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ABSTRACT: Green tea, coffee, and gomchui (Ligularia fischeri) tea, which are rich in polyphenols, may exhibit antiobesity
effects by inhibiting pancreatic lipase. However, the bioavailability of some polyphenols is poor due to either degradation or
absorption difficulties in the gastrointestinal tract, thus making their beneficial effects doubtful. This study was conducted to
evaluate the inhibitory effect of three beverages on lipolysis and the contribution of their major polyphenols during simulated
digestion. During simulated digestion, gomchui tea was the most potent at inhibiting gastrointestinal lipolysis, whereas green tea
was the least potent. The strongest lipase inhibitor among purified major polyphenols was a green tea polyphenol,
(—)-epigallocatechin gallate (EGCG, ICy, = 1.8 + 0.57 uM), followed by di-O-caffeoylquinic acid isomers (DCQA, ICs, from
12.7 + 4.5 to 404 = 2.3 uM), which are gomchui tea polyphenols. However, the stability of DCQA was greater than that of
EGCG when subjected to simulated digestion. Taken together, gomchui tea, which has DCQA as the major polyphenol, showed
stronger lipolysis inhibitory activity during simulated digestion compared to both green tea and coffee.
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B INTRODUCTION

Obesity is a common chronic disorder of carbohydrate and fat
metabolism characterized by excess fat deposition." Obesity has
become a critical public health problem in developed nations
because of its increasing prevalence in all ages, ethnicities, and
races.” Obesity alone can induce all symptoms of metabolic
syndrome, which is associated with many additional health
problems, including an increased risk of insulin resistance,
nonalcoholic fatty liver disease, atherosclerosis, some immune-
mediated disorders such as asthma, and certain cancers.>*

Pancreatic lipase, a key triglyceride absorption enzyme in the
small intestine, is secreted from the pancreas and hydrolyzes
triglycerides into glycerol and fatty acids.” Suppressing
triglyceride absorption by inhibiting lipase is a major approach
to prevent obesity. Orlistat, which is an agent used clinically to
manage obesity, hinders triglyceride absorption by inhibiting
digestive lipase, and long-term administration results in weight
loss.® Several studies have revealed various health benefits of
natural products as potential natural inhibitors of pancreatic
lipase.”” Some natural product extracts show a major
inhibitory effect on pancreatic lipase, and the bioactive
compounds of the extracts are mostly polyphenols or saponins,
such as catechins,’® tannins,'" isoflavonoids,'* triterpene
saponins,m’14 or theasaponins.15

Tea and coffee, the most popular beverages in the world,
contain large quantities of polyphenols. Both coffee and green
tea are rich sources of phenolic compounds, including
caffeoylquinic acids (CQAs) in coffee'®” and catechins in
green tea."® Gomchui (Ligularia fischeri), which has been used
traditionally as an herbal medicine in China, Korea, and Japan,
has also been consumed as a healthy tea, and it is rich in di-O-
caffeoylquinic acids (DCQAs)."? Tea polyphenols have various
biological and pharmacological functions, such as anti-human
immunodeficiency virus,”® antioxidant,' antimutagenic,22 and
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anticarcinogenic activities.” Additionally, habitual tea con-
sumption is generally assumed to suppress lipid catabolism by
inhibiting pancreatic lipase activity due to the tea polyphe-
nols,">**~*” which may lead to an antiobesity effect.”>*®

Recent studies have demonstrated that tea polyphenols have
poor bioavailability resulting from instability under digestive
conditions, poor transcellular transport, and rapid metabolism
followed by excretion.”™>' In vitro studies show that about
80% of catechins in green tea are degraded during simulated
digestion, including almost total degradation of (—)-epigallo-
catechin gallate (EGCG).*>* Although numerous in vivo
studies have demonstrated that polyphenols from green tea are
absorbed in humans,>>3*73° the percentage of polyphenols
absorbed in plasma is low (0.07% of EGCG intake is
absorbed).”® Additionally, only one-third of chlorogenic acid
from foods is absorbed in the human small intestine, reflecting
the poor intestinal bioavailability of chlorogenic acid isomers
such as CQAs and DCQAs."”

