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Phenolic acids from Coffea arabica L. suppress intestinal uptake of glucose
and cholesterol.
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Abstract

The This study assessed the hypoglycaemic and hypocholesterolaemic effects of coffee fruit extracts and
their active compounds involved in cholesterol and glucose uptake, as well as the inhibitory activity of
a -glucosidase and a -amylase, the physiochemical changes of cholesterol micelles, and the uptake of
glucose and cholesterol in Caco-2 cells. The results revealed that coffee green dry (CGD) coffee yellow
dry (CYD), and coffee red bean dry (CRBD) extracts inhibited « -amylase activity by approximately
49% whereas caffeine and caffeic acid, showed high potency to inhibit a -amylase activity by 94.49 %
and 93.35%, respectively. In addition, coffee red pulps dry (CRPD) and citric acid inhibited « -
glucosidase by 29% and 46 %, respectively. The extracts (1 mg/mL) and their active compounds (200
uM) inhibited glucose uptake in Caco-2 cells. All coffee fruit extracts inhibited cholesterol uptake in
Caco-2 cells by approximately 40 %, and they decreased the micellar solubility of cholesterol, except for
coffee red fresh (CRF) and coffee red dry (CRD). Moreover, CYD strongly increased the size of
cholesterol micelles. These findings demonstrate the potential effect of coffee extracts on anti-diabetic
activity and their cholesterol-lowering activity according to the inhibitory activity of a -glucosidase and
a -amylase and the uptake of glucose and cholesterol in Caco-2 cells.
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Introduction

Cancer Dyslipidaemia in patients with type 2 diabetes (T2DM)
is associated with an increased risk of cardiovascular disease
(CVD), which is the prevalent cause of comorbidity in diabetic
patients [1]. Diabetes mellitus (DM) is a metabolic disorder
characterised by the presence of hyperglycaemia [2], while
dyslipidaemia refers to conditions where there are elevated
cholesterol and triglyceride levels or decreased high-density
lipoprotein (HDL) cholesterol levels [3]. One of the therapeutic
approaches diabetes, postprandial hyperglycaemia, is to reduce
the absorption of glucose from the intestine by inhibiting
carbohydrate-hydrolysing enzymes and suppressing the
absorption of glucose, whereas the management of
dyslipidaemia involves the inhibition of cholesterol synthesis
and absorption. However, drugs come with side effects and a
high cost of treatment. The use of bioactive compounds and
extracts from natural resources as an alternative treatment has
minimal adverse effects.

Coffee belongs to Coffea genus and the Rubiaceae family.
There are many nutrients and bioactive compounds in coffee,
including dietary fibre, carbohydrates, chlorogenic acid,
caffeine, citric acid, quinic acid, ferulic acid, melanoidins, and
trigonelline [4,5]. In addition, it has been suggested that coffee
by-products (coffee husk, parchment, and silverskin) enriched
in phytochemicals and antioxidant dietary fibre are health-
promoting food ingredients [6]. Coffee and its bioactive
ingredients have been associated with a lower risk of several
chronic diseases, including CVD; antibacterial, anti-diabetic,
neuroprotection, and anti-cancer activities [7], age-related
cognitive decline; and Alzheimer’ s disease [8]. More
recently, it was shown that coffee fruit extracts have anti-
adipogenic and lipolytic properties, which may protect against
obesity [4]. However, the mechanism underlying the
cholesterol- and glucose-lowering effects of coffee fruit
extracts remains unclear. The potential mechanisms involved in
these effects were evaluated in this research. The proposed
mechanisms for the hypoglycaemic and hypocholesterolaemic
effects of coffee fruit extracts may involve suppressed
cholesterol and glucose uptake. In this study, differentiated
Caco-2 cells were used to clarify the effects of coffee fruit
extracts and their active compounds on intestinal glucose and
cholesterol uptake, as well as to examine their effect on -
amylase and a-glucosidase inhibitory actions and
physiochemical changes in cholesterol micelles.

Materials and Methods

Chemicals

Folin-Ciocalteu reagent; sodium carbonate; gallic acid; 1,1-
diphenyl-2-picrylhydrazyl ~ (DPPH); 2,2 ’ -azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS);
phosphatidylcholine; cholesterol; sodium taurocholate; 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT);
dimethyl sulfoxide (DMSO); ethanol; Dulbecco's modified

Eagle's medium (DMEM)/F12; foetal bovine serum;
penicillin -  streptomycin; trypsin -  EDTA;
60

[1,2(n)-3H]cholesterol; ezetimibe; NaOH; Triton-X 100;
acarbose; a-amylase; starch; sodium phosphate buffer;
dinitrosalicylic acid (DNS); a-glucosidase; p-nitrophenyl-a-D-
glucopyranoside (pNPQG); potassium phosphate buffer; and 2-
NBDG were used.

