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moiety plays an essential role in
attenuating lipid accumulation by chlorogenic acid
and its analogues†

Xiaoxue Cao, ‡ Chongming Wu,‡ Yu Tian * and Peng Guo*

Chlorogenic acid (5-caffeoylquinic, CA) possesses distinct hypolipidemic properties in vivo and in vitro, yet

the structure–activity relationship (SAR) of CA on lipid metabolism remains unknown. To achieve this aim,

we designed and synthesized two sets of CA analogues and evaluated their efficacies to prevent oleic acid

(OA)-elicited lipid accumulation in HepG2 cells. Blockage of all hydroxyl and carboxyl groups on the quinic

acid moiety did not deteriorate the hypolipidemic effect of CA while blockage of all phenolic hydroxyl

groups on the caffeic acid moiety abolished the activity of CA. Further replacement of the quinic acid

moiety with cyclohexane and modification of individual phenolic hydroxyl groups on the caffeic acid

moiety showed that the phenolic-hydroxyl-reserved analogues displayed a more potent hypolipidemic

effect than CA, whereas the analogue with no phenolic hydroxyl displayed little effect on the OA-elicited

lipid accumulation. In accordance, the modulating effects of CA on the transcription of the lipogenic

gene sterol-regulatory element binding protein (SREBP)1c/1a, acetyl-CoA carboxylase (ACC), fatty acid

synthase (FAS) and peroxisome proliferator-activated receptor a (PPARa) were also abolished when the

phenolic hydroxyl groups on the caffeic acid moiety were blocked. Our results suggest that the phenolic

hydroxyl on the caffeic acid moiety is vital for the lipid-lowering activity of CA.
1. Introduction

Hyperlipidemia, a disorder of lipid metabolism, involves an
imbalance of cholesterol level. Other forms include hyper-
triglyceridemia and mixed hyperlipidemia in which both
cholesterol and triglyceride levels are elevated. It is known as
a major cause of cardiovascular disease (CVD) that currently
contributes to half of the world's mortality.1–3 Patients with
hyperlipidemia are at approximately twice the risk of developing
CVD compared to those with normal total cholesterol level.4 In
current clinical prescription, statins are the main treatment for
hyperlipidemia. However, they are associated with numerous
adverse events and limitations.5,6 Thus developing novel drugs
originating from natural products of appreciable action to
combat lipid metabolic disorders would have signicant
medical and economic impacts.

A general approach to drug discovery, which has been
embraced by the pharmaceutical industry, includes developing
lead compounds and structure modication of templates. It lies
in structure–activity relationship (SAR)-oriented synthesis.7,8
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Formulation of SARs provides information of essential func-
tional groups to guide practical structure optimization of
parental compounds,9 which further benets lowering side
effects and improving efficacy. Therefore, the study of SARs of
lead compounds is considerably vital in drug discovery.

Chlorogenic acid (5-CQA, CA), the ester of caffeic acid with
quinic acid (shown in Fig. 1), is distributed in a wide range of
plants and human diet, such as Lonicera japonica Thunb,10

coffee and tea.11 It possesses various biological properties.12–15

Recent studies demonstrated a distinct potency of CA on
improving dyslipidemia.16–19 Our previous works have indicated
CA dramatically attenuated lipid accumulation in vivo and in
vitro.20–23 Existing studies have reported structure–activity rela-
tionships on certain effects of CA. For instance, caffeic acid
moiety was important for suppression of hepatic gluconeogen-
esis and hyperglycemia.24 The 3,4-position hydroxyl groups were
responsible for its antibacterial activity.25 However, the func-
tional groups in structure that are responsible for anti-
hyperlipidemia activity have not been characterized yet.

In this study, in order to investigate the primary structure–
hypolipidemic activity relationship of chlorogenic acid and
clarify the role of the caffeic acid or quinic acid moiety on lipid-
lowering effect, an implementation was designed as shown in
Fig. 2. We rst modied the active groups such as the hydroxyl
and carboxyl groups on quinic acid moiety in the A ring and the
phenolic hydroxyl groups on caffeic acid moiety in the B ring.
Moreover, a series of cinnamic acid cyclohexanol esters were
RSC Adv., 2019, 9, 12247–12254 | 12247
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Fig. 1 The structures of chlorogenic acid, caffeic acid and quinic acid.