The aim of this study was to monitor the stability of major
polyphenols from green tea, coftee, and gomchui tea using an in
vitro digestion model, which simulates preabsorptive digestion
events. Furthermore, we simultaneously investigated and
compared the inhibitory effect of three beverages on free
fatty acid formation during simulated digestion. The inhibitory
activity of each major compound in the three beverages on
pancreatic lipase was also evaluated to determine the role of tea
and coffee polyphenols in lipid hydrolysis.
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Figure 1. Inhibitory effect of green tea, coffee, and gomchui tea on lipolysis during simulated digestion. The reaction was stopped at the times
indicated, and free fatty acid content was measured. Data represent the mean + standard error of the mean (n = 3). Different letters indicate
significant differences (p < 0.05) between samples at a given time point (5, 20, and 60 min). Abbreviations: con, control; gr, green tea; co, coffee; go,

gomchui tea; sv, serving.

B MATERIALS AND METHODS

Reagents. Pepsin, pancreatin, bile extract, (—)-epicatechin (EC),
(—)-epigallocatechin (EGC), EGCG, caffeine, 5-O-caffeoylquinic acid
(5-CQA), 4-O-caffeoylquinic acid (4-CQA), and 3-O-caffeoylquinic
acid (3-CQA) were acquired from Sigma-Aldrich (St. Louis, MO,
USA). 3,4-Di-O-caffeoylquinic acid (3,4-DCQA), 3,5-di-O-caffeoyl-
quinic acid (3,5-DCQA), and 4,5-di-O-caffeoylquinic acid (4,5-
DCQA) were isolated from L. fischeri.'® All chlorogenic acids
presented in this study were named after the recommended IUPAC
numbering system (axial hydroxyls on carbons 1 and 3 and equatorial
hydroxyls on carbons 4 and § in the quinic acid moiety).*” The purities
of all isolated compounds from L. fischeri were >90%, according to
high-performance liquid chromatography (HPLC) analysis. HPLC
grade acetonitrile and water were obtained from Fisher Scientific
(Springfield, NJ, USA). Triolein, trifluoroacetic acid (TFA), porcine
pancreatic lipase (type II), and 4-methylumbelliferyl oleate (4-MUO)
were supplied by Sigma-Aldrich. All other chemicals were purchased
from Sigma-Aldrich unless otherwise indicated.

Sample Preparation. Commercially available green tea (Amore
Pacific Corp., Seoul, Korea), instant coffee (Taster’s Choice, Nescafé;
Nestlé, Vevey, Switzerland), and gomchui tea (Gangwon-chinhwan-
kyung Agricultural Cooperative, Gangneung, Korea) were purchased
from local markets. One gram each of the green and gomchui teas was
steeped in 100 mL of boiled water (90—95 °C) for S min for a one-cup
serving. Similarly, coffee was prepared by adding 100 mL of boiled
water to 1 g of powdered instant coffee according to the
manufacturer’s instructions. For the dose-dependency study, the
amount of each raw material was varied (0.33 g for one-third serving
and 3 g for three servings). Finally, samples were filtered and
Iyophilized using a freeze-dryer. All samples were prepared in triplicate.

In Vitro Digestion. The in vitro digestion procedure was
performed according to the method of Garrett et al.** with minor
modifications. The lyophilized samples, as described above, were
dissolved with equal amounts (10 mL) of saline solution containing
NaCl, KCl, and CaCl, (120, S, and 6 mM, respectively). We
eliminated the initial oral digestive phase, as the samples were
beverages and thus swallowed immediately without further digestion.
To mimic the gastric phase of human digestion, the pH was acidified
to 2.0 with 1 N HC], and 1 mL of porcine pepsin solution (0.04 g/mL
HCI) was added, creating a final volume of 20 mL. The samples were
overlaid with nitrogen gas and incubated at 37 °C for 1 h in a shaking
water bath at 95 rpm. The intestinal phase involved increasing the pH
to 5.3 with 0.9 M sodium bicarbonate followed by adding 200 uL of
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glycodeoxycholate (0.04 g in 1 mL of saline), taurodeoxycholate
(0.025 g in 1 mL of saline), and taurocholate (0.04 g in 1 mL of saline)
bile salts, 100 uL of pancreatic lipase (40 mg in 1 mL of 0.1 M sodium
bicarbonate), and 100 uL of pancreatin (0.04 g in S00 uL of saline).
The pH of each sample was increased to 7.4 with 1 N NaOH and
overlaid with nitrogen. Samples were incubated for 2 h at 37 °C in a
shaking water bath to complete the intestinal phase of the in vitro
digestion process. After completing the small intestinal phase, samples
were centrifuged at 10000g for 1 h at 4 °C. Aliquots of raw material
and small intestinal digestate (S mL) were collected, acidified with 2%
aqueous acetic acid (1:1), and stored frozen at —80 °C under a blanket
of nitrogen until HPLC analysis. To measure free fatty acid content, 60
mg of triolein was initially added to the beverages and then collected at
S, 20, and 60 min after the addition of pancreatic lipase.

