A6 = C18:3n-6/C18:2n-6, A9 = C16:1/C16:0 and C18:1/C18:0.3>36
The ratio of C16:1/C16:0 will be referred as A9-16 and the ratio of
18:1/C18:0 as A9-18.

Western blot analysis of AMPK and p-AMPK. Total liver
protein was isolated by phosphorylated protein extraction Kkits
including phosphatase inhibitors and a protease inhibitor. The
protein content on the lysates was estimated by the coomassie
brilliant blue method. Proteins (80 pg) were separated with 10%
SDS-PAGE and then transferred to a PVDF membrane (2 h,
200 mA). The membranes were blocked in 5% BSA for 1h at
room temperature. Then, the membranes were incubated overnight
with a primary antibody against AMPK (1:1,000, Cell Signaling
Technology, Beverly, MA) and Thr'”*-phosphorylated AMPK
(1:1,000, Cell Signaling Technology) in blocking buffer. After
washing in Tris-buffered saline/Tween 20 under gentle agitation,
the membranes were incubated for 1 h with a horseradish per-
oxidase-labelled anti-rat IgG (1:10,000). After further washing,
blots were treated with enhanced chemiluminescence detection
reagents. Blot intensities were measured using Image J software
(NIH).

Statistical analysis. All data are presented as the mean + SE
of the four different groups. Differences between variants were
analyzed by analysis of variance (ANOVA) and Tukey’s test,
using SPSS 17.0. Significance levels at p<0.05 were considered
to indicate statistical significance.

Results

CGA reduced body weight gain without affecting food
intake. The body weight gain, food intake, and FER were mea-
sured during 4 weeks as shown in Table 1. The body weight gain
during the third week (D15-D21, p<0.05), forth week (D22-D28,
p<0.01), and total body weight gain (p<0.05) were significantly
increased in LD group, as compared to the normal group. Mean-
while, compared to LD group, the body weight gain in the third
week (D15-D21, p<0.05) and forth week (D22-D28, p<0.01), and
total body weight gain (p<0.05) week were significantly decreased

Table 1. Body weight, body weight gain and food intake in rat supplemented with CGA

Normal CGA LD CGA-LD
Body weight gain
D1-D7 (g/d) 3.07 £0.192 3.28 £0.492 3.08 £0.362 2.51+0.522
D8-D14 (g/d) 3.19+0.28° 3.89£0.672 4.05+0.94° 3.29+£0.38°
D15-D21 (g/d) 2.79 +0.23° 3.03+0.38 4.63+0.33° 3.18 £0.282
D22-D28 (g/d) 1.90+0.154 2.10+£0.13~ 3.54+0.18® 2.25+0.28*
Total body weight gain (g) 74.00 + 4.852 82.33 £ 6.082b 102.00 + 7.46° 73.20 £7.082
Food intake
D1-D7 (g/d) 17.79 £ 1.27° 18.50 + 0.85° 17.88 +0.52° 16.69 +0.77°
D8-D14 (g/d) 19.86 + 0.85° 22.82 £ 1.40° 21.59 £ 1.36 20.90 £1.192
D15-D21 (g/d) 18.26 + 0.42° 19.93 +1.38° 18.23 +2.022° 14.98 +0.41°
D22-D28 (g/d) 18.37 £ 0.79° 16.53 +1.132 16.22 + 1.06° 16.24 +0.99°
Total food intake (g) 522.33 £ 25.24° 548.13 £ 19.022 520.96 + 20.002 492.20 + 21.24°
Food efficiency ratio (g body weight gain/g food intake)
D1-D7 0.17 £0.01° 0.18 £0.01° 0.18 £0.1° 0.15+0.01°2
D8-D14 0.17 £0.02° 0.17 £0.01° 0.19+£0.032 0.16 £0.01°
D15-D21 0.16 £0.01° 0.16 £ 0.02° 0.26 +0.03° 0.22 +0.022°
D22-D28 0.11£0.01° 0.13+£0.01° 0.23+0.03° 0.14+0.01°
D1-D28 0.14+0.012 0.15+0.012 0.20 £0.01° 0.15+0.012

Values are expressed as the mean +SE, n =8. The values with different lowercase superscript letters in the same line are significantly
different (p<0.05), the values with different uppercase superscript letters are significantly different (p<0.01), as analyzed by one-way ANOVA

and the Tukey’s test.