Fig. 2 The design of structure–activity relationship research.
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synthesized to explore the signicance of the phenolic hydroxyl
groups in chlorogenic acid and caffeic acid. By the approach of
a cell-based bioassay,26 the regulation of above compounds on
oleic acid-elicited lipid accumulation in HepG2 cells and the
expression of lipogenic, lipid oxidation-related genes are re-
ported in this paper.

2. Experimental section
2.1. General information

All the reagents were used without further purication unless
otherwise specied. Solvents were dried and redistilled prior to
use in the usual manner. Analytical TLC was performed using
silica gel HF254. Preparative column chromatography was per-
formed with silica gel H. 1H and 13C NMR spectra were recorded
on a Bruker Advance III 600 MHz spectrometer. HRMS were
obtained on a Thermosher LTQ-Obitrap XL.

2.2. Reagents and materials

Dulbecco's modied Eagle medium (DMEM), fetal bovine serum
were purchased from Corning Inc. (CA, USA). Penicillin and
streptomycin were procured from Hyclone (Logan, Utah, USA).
12248 | RSC Adv., 2019, 9, 12247–12254
Simvastatin, oil-red O, oleic acid and dimethyl Sulphoxide DMSO
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Chlorogenic acid was purchased from the Energy Chemical
Company. The kit for Triglyceride (TG) was purchased from Jian
Cheng Biotechnology Company (Nanjing, China). Total RNA
extraction reagent Trizol was purchased from invitrogen (Carls-
bad, CA, USA), PrimeScript RT reagent kit and SYBR-Green PCR
kit were purchased fromTransgene Biotech, Inc. (Beijing, China).

2.3. Chemistry

2.3.1. 3,4-di-O-Isopropylidene-5-O-(30,40-dihydroxycinnamoyl)-
quinic acid 4. To a solution of chlorogenic acid (1) (3.5 g, 9.9mmol)
in dry acetone (30 mL) and DMP (20 mL), and catalytic amount of
TsOH (25 mg) was added. Reaction was monitored by TLC. Then
the reaction mixture was stirred at room temperature for 1 h until
its completion, aer that K2CO3 was added to neutralize pH 5–6.
The suspension was ltered out and the ltrate was evaporated and
puried through column chromatography (eluent: DCM–CH3OH,
6 : 1) to offer pure light yellow powder, 90% yield; 1H-NMR (600
MHz, DMSO-d6) d: 9.58 (1H, s, Ph0–OH), 9.14 (1H, s, Ph0–OH), 7.48
(1H, d, J¼ 15.8 Hz, H-9), 7.05 (1H, d, J¼ 1.5 Hz, H-20), 7.00 (1H, dd,
J ¼ 1.4, 8.2 Hz, H-60), 6.77 (1H, d, J ¼ 8.1 Hz, H-50), 6.23 (1H, d, J ¼
This journal is © The Royal Society of Chemistry 2019
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15.9 Hz, H-8), 5.34–5.30 (1H, m, H-5), 4.39–4.38 (1H, m, H-4), 4.11–
4.09 (1H, m, H-3), 2.20–2.16 (1H, m, H-2, 6), 2.03–2.01 (1H, m, H-2,
6), 1.92–1.89 (1H, m, H-2, 6), 1.83–1.79 (1H, m, H-2, 6), 1.40 (3H, s,
–CH3), 1.25 (3H, s, –CH3);

13C-NMR (150 MHz, DMSO-d6) d: 176.2,
165.8, 148.5, 145.6, 145.4, 125.6, 121.5, 115.8, 114.9, 114.1, 108.1,
76.5, 73.2, 72.7, 70.4, 36.4, 34.8, 28.1, 26.0; HRMS (ESI): calcd for [M
+ Na]+C19H22NaO9: 417.1162, found 417.1167.