Preparation of coffee extracts

Green, yellow, and red coffee fruits were obtained from Chao-
Thai-Pukao Factory, Chiang Mai, Thailand. Aqueous coffee
fruit extracts were prepared according to a previous report [4].
Eight extracts, coffee red fresh (CRF), coffee red dry (CRD),
coffee green fresh (CGF), coffee green dry (CGD), coffee
yellow fresh (CYF), coffee yellow dry (CYD), coffee red pulp
dry (CRPD), and coffee red bean dry (CRBD), were stored at
- 20°C for further use.

Proximate analyses

All parameters of the proximate analyses, including ash,
moisture, crude protein, fat, fibre, and nitrogen-free extract
(NFE), were estimated as described by the Association of
Official Analytical Chemists (AOAC, 2010) [9].

Determination of total phenolic compounds

The total phenolic content of coffee fruit extracts was
determined by the Folin-Ciocalteu method [10]. Gallic acid
was used as the standard phenolic compound. The extract (1
mg/mL) was incubated with Folin-Ciocalteu’ s reagent and
sodium carbonate (7.5%) at room temperature for 30 min
absorbance was measured at 750 nm. The total phenolic
content was calculated as the gallic acid equivalent (GAE) in
milligrams per gram of dry material.

Determination of antioxidant activity

Determination of DPPH radicals scavenging activity:The
radical scavenging activity was evaluated using DPPH as
previously reported [11]. Various concentrations of the extracts
were incubated with methanolic DPPH solution. After 30 min
incubation in the dark and at room temperature, absorbance
was measured at 510 nm. The capability to scavenge the DPPH
radical was expressed as 50% of the radical scavenging activity
(IC50).

Determination of ABTS radical scavenging activity:The
radical scavenging activity was determined by ABTS [12]. The
ABTS cation radical reagent was prepared by mixing ABTS
solution with potassium persulfate solution (1:1). The mixture
was stored at room temperature in the dark for 12-16h and
diluted with water before use. Various concentrations of the
extracts (100 uL) were incubated with ABTS reagent (100 pL)
at room temperature for 30 min and then absorbance was
measured at 734 nm. The ABTS cation radical capacity was
represented as the IC50 value.
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In vitro intestinal cholesterol absorption

Determination of cholesterol micelle solubility: The method
used to determine cholesterol micelle solubility was slightly
modified from that of Kirana et al. [13]. The final
concentrations of the mixed micelle solutions contained 0.6
mMphosphatidylcholine, 1 mM cholesterol, and | mM sodium
taurocholate. The micelle solutions were incubated with coffee
fruit extracts (1 mg/mL) at 37°C for 3 h. After incubation, the
mixed solution was filtered through a 0.22 pum filter, and the
cholesterol micelle solubility was determined using a
cholesterol by cholesterol assay Kkit.

Determination of cholesterol micelle size: The micelle size
assay was modified from Kirana et al. [13]. A cholesterol
micellar solution was prepared according to a previous study
[14,15]. Coffee fruit extracts (I mg/mL) were incubated with
the micelle solution at 37°C for 3 h. After incubation, the
particle size of the mixed solution was measured using a
particle size analyser.

Determination of cell viability: Caco-2 cells were provided
from American Type Culture Collection (ATCC) and cultured
in DMEM/F12 supplemented with 10% foetal bovine serum
and 1% penicillin - streptomycin and maintained at 37°C in an
atmosphere of 5% CO, and 95% humidified air. The cells were
suspended using trypsin - EDTA and plated in either 96-well
plates or culture flasks.

Caco-2 cell viability was evaluated using the MTT assay. Cells
were seeded at a density of 10,000 cells per well in 96-well
plates and maintained for 24 h. After incubation with coffee
fruit extracts (1 mg/mL) and their active compounds (200 pM)
for 22 h, 10 pL of MTT (5 mg/mL) was added and the solution
was further incubated for 2 h. The culture medium was
removed and solubilised formazan dye with 200 pL of
dimethyl sulfoxide: ethanol (1:1) and then measured at 595 nm.
The data are expressed as the percentage of viable cells.