148

doi: 10.3164/jcbn.14-138
©2016 JCBN



in CGA-LD group.

The significant difference on food intake was only found
between normal group and CGA-LD group, and between CGA
group and CGA-LD group (p<0.05). Compared to normal group,
the FER in LD group were increased in the experimental time
(D15-21, 22-28, and D1-D28). Compared to LD group, the FER
in CGA-LD group were decreased in the experimental time (D22—
28 and D1-28).

CGA reduced tissue weight and area of adipocytes. The
relative tissue weight of liver (p<0.05), visceral adipose (p<0.05),
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spleen (»p<0.05) and thymus (p<0.05) were significantly decreased
in the CGA-LD group compared to the LD group, and especially
relative visceral adipose weight, which decreased by 43.09%
(»<0.05, 3.76 g/100 g body weight (SE 0.37) in the LD group vs
2.14 g/100 g body weight (SE 0.23) in the CGA-LD group)
(Fig. 1A).

The morphological characteristics of visceral adipose tissue
were measured by H&E staining (Fig. 1B—-E). The area of adipo-
cytes in LD rats was significantly increased compared to normal
rats (Fig. 1F). CGA supplementation inhibited adipocyte hyper-
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Fig. 1.
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Effect of CGA on relative tissue weights and morphology of adipose tissue. CGA supplementation decreased relative tissue weights (except

kidney) (A), compared to the LD group. Values are expressed as the mean + SE, n = 8. Histological analyses of visceral adipose tissue from normal (B),
CGA (Q), LD (D), and CGA-LD (E) groups; (n = 3). CGA inhibited adipocyte hypertrophy (F), values are expressed as the mean + SE, n = 3. Values with
different lowercase letters are significantly different (p<0.05), values with different uppercase letters are significantly different (p<0.01), as

analyzed by one-way ANOVA and the Tukey’s test.
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trophy. The area of adipocytes in CGA-LD group rats significantly
decreased compared to LD group rats by 25.24% (p<0.05,
824.75 um? (SE 56.58) in the LD group vs 616.55 um? (SE 24.08)
in the CGA-LD group) (Fig. 1F).

CGA alleviated dyslipidemia. CGA supplementation signifi-
cantly modulated the levels of serum triglyceride, HDL-C, and
free fatty acid compared to the LD group (Table 2). CGA supple-
mentation significantly lowered the level of serum triglyceride
(»<0.01) and serum free fatty acid (p<0.05) compared with the LD
group. HDL-C level was significantly increased in the CGA-LD
group compared to the LD group. However, CGA supplementa-
tion in the CGA-LD group had no significant effect on total
cholesterol or LDL-C.

CGA relieved liver injury and improved liver morpho-
logy. The liver plays a central role in whole body lipid metabo-
lism. To assess CGA on liver injury the liver morphology, the
activity of MPO in the liver and the levels of serum AST, ALT,
and bilirubin were measured. Normal liver microstructure in the
normal group was shown by H&E staining (Fig. 2E). Compared
with normal rats, LD group rats had a higher infiltration of inflam-
matory cells (Fig. 2E and G). CGA supplementation inhibited
inflammatory cell infiltration compared with the LD group
(Fig. 2G and H).

MPO was a marker of lymphocyte infiltration.®” The activity of
MPO (p<0.01) was significantly decreased in the CGA-LD group
compared to the LD group (Fig. 2I). As a consequence of liver
dysfunction and injury, LD group rats exhibited elevated levels of
bilirubin (p<0.01), ALT (p<0.05) and AST (p<0.05). CGA-LD
group rats had significantly reduced levels of bilirubin (p<0.01),
activity of ALT (p<0.05) and AST (p<0.05) compared with LD
group rats (Fig. 2J-L).

CGA ameliorated fat accumulation in liver.  Concurrently,
CGA supplementation greatly decreased the levels of hepatic
triglycerides and cholesterol in the LD group. Staining with Oil-
Red O confirmed the presence of lipid droplets (red area) within
hepatocytes (Fig. 3A-D). The number and density of lipid
droplets in the liver of the CGA-LD group was lower than that
of the LD group. Additionally, the levels of liver triglyceride
(»<0.01) and cholesterol (p<0.01) were decreased in CGA-LD
group rats compared to LD group rats (Fig. 3E and F).