2.3.2. 3,4-di-O-Isopropylidene-5-(30,40-dihydroxycinnamoyl)-
1-O-quinic acid isopropylidene ester 5. To a solution of chloro-
genic acid (1) (0.35 g, 1mmol) in dry tetrahydrofuran (THF) 5mL,
dry acetone (0.18 g, 3 mmol) was added. Then lewis acid TMSOTf
(165 mL, 1 mmol) was dropped at 0 �C and reacted for overnight.
When complete, sodium hydroxide (NaOH, 1.0 mol L�1) 0.18 mL
was added to quench the reaction. Then the crude product was
extracted with ethyl acetate 20 mL, evaporated and subjected to
column chromatography (eluent: PE–EtOAc, 10 : 1) to gain pure
light yellow powder, 65% yield; 1H-NMR (600 MHz, DMSO-d6) d:
9.60 (1H, s, Ph'–OH), 9.16 (1H, s, Ph'–OH), 7.51 (1H, d, J ¼
15.8 Hz, H-9), 7.11–6.95 (2H, m, H-20, 60), 6.77 (1H, d, J ¼ 7.7 Hz,
H-50), 6.25 (1H, d, J ¼ 15.8 Hz, H-8), 5.24–5.10 (1H, m, H-5), 4.50–
4.36 (1H, m, H-4), 4.26–4.14 (1H, m, H-3), 2.29–2.18 (2H, m, H-2,
6), 2.14–2.04 (1H,m,H-2, 6), 1.90–1.79 (1H,m,H-2, 6), 1.57 (6H, s,
2� –CH3), 1.41 (3H, s, –CH3), 1.27 (3H, s, –CH3);

13C-NMR (150
MHz, DMSO-d6) d: 173.7, 165.9, 148.4, 145.7, 145.6, 125.5, 121.4,
115.8, 114.9, 113.7, 110.4, 108.2, 78.2, 75.6, 72.5, 69.4, 35.7, 34.0,
28.1, 27.9, 27.8, 25.7; HRMS (ESI): calcd for [M + Na]+

C22H26NaO9: 457.1475, found 457.1472.
2.3.3. 3,4-di-O-Isopropylidene-5-O-(30,40-dibenzyloxycinn

amoyl)-quinic acid benzyl ester 6. A mixture of 4 (0.05 g, 0.13
mmol) and K2CO3 (0.09 mg, 0.6 mmol) was stirred in dry
CH3CN 20 mL, then 5 mL BnBr was dropped, and reuxed
under N2 until completion. The mixture was added ethyl
acetate 20 ml. The combined organic layer was washed with
5% NaHCO3 aqueous solution, and NaCl saturated aqueous
solution in sequence, and then dried over Na2SO4 and puri-
ed through column chromatography (eluent: PE–EtOAc,
1 : 1) to offer pure white solid, 67% yield; 1H-NMR (600 MHz,
DMSO-d6) d: 7.55 (1H, d, J ¼ 15.7 Hz, H-9), 7.50 (1H, d, J ¼
1.7 Hz, Bn0–H), 7.47–7.44 (4H, m, Bn0–H), 7.40–7.36 (8H, m,
Bn0–H), 7.33–7.31 (3H, m, Bn0–H, H-20), 7.22 (1H, dd, J ¼
2.0 Hz, 8.3 Hz, H-60), 7.08 (1H, d, J ¼ 8.3 Hz, H-50), 6.50 (1H, d,
J ¼ 15.9 Hz, H-8), 5.37–5.33 (1H, m, H-5), 5.19 (4H, s, Bn0–
CH2), 5.15–5.09 (2H, m, Bn0–CH2), 4.41–4.39 (1H, m, H-4),
4.12–4.11 (1H, m, H-3), 2.24–2.20 (1H, m, H-2, 6), 2.10–2.07
(1H, m, H-2, 6), 1.99–1.96 (1H, m, H-2, 6), 1.88–1.84 (1H, m,
H-2, 6), 1.41 (3H, s, –CH3), 1.26 (3H, s, –CH3);

13C-NMR (150
MHz, DMSO-d6) d: 174.2, 166.3, 151.2, 149.0, 145.1, 137.0,
136.8, 135.2, 128.8, 128.7, 128.7, 128.3, 128.1, 128.0, 127.4,
127.3, 123.1, 115.9, 114.3, 113.9, 109.7, 77.4, 77.0, 74.0, 71.4,
71.1, 70.7, 67.9, 37.0, 34.5, 28.1, 26.0; HRMS (ESI): calcd for
[M + Na]+ C40H40NaO9: 687.2570, found 687.2573.