Evaluation of Polyphenols and Free Fatty Acids. Aliquots of
raw material and aqueous digestate were thawed and centrifuged at
14000g for 10 min. Supernatants of both the raw material and aqueous
digestate were collected and filtered through a 0.45 ym PTEE filter
prior to analysis. The analysis was conducted on a HPLC system
(Varian, Walnut Creek, CA, USA) equipped with a Prostar 230 ternary
gradient pump (Varian), a Prostar 430 AutoSampler (Varian), and a
Prostar 33S photodiode array detector (Varian). A Prevail C,g column
(250 X 4.6 mm, S um particle size; Alltech Associates, Deerfield, IL,
USA) preceded by a guard column packed with the same stationary
phase was housed in a column heater thermostated at 40 °C. The
mobile phase was composed of 100% acetonitrile (A) and 0.1% TFA
aqueous solution (B) under the following conditions: isocratic at 15%
A for 3 min followed by a linear gradient from 15 to 40% A in 25 min,
a linear increase to 90% A in S min, and isocratic at 90% A for 2 min.
The column was equilibrated to the starting conditions for 15 min
before the injection of each sample. Major phenolic compounds were
detected and tentatively identified using authentic standards by
comparing the retention time and inline photodiode array data
between 215 and 600 nm."**>** Calibration plots for quantification
were constructed from 215 nm for caffeine and catechins (EC, EGC,
and EGCG), and from 330 nm for chlorogenic acids (CQAs and
DCQAs). Peaks through the fourth most intense peak were identified
for each tea or coffee sample and assessed for the following
experiments. Their concentrations were expressed as milligrams per
100 g of tea sample. The level of free fatty acids in digestate was
determined with a free fatty acid quantification kit (Abcam,
Cambridge, MA, USA) according to the manufacturer’s instructions.
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Measurement of Pancreatic Lipase Activity. Lipase activity was
measured using 4-MUO as the substrate with a slight modification
from a previous paper.lo Lipase (100 mg) was dissolved in 10 mL of
water to prepare the lipase working solution. Then, insoluble matter
was discarded by centrifugation, and the supernatant was collected in a
fresh tube. The protein concentration of the collected supernatant was
1 mg/mL according to the Bradford assay. Finally, the protein solution
was diluted 1:100 using the reaction buffer solution [20 mM Tris-Cl
(pH 8.0), 150 mM NaCl, and 1.3 mM CaCl,]. In a 96-well microtiter
plate, S0 uL of lipase working solution was mixed with 1 uL of
appropriate concentration of purified or purchased polyphenolic
compounds dissolved in dimethyl sulfoxide (DMSO). Orlistat, a lipase
inhibitor,*® was used as a positive control. The final concentrations of
DCQAs and EGCG were 0.01—100 uM in 10-fold intervals. The final
concentrations were 500, 100, 20, 4, 0.8, and 0.16 uM for the CQAs,
EGC, EC, and caffeine. The final Orlistat concentrations were 0.1
nM—10 uM (10-fold intervals). The enzyme reaction was started by
adding 50 yL of 0.1 mM 4-MUO prepared in 1% DMSO in distilled
water. Then, the plate was immediately inserted into a microplate
reader (Bio-Tek Instruments, Winooski, VT, USA), and the amount of
released 4-MUO was monitored at an excitation wavelength of 360 nm
and an emission wavelength of 460 nm for 6 min at 2 min intervals.
The ICy, of the test sample was obtained from the least-squares
regression line of the plots of the logarithm of the sample
concentration (log) versus pancreatic lipase activity (%). A minimum
of three independent experiments were performed, and the ICy, values
were expressed as the mean =+ standard deviation.