Liver fatty acid composition. In CGA-LD group, CGA
supplementation increased the proportion of C18:3n-3 (p<0.01),
and significantly decreased the proportion of C18:3n-6 (p<0.05),
C20:1 (p<0.05), and C24:1 (p<0.05), in comparison with LD
group rats (Table 3). Compared with normal rats, no effects on
liver fatty acid composition were found in CGA group. The pro-
portions of C18:0 (p<0.05), C18:2n-6t (p<0.05) and C18:3n-3
(»<0.05) in LD group rats liver were decreased compared to the
normal group, and the proportions of C15:0 (p<0.05), C16:0
(»<0.05), C24:0 (p<0.05), C20:1, C24:1 (p<0.01), C18:2n-6¢, and
C18:3n-6 (p<0.01) were increased compared to normal animals.

The desaturase activity indexes of fatty acids in livers were
estimated as the ratio of product/precursor of individual fatty
acids. A9-18 and A6-desaturase activity index were significant
increased (p<0.01) in LD group compared to normal group. A9-18
and A6 desaturase activity index in CGA-LD group were signifi-
cantly decreased, as compared with LD group rats (p<0.05). No
significant differences were found on A9-16 in all treatment
groups (Table 3).

CGA increased fatty acid oxidation, inhibited fat synthesis,
and promoted AMPK activation in liver. CGA supplementa-
tion in the CGA-LD group significantly increased mitochondrial
fatty acid B-oxidation (79.53%, p<0.05), CPT-1 content (57.21%,
p<0.05), and CPT-1 activity (46.15%, p<0.05) in liver compared
with the LD group. The content of CPT-1 in the CGA group was
significantly increased compared to the normal group. Moreover,
compared with the LD group, the content of ACC in the CGA-LD
group was significantly decreased by 43.37% (p<0.01), the con-
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tent of FAS was lowered by 30.99% (p<0.05), and the activity of
FAS was significantly decreased by 22.81% (p<0.05) (Table 4).

AMPK plays an important role in regulating lipid metabolism.
Recent studies have shown CGA-stimulated AMPK activation in
vitro.*® We hypothesized that the ameliorative effect of CGA on
fat accumulation in liver resulted from an increase in hepatic
AMPK activation. To test this hypothesis, we investigated the
levels of AMPK and the p-AMPK by western blot. CGA supple-
mentation increased the level of p-AMPK (p<0.01) in the CGA-
LD group compared to the LD group (Fig. 4).

Discussion

We sought to assess the effect of CGA supplementation on
disordered lipid metabolism in rats, the microscopic appearance of
liver and visceral adipose tissue, the serum and hepatic lipid
parameters, the fatty acid composition in liver, and the signaling
pathways associated with lipid metabolism in rats. Our results
support the hypothesis that CGA supplementation can improve
disordered lipid metabolism.

In present study, compared to normal group, body weight gain,
organ weight, and FER in LD group were increased, not food
intake. These results indicated that chronic endotoxin infusion
induced body weight gain compared to normal rats, not by exces-
sive food intake (energy intake). Cani et al.'**® reported that body
weight and visceral fat mass was correlated positively with plasma
endotoxin levels, and chronic infusion of very low rate of LPS
increased body weight without excessive energy intake. Some
other articles demonstrated that endotoxin was correlated with
obesity or insulin resistance.¢3

The phenomenon (increase of FER and body weight gain in-
duced by endotoxin infusion, no significant variation of food
intake) may be explained for two aspects. First, endotoxin infusion
decreased energy expenditure and impaired catabolic metabolism
of nutrients. It was evidenced by the increase of visceral adipose
tissue weight and visceral adipocyte hypertrophy after endotoxin
infusion (Fig. 1). Second, the inhibition of AMPK activation
(Fig. 4) induced by endotoxin infusion indicated that the catabolic
metabolism of nutrients was inhibited. The inhibition of catabolic
process could be proved by decrease of fatty acid oxidation
(Table 4). Hence, the inhibition of catabolic metabolism promoted
protein or fat synthesis (increase of triglycerides and cholesterol
content, Fig. 3) and increased body weight. The inhibitory effect
of endotoxin on catabolic metabolism, impaired Krebs cycle and
mitochondrial respiration activity were evidenced by previous
studies. 04D