2.3.4. General procedure for the synthesis of compounds
11–14. To a solution of cinnamic acid 7–10 (0.55 mmol) in dry
1,4-dioxane (10 mL), SOCl2 (0.37 mmol) were added dropwise
and stirred under reux for 2 h. To this mixture, n-hexanol (0.37
mmol) was added respectively at 0 �C and the reaction mixture
was stirred until its completion during 4–6 h. The solvent was
This journal is © The Royal Society of Chemistry 2019
evaporated and puried through column chromatography to
offer pure compounds 11–14.

3,4-Dihydroxycinnamic acid cyclohexanol ester (11). Column
chromatography (eluent: DCM–CH3OH, 10 : 1), white power,
68% yield; 1H-NMR (600 MHz, CDCl3) d: 7.57 (d, J¼ 15.9 Hz, 1H,
CH]CH), 7.11 (d, J ¼ 2.0 Hz, 1H, H-2), 7.02 (dd, J ¼ 8.2 Hz,
2.0 Hz, 1H, H-6), 6.88 (d, J ¼ 2.0 Hz, 1H, H-5), 6.27 (d, J ¼
15.9 Hz, 1H, CH]CH), 4.90–4.86 (m, 1H, O–CH), 1.93–1.90 (m,
2H, O–CH–CH2), 1.79–1.74 (m, 2H, O–CH–CH2), 1.58–1.25 (m,
6H, –(CH2)3–);

13C-NMR (150 MHz, CDCl3) d: 167.7, 146.5, 144.9,
143.9, 127.6, 122.4, 116.2, 115.6, 114.6, 73.3, 31.8, 25.5, 23.9.

Cinnamic acid cyclohexanol ester (12). Column chromatog-
raphy (eluent: PE–EA, 30 : 1), colourless oil, 53% yield; 1H-NMR
(600 MHz, pyridine-d5) d: 7.67 (d, J ¼ 16.1 Hz, 1H, CH]CH),
7.54–7.52 (m, 2H, H-2, 6), 7.38–7.37 (m, 1H, H-3, 4, 5), 6.44 (d, J
¼ 16.0 Hz, 1H, CH]CH), 4.91–4.87 (m, 1H, O–CH), 1.94–1.91
(m, 2H, O–CH–CH2), 1.79–1.75 (m, 2H, O–CH–CH2), 1.61–1.25
(m, 6H, –(CH2)3–);

13C-NMR (150 MHz, CDCl3) d: 166.5, 144.4,
134.6, 130.2, 129.0, 128.1, 119.0, 72.9, 31.9, 25.5, 23.9.

3-Hydroxycinnamic acid cyclohexanol ester (13). Column
chromatography (eluent: PE–EA, 20 : 1), white solid, 62% yield;
1H-NMR (600MHz, pyridine-d5) d: 7.60 (d, J¼ 16.0 Hz, 1H, CH]

CH), 7.22–7.19 (m, 1H, H-5), 7.05–7.02 (m, 1H, H-4, 6), 6.91–6.89
(m, 1H, H-2), 6.38 (d, J ¼ 16.0 Hz, 1H, CH]CH), 4.90–4.86 (m,
1H, O–CH), 1.92–1.91 (m, 2H, O–CH–CH2), 1.78–1.72 (m, 2H, O–
CH–CH2), 1.57–1.23 (m, 6H, –(CH2)3–);

13C-NMR (150 MHz,
CDCl3) d: 167.0, 156.9, 144.7, 135.9, 130.0, 120.3, 118.8, 117.7,
114.7, 73.2, 31.8, 25.5, 23.9.

4-Hydroxycinnamic acid cyclohexanol ester (14). Column
chromatography (eluent: PE–EA, 20 : 1), white solid, 64% yield;
1H-NMR (600MHz, pyridine-d5) d: 7.61 (d, J¼ 15.9 Hz, 1H, CH]

CH), 7.38–7.37 (m, 2H, H-2, 6), 6.87–6.86 (m, 2H, H-3, 5), 6.26 (d,
J ¼ 15.9 Hz, 1H, CH]CH), 4.89–4.86 (m, 1H, O–CH), 1.91–1.90
(m, 2H, O–CH–CH2), 1.79–1.72 (m, 2H, O–CH–CH2), 1.55–1.22
(m, 6H, –(CH2)3–);