Data Analysis. Polyphenol content (mg/100 g tea sample) was
determined for both the raw material and digestate of each formulation
factor. The raw material provided a reference for the starting
concentration of available phenolic compounds before the in vitro
digestion procedure from which to compare the final phenolic
compound content in the digestate. A minimum of three individual
digestions was performed for statistical analysis. All data are expressed
as the mean + standard error of the mean (SEM). Significant
differences were evaluated by analysis of variance (Student—New-
man—Keuls test) using GraphPad Prism 4 software (San Diego, CA,
USA).

B RESULTS AND DISCUSSION

Inhibitory Effect of Green Tea, Coffee, and Gomchui
Tea on Lipolysis during in Vitro Digestion. During the
simulated digestion experiment, triolein was added as a
substrate for lipase at the lipase addition phase, and the
amount of released free fatty acids was measured. The lipolysis
inhibitory effect of each beverage was measured in a dose- and
time-dependent manner and compared to each other (Figure
1). First, as digestion time elapsed (S, 20, and 60 min), the free
fatty acid concentrations continued to increase, indicating that
triolein was readily digested throughout the lipase addition
phase of simulated digestion. Second, the overall amount of free
fatty acid decreased, whereas the serving amount increased
(one-third to three servings). Thus, the inhibitory effect of
lipolysis was exhibited by the beverages.

Finally, by comparing the concentration of free fatty acids
released by the three beverages, the highest amount of free fatty
acid release was observed with green tea. In other words, coffee
and gomchui tea were better lipolysis inhibitors than green tea.
In particular, the difference was clear at 20 and 60 min. At those
time points, green tea was the only sample categorized into a
different group according to the Student—Newman—Keuls test
(Figure 1). At 20 min, green tea belonged to group c, whereas
coffee and gomchui tea were in the same group, cd or d; at 60
min, green tea was in group d, whereas coffee and gomchui tea
were in group de or e (Figure 1). Additionally, although coffee
and gomchui tea were occasionally categorized in the same
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group, gomchui tea tended to exhibit a somewhat stronger
inhibitory effect on lipolysis than coffee (particularly at the S
min time point and one-third serving at 60 min). Thus,
gomchui tea had the strongest lipolysis inhibitory effect among
the three beverages.

Compositional Change in the Major Compounds
during in Vitro Digestion. The effect of simulated digestion
on the change in composition of the major polyphenolic
compounds in green tea, coffee, and gomchui tea was
determined by HPLC. Typical chromatograms before (gray
line) and after (black line) the simulated digestion for each
sample are shown in Figure 2. Additionally, the content of each
major compound was quantified using the chromatograms with
their respective standard compounds (Table 1). The identified
peaks were as follows. In green tea (Figure 2A), the most
abundant compound was EGC (2), followed by ECGC (6),
caffeine (7), and EC (S). In coffee (Figure 2B), the most
abundant was caffeine (7), followed by 5-CQA (4), 4-CQA (3),
and 3-CQA (1). In gomchui tea (Figure 2C), 3,4-DCQA (8)
was the most intense, followed by 5-CQA (4), 3,5-DCQA (9),
and 4,5-DCQA (10). 4-CQA (3) and 3-CQA (1) were also
found in gomchui tea. Among the four major compounds
detected in green tea (Figure 2A), two catechins, EGC and
EGCG from green tea, were degraded and not detectable after
the simulated digestion (Table 1), which agreed with a previous
paper.®® In particular, the two major catechins, EGCG and
EGC, were not detectable after the simulated digestion. EC,
another catechin in green tea, was also markedly degraded after
simulated digestion, and only 41.1% of the compound
remained in the digestate. However, a non-catechin derivative,
caffeine, was relatively more stable than the catechins, and
87.0% were preserved. This stability of caffeine was also
observed in coffee. Furthermore, unlike catechin derivatives,
other major polyphenols such as 5-CQA, 4-CQA, and 3-CQA
were stable in coffee and preserved after simulated digestion
(residual percentage, 87.9—92.0%). Isomers of DCQA in
gomchui tea were also stable during the simulated digestion
(residual percentage, 53.7—73.9%).