In previous studies, it had been reported CGA did not affect
food intake. In obesity animals (or abnormal physiological state),
CGA decreased the body weight, but not food intake.?*?? In LPS-
induced acute liver injury rat, CGA injection maintained normal
reddish color of the liver and did not affect food intake.“?> The
effect of CGA on food intake between CGA and Normal group in
our study was almost same, and the food intake between CGA-LD
and LD group was no difference. The effect of CGA on food
intake was concordance with previous study. However, food
intake of CGA-LD group in D15-D21, was significantlt different
from normal group. The reason for this phenomenon may due to
experimnetal time and joint action of endotoxin and CGA. First,
the peroid of D15-D21 may be the fierce and special period in
which the disordered metabolism is serious. Since body weight
gain and FER of LD group in 3rd week (D15-21) were signifi-
cantly increased compare to normal group, and body weight gain
and FER of LD group in D1-7 or D8-14 were not significantly
increased compare to Normal group. Second, food intake can be
affected by the metabolism of glucose and fatty acids.“> CGA had
been reported to increase fatty acid oxidation, inhibite fatty acid
synthesis, and decrease glucose intolerance and insulin resis-
tance.*?229 However, Mubarak ef al.®? reported the liver of mice
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Table 2. Serum lipids in rats supplemented with CGA

Serum lipid parameters Normal CGA LD CGA-LD
Triglyceride (mmol/L) 0.89 +0.08* 1.01 + 0.06~ 1.31+0.108 0.91 +0.04*
Total cholesterol (mmol/L) 2.21+0.10° 2.36 £0.152 2.75+0.12° 2.87 £0.14°
HDL-cholesterol (mmol /L) 0.64 +0.03° 0.73 £ 0.042° 0.66 +0.022 0.78 £0.03"
LDL-cholesterol (mmol/L) 0.80 +0.08* 0.75 +£0.06% 1.41+0.138 1.52 +0.16°
Free fatty acid (umol/L) 385.09 +31.31° 384.50 + 25.142 513.34 +23.01° 405.19 + 23.56°

Values are expressed as the mean + SE, n=8. The values with different lowercase superscript letters in the same line are significantly
different (p<0.05), the values with different uppercase superscript letters are significantly different (p<0.01), as analyzed by one-way ANOVA
and the Tukey’s test.

I 1.2¢ J 1r B
B __ 0.9}
oo I A A « 5 0.8}
S a2 o8} oS 0.7¢
uz_ o SE 06F A A A
oL 0.6 S~ 0.5¢
z2 o.£ 04r
ES 2 04} e -g 0.3}
82 0.2} 8= 02
<3 - S 0.1}
0 : : : 0 : : :
Normal CGA LD CGA-LD Normal CGA LD CGA-LD
_ b
K oo. b L 250 ]
H gol @ a a 5 200 a a
<
u6 ’_T 60t “C_) E 150 +
23 a0l 23 100}
> 2
=) + |
g 20t g 50
0 : ' ' 0 : : :
Normal CGA LD CGA-LD Normal CGA LD CGA-LD

Fig. 2. CGA reduced the signs of liver pathology. Morphology of livers from normal (A), CGA (B), LD (C), and CGA-LD (D) groups, obtuse liver edge
were marked with head arrows. Histological analysis of livers (x200, n = 6): samples from normal (E), CGA (F), LD (G), and CGA-LD (H) groups were
stained with H&E staining. Inflammatory cells were marked with arrows. CGA inhibited the increase of MPO activity in liver (1), serum bilirubin
content (J), serum ALT (K), and AST (L) activity compared to the LD group. Values are expressed as the mean + SE, n = 8. Values with different
lowercase letters are significantly different (p<0.05), values with different uppercase letters are significantly different (p<0.01), as analyzed by one-
way ANOVA and the Tukey’s test.
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CGA relieved fat accumulation in liver. Oil Red O staining of live tissue from normal (A), CGA (B), LD (C), and CGA-LD (D) groups. Lipid

droplets marked by arrows. The levels of triglycerides (E) and cholesterol (F) in the livers were showed. Values are expressed as the mean + SE, n = 8.
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(p<0.01), as analyzed by one-way ANOVA and the Tukey's test. See color figure in the on-line version.