13C-NMR (150 MHz, CDCl3) d: 168.0, 158.5,
145.0, 130.1, 126.8, 116.1, 115.6, 73.3, 31.8, 25.5, 23.9.
2.4. Evaluation of the biological activity

2.4.1. Cell culture. HepG2 cells were originated from
American Type Culture Collection (ATCC) (Manassas, VA, USA)
and obtained from the Peking Union Medical College (Beijing,
China). HepG2 cells were cultured in Dulbecco's modied Eagle
medium (DMEM) supplemented with 10% fetal bovine serum,
1% penicillin and streptomycin at 37 �C in 5% CO2 atmosphere.
When grown to 70–80% conuence, cells were incubated in
serum-free DMEM containing 100 mmol L�1 oleic acid and co-
treated with 10 mmol L�1 of simvastatin or CA, compound 4–
6, 11–14 for 24 h respectively. Cells maintained in serum-free
DMEM were used as the blank control. Compounds were dis-
solved in dimethyl sulphoxide (DMSO) and the equal volume of
it was added in control group.

2.4.2. Oil red O staining. The cells with 70–80% conuence
in 96 well plates were incubated in serum-free DMEM + OA (100
mmol L�1) and 10 mmol L�1 of CA, compound 4–6, 11–14
respectively or the positive control simvastatin (10 mmol L�1) for
24 h. Cells were then xed with 4% w/v paraformaldehyde
RSC Adv., 2019, 9, 12247–12254 | 12249
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(30 min, room temperature) and stained with 0.5% ltered oil-
red O solution (15 min, room temperature). The staining was
evaluated by a Tecan Innite M1000Pro Microplate Reader and
spectrophotometry at 358 nm.

2.4.3. Intracellular TG quantication.HepG2 cells with 70–
80% conuence in 6 well plates were incubated in serum-free
DMEM + OA (100 mmol L�1) and 10 mmol L�1 of CA,
compound 4–6, 11–14 respectively or the positive control sim-
vastatin (10 mmol L�1) for 24 h. The cells were subjected to TG
quantication as introduced by the protocol of Triglyceride
Quantication Kit. Each experiment was repeated in triplicate
with duplicates each.

2.4.4. Real-time quantitative PCR. Cells were treated with
OA (100 mmol L�1) and 10 mmol L�1 of CA or compound 4–6, 11–
14 for 24 h respectively. Total RNA was extracted with Trizol
reagent and was reversely transcribed to CDNA with the Pri-
meScript RT reagent Kit. Quantitative RT-PCR was performed
using SYBR-Green PCR kit. At least three independent biolog-
ical replicates were performed to verify the reproducibility of the
data. The gene-specic primers used for quantitative PCR are
listed in Table 1. Data are presented as fold change in the
experimental group normalized to b-actin and relative to the
control group.

2.4.5. Statistical analysis. Data are expressed as mean �
SEM. One-way ANOVA was used to determine signicant
differences among groups, aer which the modied Students t-
test with the Bonferroni correction was used for comparison
between individual groups. All statistical analyses were per-
formed with SPSS 17.0 soware (SPSS Inc., Chicago, IL, USA). P
< 0.05 was considered statistically signicant.
3. Results and discussion
3.1. Chemistry

The synthesis of analogues 4–6 is outlined in Fig. 3. The natu-
rally abundant chlorogenic acid (1) was treated with 2,2-dime-
thoxypropane (DMP) and p-toluenesulfonic acid (TsOH) in dry
Table 1 The primers used in real-time quantitative PCR analysis

Name Forward (50–30)

SREBP1c CCATGGATGCACTTTCGAA
ACC TGATGTCAATCTCCCCGCAGC
FAS CGGTACGCGACGGCTGCCTG
SREBP1a TGCTGACCGACATCGAAGAC
PPARa AAAAGCCTAAGGAAACCGTTCT
b-Actin CCTGGCACCCCAGCACAAT

Fig. 3 The synthesis of chlorogenic acid analogues. Reagents and cond

12250 | RSC Adv., 2019, 9, 12247–12254
acetone to obtain compound 4. Moreover, compound 1 reacted
with dry acetone in Lewis acidic conditions trimethylsilyl tri-
uoromethanesulfonate (TMSOTf) to provided compound 5.
Compound 6 was attained via alkylation of compound 4 with
benzyl bromide (BnBr) and potassium carbonate (K2CO3) in
acetonitrile.