Moreover, despite the fact that 5-CQA was found in both
coffee and gomchui tea, the stabilities were somewhat different
from each other (90.4% of 5-CQA was reserved in coffee,
whereas 78.1% was reserved in gomchui tea). Amaki et al.
reported that the oxidative product of CQA, CQA quinone,
interacts with catechin, thereby reverting CQA quinone to its
original form, CQA.*' Thus, CQA was protected from being
oxidized by polyphenol oxidase. However, this study considered
only catechins, which are not found in coffee.*” Thus, factors
that might have made 5-CQA in coffee more stable than in
gomchui tea are yet to be determined.

From the assessment of the major compounds in the three
beverages during simulated digestion, most compounds, other
than catechin derivatives in green tea, were relatively stable
during simulated digestion. Thus, lipase inhibitory activities of
the individual major compounds from each beverage were
further analyzed to evaluate their contributions.

Inhibitory Effect of Major Compounds from the Three
Beverages on Lipase Activity and Their Contributions.
The ICy, of each compound is listed in Table 2. The results
showed that EGCG from green tea was the strongest inhibitor
among those tested (ICg, = 1.8 + 0.57 uM), followed by the
gomchui tea polyphenols 4,5-DCQA, 3,4-DCQA, and 3,5-
DCQA (IC, of 12.7 + 4.5, 332 + 42, and 404 + 2.3 uM,
respectively). The major polyphenols from coffee, 5-CQA, 4-
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Figure 2. High-performance liquid chromatography (HPLC) profiles
of catechin and caffeine; representative chromatograms from green tea
(A) and coffee (B) at 215 nm and of chlorogenic acids in gomchui tea
(C) at 330 nm. Major compounds in different tea samples before (gray
line) and after (black line) simulated digestion were analyzed by
comparing retention times and mass data with pure standards. The y-
axis scales in each panel are identical. 1, 3-CQA; 2, EGC; 3, 4-CQA; 4,
5-CQA; §, EC; 6, EGCG; 7, caffeine; 8, 3,4-DCQA; 9, 3,5-DCQA; 10,
4,5-DCQA.

CQA, and 3-CQA, were relatively weak inhibitors compared to
the above tea compounds (ICj, of 286.5 + 52.3, 304.8 + 50.7,
and 253.3 + 31.2 uM, respectively). The EGC and EC from
green tea, and caffeine from green tea and coffee, showed no
lipase inhibitory effect even at the highest concentration tested.

Our results suggest that CQAs were weaker lipase inhibitors
compared to DCQAs (Table 2). This result was consistent with
a study by Murase et al’é However, in coffee, CQAs, the weak
lipase inhibitors, were the major polyphenol. Thus, it was
contradictory that the amount of free fatty acid released during
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simulated digestion of coffee was somewhat similar to that of
gomchui tea (Figure 1). In the study by Murase et al,'” the
percentage of DCQA isomers in coffee was 4.1-7.0%.
However, in our study, even though we confirmed the
existence of DCQA in coffee (data not shown), the
composition of DCQA was not as high as shown in the
study of Murase et al.'” The differences may have arisen from
the form of coffee; our specimen was an instant product.
Furthermore, they also reported that polyphenols other than
CQAs, such as feruloyl quinic acid isomers or ferulic acid,
exhibit a lipase inhibitory effect. Taken together, the results
suggest that the lipase inhibition activity of both CQA and
DCQA drove the lowering effect of free fatty acid release
during the simulated digestion in the instant coffee we tested.

Recalling that EGCG was the most potent lipase inhibitor
among other compounds, we might expect that EGCG-
containing green tea was the strongest lipolysis inhibitor
followed by gomchui tea and coffee (green tea > gomchui tea >
coffee). However, on the basis of our results (Figure 1), the
ranking of the lipolysis inhibitory effect of the three beverages
during simulated digestion was gomchui tea > coffee > green
tea. This reversal might be explained by the fact that EGCG was
degraded during simulated digestion.