fed a high-fat diet supplemented with CGA impaired fatty acid
oxidation, and promoted glucose intolerance. These results
indicated CGA had bidirectional regulatory effect on metabolism.
The number of differences of food intake between CGA-LD and
Normal group (D15-21) may be induced by CGA supplements or
by metabolic disorders (endotoxin-induced) or by the force of
CGA combined with metabolic disorders. However, it need
further research for specific period, for example D15-21.
Peritoneal administration of endotoxin for four weeks induced
a significant increase in body weight gain, serum triglyceride,
cholesterol, LDL-C, and free fatty acids, as well as visceral adipo-
cytes hypertrophy. These results indicated that endotoxin infusion
induced lipid metabolic disorder. The same observation in mice
has previously been seen by Cani er al®® and others.(3#+47
Hepatic triglyceride content and the body, liver, and adipose tissue
weight increased through infusion of endotoxin for four weeks.®
Uchiumi et al.“? has reported that continuous subcutaneous
administration of endotoxin increased serum levels of triglycerides.
The liver is the central organ for triglyceride, cholesterol, and
lipoprotein metabolism. CGA supplementation ameliorated liver

152

injury and decreased liver lipid content in our study. Through in a
histological study (H&E staining), CGA supplementation reduced
macro- and micro-alterations of hepatic structure in the CGA-LD
group. CGA also reduced MPO activity, serum bilirubin content,
and AST and ALT activity in the liver, implying that CGA
relieved endotoxin-induced liver injury. The number of lipid
droplets in the CGA-LD group was reduced when measured by
Oil-Red O staining. Triglyceride and cholesterol levels were
significantly decreased (Fig. 3). Our results indicated that the in-
take of CGA for four weeks relieved liver injury and suppressed
lipid accumulation in the LD group.

Lipogenic enzymes are essential for the biosynthesis of fatty
acids, triglycerides and cholesterol. Decreased activities of these
enzymes, such as ACC and FAS, could reduce the availability of
fatty acids for the synthesis of hepatic triglycerides. As a result,
the esterification of free fatty acids to triglycerides in the liver
leads to adipose accumulation that is accelerated by increased
lipogenesis as a consequence of decreased fatty acid oxidation
increasing availability of fatty acids. CGA inhibited fatty acid syn-
thesis activity in vitro to ameliorate HepG2 lipid accumulation.@®
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Table 3. Liver fatty acid composition in liver in rats supplemented with CGA