The synthesis of cinnamic acid ester analogues 11–14 is
showed in Fig. 4. Compounds 7–10 were reacted respectively
with cyclohexanol in the presence of sulfoxide chloride (SOCl2),
and nally gained the target compounds 11–14.
3.2. Biological assessment

3.2.1. The regulation of compound 4–6 on OA-elicited lipid
accumulation in HepG2 cells. Liver is the most metabolically
active organ that regulates lipid metabolic homeostasis.27 Non-
alcoholic fatty liver disease (NAFLD) resulted from lipid
metabolism abnormalities is characterized with the excessive
amount of triglyceride and other fats in hepatocytes,28 which is
closely associated with the development of CVD and non-
alcoholic steatohepatitis (NASH) related hepatocellular carci-
nogenesis.29,30 Here, oleic acid induced lipid accumulation in
HepG2 cells was used as a cell model.31 Caffeic acid and quinic
acid are two structure components of CA. To investigate their
contribution for lipid-lowering activity of CA, we synthesized 3
CA analogues with 3,4-position hydroxyl groups modied
designated 4, 1,3,4-position hydroxyl and 1-carboxyl modied
designated 5 as well as compound 6 obtained by further alkyl-
ation of 30,40-phenolic hydroxyl and 1-carboxyl in compound 4
respectively, and evaluated their lipid-lowering effect through
oil red O staining and intracellular TG assay. The result showed
oleic acid dramatically stimulated lipid accumulation with
alleviated triglyceride concentration in HepG2 cells. The
supplementation of 10 mM compound 4, 5 signicantly
decreased lipid accumulation and intracellular triglyceride
levels whereas 10 mM compound 6 exhibited no efficacy (Fig. 5A
and B). Additionally, compound 4, 5 and CA at 10 mM showed
similar in potency (CA: 4: 5; OD: 2.63, 2.62, 2.63; TG: 38.6, 38.6,
Reverse (50–30)

CCAGCATAGGGTGGGTCAA
TTGCTTCTTCTCTGTTTTCTCCCC
GCTGCTCCACGAACTCAAACACCG
CCAGCATAGGGTGGGTCAA

G TATCGTCCGGGTGGTTGCT
GCCGATCCACACACGGAGTACT

itions: (a) DMP, TsOH; (b) TMSOTf, acetone; (c) BnBr, K2CO3.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The synthesis of a series of cinnamic acid ester derivatives. Reagents and conditions: (e) SOCl2, cyclohexanol, reflux.
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39.2). This hypolipidemic effect of 4, 5 displayed by oil red O
staining (Fig. 5C and D) was dose-dependent (1–10 mM). These
results suggested that the reservation of caffeic acid moiety
retained lipid-lowering effect while the functional groups of
quinic acid moiety had little inuence on the function.

3.2.2. The regulation of compound 11–14 on OA-elicited
lipid accumulation in HepG2 cells. To further investigate the
role of caffeic acid moiety in CA alleviating lipid accumulation,
we synthesized a series of cinnamic acid cyclohexanol ester
analogues 11–14 (Fig. 4). Compounds 11, 13, 14, possessing 3-
,4-phenolic hydroxyl, 3-phenolic hydroxyl and 4-phenolic
Fig. 5 Effects of CA analogues 4–6 (10 mmol L�1) on OA-elicited lipid a
staining (n ¼ 8); (B) intracellular TG levels (n ¼ 6); (C) and (D) compounds
Data are depicted as means � SEM. ###p < 0.001, model vs. blank; *p <
vastatin, used as a positive control; CA: chlorogenic acid; compound 4:
compound 5: 3,4-di-O-isopropylidene-5-(30,40-dihydroxycinnamoyl)-1
propylidene-5-O-(30,40-dibenzyloxycinnamoyl)-quinic acid benzyl ester.