During in vitro digestive conditions, EGCG is degraded and
concurrently dimerized into theasinensin A or theasinensin
D.*** If one considers theasinensins A and D as dimerization
products rather than degradation products, their lipase
inhibitory effects were even higher than that of EGCG itself
(respectively, about 2.4 and 3.5 times higher, according to ICy,
values reported by Nakai et al.'’). However, the total amount of
theasinensins in the digestate is insufficient to exhibit a lipolysis
inhibitory effect.>> Therefore, because green tea was found to
be the least effective lipolysis inhibitor in our study, EGCG
might have undergone extensive cleavage or hydrolysis into a
non-lipase-inhibiting derivative. No derivatives other than
polymerization products such as theasinensins have been
reported under in vitro digestive conditions. In contrast, Bonfili
et al. identified an EGCG metabolite (molecular mass, 326 Da)
in 50 mM Tris-Cl buffer, pH 8.0, conditions, or in cell culture
medium.** Additionally, Chen et al. identified EGCG
metabolites in an in vitro incubation with various mammalian
hepatocytes.** However, both of these conditions are still not
digestive tract conditions. It may be necessary to use other
analytic equipment, such as liquid chromatography with
electrospray ionization mass spectrometry,” gas chromatog-
raphy with flame ionization detector,”> gas chromatography
with time-of-flight mass spectrometry,” or nuclear magnetic
resonance to assess the cleaved or hydrolyzed EGCG
product.*® A functional assay such as an online ABTS assay
method used in antioxidant screening'”*” could be utilized for
detecting unknown EGCG metabolites.

Until now, EGCG was thought to be a functional compound
with anticancer®® and antiobesity effects.”* However, studies,*
including ours, suggest that EGCG is almost totally degraded or
cleaved during simulated digestion, thus resulting in loss of its
beneficial effect. Compared to EGCG, DCQAs had a slightly
lower lipase inhibitory effect. However, DCQA was more stable
than EGCG during simulated digestion. Consequently,
gomchui tea exerted a better lipolysis inhibition effect.

This study was conducted to investigate the lipolysis
inhibition activity of three beverages during simulated
digestion. Additionally, the contributions of major polyphenols
on the inhibition of lipolysis were analyzed by determining both
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Table 1. Major Compounds in Green Tea, Coffee, and Gomchui Tea before and after Simulated Digestion”

major compd

concn (mg/100 g tea sample)

before digestion

after digestion

residual percentage

green tea EGC 449.89 + 16.28
EGCG 164.93 + 9.49
caffeine 154.585 + 7.17
EC 91.73 + §.57

coffee caffeine 436.82 + 32.35
5-CQA 256.59 + 31.98
4-CQA 146.53 + 14.48
3-CQA 135.74 + 12.80

gomchui tea 3,4-DCQA 448.38 + 28.52
5-CQA 145.71 + 7.51
3,5-DCQA 68.82 + 4.83
4,5-DCQA 66.33 + 4.27

ND?
ND
134.47 + 2.50 87.0
37.71 + 5.18 41.1
410.44 + 822 94.0
231.90 + 3.36 90.4
128.78 + 2.50 87.9
124.93 + 225 92.0
322.36 + 1891 71.9
113.86 + 3.80 78.1
3697 + 4.29 53.7
49.03 + 2.57 739

“All catechin, caffeine, CQA, and DCQA contents in each tea sample were calculated by high-performance liquid chromatography—diode array
detection (HPLC-DAD) analysis. Data are the mean + SEM of three independent experiments. ”’ND, not detected.

Table 2. Inhibitory Effect of Major Compounds from Green
Tea, Coffee, and Gomchui Tea on Lipase Activity

compd ICs,” (uM)
Orlistat® 1.2 + 0.13 nM
EGC >500
EGCG 1.8 £ 0.57
caffeine >500
EC >500
5-CQA 286.5 + 52.3
4.CQA 304.8 + 50.7
3-CQA 25833 £ 31.2
3,5-DCQA 404 + 2.3
3,4-DCQA 332 + 42
4,5-DCQA 12.7 £ 4.5

“Half-maximal inhibitory concentration. Data represent the mean +
standard deviation of three independent experiments. bPositive
control.

the inhibitory activity of lipase and stability during digestion. As
a result, although EGCG itself was a potent lipase inhibitor, it
was degraded during simulated digestion, leaving green tea as
the weakest lipolysis inhibitor among the others. Moreover,
gomchui tea was the strongest lipolysis inhibitor due to the
contribution of DCQA. In conclusion, our results suggest that
the lipolysis inhibitory effect of beverages is due to the lipase
inhibitory activity and stability during digestion of their
respective polyphenols.
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