Fatty acid (% of total fatty acid) Normal CGA LD CGA-LD
Myristic acid (C14:0) 0.44 +0.0432 0.45 +0.07° 0.55 +0.05? 0.54 +0.05?
Pentadecanoic acid (C15:0) 0.23 +£0.042 0.34 +0.042° 0.43 +0.06° 0.38 £ 0.022b
Palmitic acid (C16:0) 17.96 + 0.49° 19.22 +0.342° 19.83 +£0.38° 19.49 + 0.64°°
Heptadecanoic acid (C17:0) 0.37 +0.049° 0.28 +0.072 0.38 +0.092 0.18 £ 0.072
Stearic acid (C18:0) 25.49 +0.912 25.01+0.792 21.36 +0.74° 22.27 +1.05°
Arachidic acid (C20:0) 0.11 +0.01° 0.10 +0.01° 0.10 +0.022 0.08 +0.022
Behenic acid (C22:0) 0.13+0.012 0.13+0.012 0.15 +0.022 0.15+0.032
Lignoceric acid (C24:0) 0.35 +£0.04° 0.37 £0.04° 0.50 +0.03" 0.47 +0.042>
Myristoleic acid (C14:1) 0.16 +0.03? 0.16 +0.022 0.16 £ 0.012 0.17 £0.012
Hexadecenoic Acid (C16:1) 1.37 +£0.06° 1.01+0.18° 1.34 +0.14° 1.33+0.17°
Ginkgolic Acid (C17:1) 0.14 £ 0.022 0.12 £ 0.022 0.13 +0.022 0.11 £ 0.022
Elaidic acid (C18:1n-9t) 5.24 £ 0.51° 5.35+0.572 6.87 +£0.49° 6.41+0.79°
Oleic acid (C18:1n-9¢) 4.86+0.172 4.68 +0.172 4.86+0.16* 5.03 +£0.352
Gadoleic acid (C20:1) 0.30 +£0.0242 0.35 + 0.04482 0.54 +0.058° 0.34 +0.05482
Nervonic acid (C24:1) 0.52 £0.0142 0.50 +0.0342 0.75 +0.038° 0.62 +0.01482
Linolelaidic acid (C18:2n-6t) 0.17 £ 0.01° 0.17 £ 0.022 0.11+0.01° 0.11+0.03°
Linoleic acid (C18:2n-6¢) 13.97 £0.3? 15.00 + 0.482b 16.85 +0.69° 15.79 + 0.26>°
Eicosadienoic acid (C20:2) 0.29 +0.01° 0.29 +0.02? 0.32 +0.02° 0.33 +£0.01°
y-Linolenic acid (C18:3n-6) 0.29 +0.04*2 0.31 +£0.0242 0.60 + 0.098° 0.35 + 0.04782
a-Linolenic acid (C18:3n-3) 0.45 + 0.047B2 0.52 +0.0742 0.18 + 0.06*° 0.54 +0.08%2
Dihomo-y-linolenic acid (C20:3n-6) 0.56 +0.03? 0.56 +0.022 0.60 +0.022 0.60 +0.03?
Arachidonic acid (C20:4n-6) 25.13 £ 1.26° 22.63 + 1.35° 24.23 +£0.77° 22.57 +1.59°
Total SFA 45.09 + 0.692 45.70 £ 0.892 45.29 + 0.682 43.27 +0.382
Total MUFA 13.53+0.93? 14.41 + 1.262 13.29 + 0.842 15.31+1.142
Total PUFA 40.75 + 0.55° 40.73 £ 0.48° 41.38 + 0.56° 40.81 +£0.39°
Desaturase activity index
A6 0.020 + 0.00242 0.021 £ 0.00242 0.035 + 0.0048° 0.022 + 0.003482
A9-16 0.071 £ 0.003° 0.052 + 0.009° 0.068 + 0.008° 0.068 + 0.008°
A9-18 0.40 +0.03~2 0.40 +0.03~2 0.58 +0.03%> 0.46 +0.01~8B2

A6 is the ratio of C18:3n-6/C18:2n-6. A9-16 is the ratio of C16:1/C16:0. A9-18 is the ratio of 18:1/C18:0. Values are expressed as the mean + SE, n = 6.
The values with different lowercase superscript letters in the same line are significantly different (p<0.05), values with different uppercase super-
script letters are significantly different (p<0.01), as analyzed by one-way ANOVA and the Tukey's test.

Table 4. The content and activity of lipid-regulating enzymes in rats supplemented with CGA

CGA

LD

CGA-LD

Lipid-regulating Enzymes Content

CPT-1 (ng/g mitochondrion protein)

52.98 +2.984P

63.73 £5.674

28.98 + 3.165¢

45.56 + 3.11485

ACC (pmol/g protein) 3.28 +0.354 3.03 £0.47~ 8.97 +0.83" 5.08 +£0.73*

FAS (nmol/g protein) 0.48 £ 0.03° 0.51 £ 0.04° 0.71 +0.05° 0.49 £ 0.04°
Lipid-regulating Enzymes Activity

Fatty acid B-oxidation (nmol of NADH/min/mg 22.72 +3.37° 16.27 + 1.942b 12.70 + 1.45° 22.80 +2.50°

of protein)

CPT-1 (nmol of CoASH/min/mg mitochondrion 9.39+0.71°2 9.55+0.752 6.24 + 0.64° 9.12+0.66°

protein)

FAS (nmol of NADPH/min/mg protein) 4.53 £ 0.46"2 4.60 £ 0.1742 6.84 + 0.438° 5.28 + 0.304B=2

Values are expressed as the mean + SE, n = 6. The values with different lowercase superscript letters in the same line are significantly different
(p<0.05), values with different uppercase superscript letters are significantly different (p<0.01), as analyzed by one-way ANOVA and the Tukey'’s test.
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Fig. 4. CGA up-regulated the expression of p-AMPK in the liver. (A) Western blot analysis of AMPK and p-AMPK expression in the liver. (B) Relative
density of p-AMPK. The density of p-AMPK band was normalized to that of AMPK. Values are expressed as the mean + SE, n = 6. Values with
different uppercase letters are significantly different (p<0.01), as analyzed by one-way ANOVA and the Tukey’s test.