This journal is © The Royal Society of Chemistry 2019
hydroxyl respectively, were assessed for inhibition effect against
OA-induced lipid accumulation in HepG2 cells. Oil red O
staining and intracellular TG levels showed (Fig. 6A and B) 10
mM of analogues 11, 13, 14 exhibited higher efficacy than that of
parental compound CA on attenuating lipid accumulation. The
potency of compounds 11, 13, 14 were approximately close at 10
mM. Moreover, this lipid-lowering activity showed in a dose-
dependent way from 1 to 10 mM (Fig. 6C–E). Compound 12
(10 mM) characterized with 3,4-phenolic hydroxyl replaced
exhibited no lipid-lowering effect. These data indicate that
phenolic hydroxyl in caffeic acid moiety is responsible for
ccumulation in HepG2 cells. (A) 358 nm measurement after oil-red O
4, 5 inhibited OA-elicited lipid accumulation in a dose-dependent way.
0.05, **p < 0.01, test groups vs. model group. Blk: blank; SimV: sim-

3,4-di-O-isopropylidene-5-O-(30,40-dihydroxycinnamoyl)-quinic acid;
-O-quinic acid isopropylidene ester; compound 6: 3,4-di-O-iso-
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hypolipidemic effect rather than quinic moiety, the amount and
the position of phenolic hydroxyl groups have no considerable
effect on the activity. We also assessed the effect of caffeic acid
on decreasing lipid content (Fig. 6D), It showed that caffeic acid
displayed the similar efficacy with that of analogue 13 of better
potency at 10 mM, which supports the important role of caffeic
acid moiety in lipid-lowering CA.

3.2.3. The primary SARs of chlorogenic acid and caffeic
acid on lipid-lowering effects. The study of structure and activity
of chlorogenic acids is of high signicance in developing novel
drugs for their multiple biological properties. For example,
replacement of quinic by glucuronic moiety yields chlorogenic
acid mimics with high antioxidant activity.32 In this study, the
preliminary SARs guided by cell-based bioassay suggest that, in
general, caffeic acid moiety is essential for lipid-lowering effect
of CA rather than quinic acid moiety. The isopropylidene
substituent of 3,4-position hydroxyl groups and 1-position
hydroxyl and carboxyl group on quinic acid moiety in A ring
(compounds 4 and 5) had little effect on the activity, indicating
that the hydroxyl groups and carboxyl group on quinic acid
Fig. 6 Effects of CA analogues 11–14 (10 mmol L�1) on OA-elicited lipid
staining (n¼ 8); (B) intracellular TG levels (n¼ 6); (C–E) compounds 11, 13
Data are depicted as means� SEM. ##p < 0.01, model vs. blank; *p < 0.05
simvastatin, used as a positive control; CA: chlorogenic acid; compoun
cinnamic acid cyclohexanol ester; compound 13: 3-hydroxycinnamic ac
hexanol ester.

12252 | RSC Adv., 2019, 9, 12247–12254
moiety are not required for activity. While the introduction of
benzyl groups substituent on the phenolic hydroxyl groups in
caffeic acid moiety of B ring (compounds 6) largely deteriorated
this regulation on attenuating lipid accumulation, which
elucidates the phenolic hydroxyl groups on chlorogenic acid are
potential and vital for lipid-lowering function. Furthermore,
caffeic acid cyclohexanol ester (compounds 11) increased lipid-
lowering activity compared to the parent compound CA,
whereas cinnamic acid cyclohexanol ester (compounds 12) with
no phenolic hydroxyl group substituted showed an inactive
effect. This result proved again that the replacement of the
quinic acid moiety to cyclohexanol would have little inuence
the lipid-lowering activity. Though there are few studies that
investigate structure–hypolipidemic activity of CA, numerous
papers have revealed that caffeic acid attenuates lipid accu-
mulation in vivo and in vitro33,34 which in some aspects sup-
ported our ndings. These results provide an evidence for
developing CA-derived new chemical agents that improve lipid
accumulation.
accumulation in HepG2 cells. (A) 358 nm measurement after oil-red O
, 14 inhibited OA-elicited lipid accumulation in a dose-dependent way.
, **p < 0.01, ***p < 0.001, test groups vs.model group. Blk: blank; SimV:
d 11: 3,4-dihydroxycinnamic acid cyclohexanol ester; compound 12:
id cyclohexanol ester; compound 14: 4-hydroxycinnamic acid cyclo-

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Effects of CA and its analogues (10 mmol L�1) on the mRNA levels of lipogenic genes SREBP1c, ACC, FAS, SREBP1a and lipid-oxidation
related gene PPARa in OA-elicited HepG2 cells. Real-time quantitative PCR was conducted with gene-specific oligonucleotide primers. The
amplification of b-actin served as an internal control (n ¼ 6). Data are depicted as means � SEM. *p < 0.05, **p < 0.01, ***p < 0.001, test groups
vs. negative control group. NC: negative control; CA: chlorogenic acid; compound 5: 3,4-di-O-isopropylidene-5-(30,40-dihydroxycinnamoyl)-1-
O-quinic acid isopropylidene ester; compound 6: 3,4-di-O-isopropylidene-5-O-(30,40-dibenzyloxycinnamoyl)-quinic acid benzyl ester.
compound 11: 3,4-dihydroxycinnamic acid cyclohexanol ester; compound 12: cinnamic acid cyclohexanol ester; SREBP1c/1a: sterol response
element binding protein 1c/1a; ACC: acetyl-CoA carboxylase; FAS: fatty acid synthase; PPARa: peroxisome proliferator-activated receptor a.
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3.2.4. Caffeic acid moiety affects the regulation of CA on
lipometabolic-modulating genes. Lipogenisis and lipid oxida-
tion are considered to be two vital processes to modulate lipid
metabolism in liver. SREBP1c is one of the most important
transcription factors modulating de novo lipogenesis in the liver
and primarily regulates genes involved in fatty acid biosyn-
thesis, including acetyl-CoA carboxylase (ACC) and fatty acid
synthase (FAS).35,36 Disruption of SREBP1-mediated signal
pathway ameliorates fatty liver and suppresses over expression
of hepatic FAS. Suppression of liver FAS, ACC attenuates hepatic
steatosis, hypertriglyceridemia.37 PPARa is one of fatty acid-
regulated nuclear hormone receptors that control lipid oxida-
tion and expression of fatty acid transport proteins (FATPs).38,39

It is known to be the receptor for brates in the therapy of
hypertriglyceridemia. The activation of PPARa promotes lipid
metabolism via peroxisomal and mitochondrial b-oxidation
pathways, fatty acid uptake from circulation to cells and
triglyceride catabolism.40 To investigate the regulation of CA
and its analogues on lipometabolic-modulating genes, more
specically, to further illustrate how caffeic acid moiety affects
lipid-lowering CA, compound 5, 6, 11, 12 with caffeic acid
reserved or modied were selected from 3,4-di-O-iso-
propylidene-5-O-(dihydroxycinnamoyl)-quinic acid derivatives
and cinnamic acid cyclohexanol ester derivatives, and their
regulation on these lipometabolic involved genes were assessed
(Fig. 7). Real-time quantitative PCR showed the regulation of CA
on these genes is in accordance with previous reports.41,42 The
supplementation of compound 11 with caffeic acid moiety
reserved signicantly reduced the expression of lipogenic genes
SREBP1a/1c as well as its down steam genes ACC, FAS while up-
regulated the expression of PPARa. In addition, the modulating
This journal is © The Royal Society of Chemistry 2019
effect of compound 11 was more potential than that of CA.
Compound 5, possessing 3,4-phenolic hydroxyl groups,
remarkably stimulated down-regulation of SREBP1c/1a, FAS
transcription while increased the expression of PPARa.
Compound 12 and 6 with no the 3,4-phenolic hydroxyl groups
were inactive towards these genes. These results proved our
previous data obtained from oil-red O staining and TG levels.
Demonstrated that caffeic acid moiety plays an essential role in
the regulation of CA on these lipogenic and lipid oxidation-
related genes.
4. Conclusions

The study of SAR demonstrated caffeic acid moiety with
phenolic hydroxyl is essential for hypolipidemic activity instead
of quinic acid moiety. Additionally, the amount and the posi-
tion of phenolic hydroxyl groups have little inuence on lipid-
lowering CA. Caffeic acid moiety with phenolic hydroxyl
directly affects the modulation of CA on altering mRNA levels of
lipometabolic-modulating genes. This study introduced a series
of chemical agents with improving hypolipdemic activity in
vitro, thus are worthy for further study and the report lied
foundation for developing novel drugs of promising anti-
hyperlipidemic effect.
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