J. Clin. Biochem. Nutr. | March 2016 | vol. 58 | no. 2 | 153
©2016 JCBN

Y. Zhou et al.



Recently, Huang ef al.®” demonstrated 5-caffeoylquinic acid
(a kind of CGA) decreased of ACC-a, ACC-B and FAS expres-
sion at mRNA levels in high fat diet induced obesity in rat. In
our study, the enzymes involved with fatty acid synthesis were
decreased in CGA-LD group compare to LD group, such as the
content of ACC level was reduced by 43.27%, and the activity of
FAS was reduced by 22.81%. Fatty acid p-oxidation was
increased by 79.53%, content of CPT-1 (increased by 57.21%),
and the CPT-1 activity (increased by 46.15%) in CGA-LD group,
as compared with LD group. These results indicated that CGA
could decrease fatty acid synthesis and enhance fatty acid oxida-
tion.

In the present study, for the first time to our knowledge, we
demonstrated the effect of CGA supplementation on fatty acid
composition. The proportion of C18:3n-3 in the liver of CGA-LD
rats was significantly increased compared to the LD group, The
proportion of C20:1, C24:1, and Cl18:3n-6 were decreased.
C18:3n-3 is a type of ®-3 series fatty acid and C18:3n-6 is a type
of ©-6 series fatty acids. The -3 series fatty acids have been well
studied for their role in reducing the risk factors of disordered lipid
metabolism.“® Supplementation with C18:3n-3 in animals had
been shown to decrease hepatic triglyceride concentration® and
suppress fatty liver formation accompanied with up-regulation of
B-oxidation in Zucker fatty rats.®® C18:3n-6 is a precursor for a.-
linolenic acid. High concentrations of C18:3n-6 in the overall fatty
acid composition is positively correlated with markers of obe-
sity.®9 CGA could up-regulate the level of C18:3n-3 and down-
regulate the level of C18:3n-6 in liver, suggesting that this changes
may be beneficial on inhibiting fat accumulation in the liver.

In this study, the desaturase activity index of A6 and A9-18
in CGA-LD group were decreased after CGA supplementation
compared to endotoxin infusion rats (LD group). A6- and A9-
desaturases catalyzed desaturation reactions in different fatty acid
family metabolic pathways. A6-desaturase converted C18:2n-6 to
C18:3n-6 and A9-desaturase converted C16:0 to C16:1 and C18:0
to C18:1. It has been observed that A9-desaturase activity is high
in diseases conditions, including diabetes, obesity, and metabolic
syndrome.®? Increased A9-desaturase index (18:1/18:0) was
found in rectus abdominus muscle of extremely obese subjects
with insulin resistance.? Warensjo et al.®® had been reported
that the proportions of C16:0, C18:3n-6. And A6-desaturase
activity index were significantly correlated with body mass index
(BMI) in both women and men.

To further investigate the possible mechanisms of CGA supple-
mentation on fatty acid synthesis and oxidation, the level of
AMPK and p-AMPK in liver were measured by western blot.
Fatty acid synthesis and oxidation is controlled by AMPK phos-
phorylation, which stimulates fatty acid B-oxidation and inhibits
fatty acid synthesis. From previous studies, the effect of CGA on
AMPK has been quite diverse. In vitro, Ong et al."” demonstrated
that CGA (1-10 mmol/L, 0.5-24 h) stimulated glucose uptake in
L6 myoblasts through AMPK. On the other hand, Tsuda ef al.®>
reported that no effects of CGA (0.01-1 mmol/L, 5-60 min) treat-
ment on AMPK activation were observed in rat skeletal muscle.
The dose and treatment time of CGA may explain the variations in
AMPK activation. Recently, chronic administration of CGA
(250 mg/kg body weight, 2 weeks) attenuated hepatic steatosis
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