Determination of cholesterol uptake: Micellar cholesterol
solution was prepared for the uptake assay, as describe
previously [14,15]. The final concentration of the [3H]-labelled
micellar solution was as follows: 1Ci/ mL[1,2(n)-3H]cholesterol,
1 M cholesterol, 50 M phosphatidylcholine, and 2 mM sodium
taurocholate.

After differentiation of Caco-2 cells, coffee fruit extracts (200
pg/mL) or ezetimibe (40 pg/mL) were pre-treated for 1 h, and
the [3H]-labelled micellar solution was added to the culture
dishes, which were left undisturbed for 3 h. After incubation,
the cells were rinsed two times with ice-cold PBS and lysed in
0.2 N NaOH/0.1% Triton-X 100. The radioactivity in the
cellular lysates was determined and then normalised by protein
contents.
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In vitro anti-diabetic activity

Determination of a-amylase inhibitor activity: The o-
amylase inhibitory activity was determined according to a
previous study [16,17], with slight modifications. In brief,
mixing solutions of 50 pL of coffee fruit extracts (5 mg/mL),
their active compounds (200 uM), or acarbose (200 M) were
pre-incubated with a-amylase (100 pL) at 37°C for 10 min,
and then 100 pL of starch (2 mg/mL) in 0.25 M sodium
phosphate buffer (pH 7.0) was added. After further incubation
at 37°C for 20 min, the reaction was terminated by adding 1%
DNS (100 pL). The mixing solution was further incubated at
90°C for 5 min and cooled to room temperature. The
absorbance was then measured at 540 nm. The a-amylase
inhibitory activity was calculated as the percent inhibition.
Acarbose was used as a positive control.

Determination of o-glucosidase inhibitor activity:The a-
glucosidase inhibitory activity was examined using the method
by Quan et al. [18] with slight modifications. Briefly, coffee
fruit extracts (5 mg/mL), their active compounds (5 mM), or
acarbose (2 mM) were pre-incubated with a-glucosidase
solution in 0.1 M potassium phosphate buffer (pH 7.0). After
15 min of incubation, 100 pL of 400 uM pNPG in potassium
phosphate buffer was added and incubated for 40 min. The
reaction mixture was stopped by adding 0.1 M Na,COs5 and
absorbance was measured at 405 nm. The results are expressed
as the percentage of a-glucosidase inhibitory activity.

Determination of glucose uptake:Caco-2 cells were seeded in
96-well plates at a density of 1x104 cells per well and
cultured for 14-21 days. Differentiated cells were placed in
serum-free media overnight prior to the uptake studies. The
cells were pre-equilibrated for 1 h with glucose-free media
containing extracts, and then 2 mM fluorescent glucose 2-
NBDG was added to initiate uptake. The reaction was
terminated after 4 h by washing with ice-cold PBS three times.
The 2-NBDG uptake by cells was detected at an excitation of
485 nm and an emission of 535 nm. The results are expressed
as the percentage of glucose uptake relative to the control.

Statistical analyses

The experiments were performed with at least three
independent replicates. All data are expressed as the mean +
standard error of the mean (S.E.M.) Statistical analysis was
performed using the paired two-tailed Student’ s t-test, with
p<0.05 considered to indicate statistical significance.

Results

Nutritional values of coffee fruit extracts

The proximate compositions in the coffee fruit extracts are
summarized in Table 1. Proximate compositions of extracts
expressed in 100 g dry weight basis, a moisture content of
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5.37 - 10.97, ash content of 9.59 - 18.52, fat content of 0.60 -
2.99, protein content of 7.70 - 17.63, fibre content of 0.06 -
1.36, NFE content of 53.20 - 64.98, and calorie content of

Table 1. Nutritional value per 100 g of coffee fruits extract.

296.09 - 353.66. The results revealed that coffee fruit extracts
have nutritional value with important biological activities.

% Dry samples % Moisture % Ash % Fat % Protein % Fiber % NFE Calories (Kcal)
CRF 92.13+0.01 7.87 £0.01 14.42 + 0.04 1.72+0.09 12.79 £ 0.05 0.23 £ 0.01 62.97 + 0.14 318.49+0.39
CRD 89.59 + 0.04 10.41 £ 0.04 15.67 £0.10 1.29+0.06 12.00 £ 0.08 0.29+0.01 60.33 +0.15 300.94 + 0.36
CGF 93.17 £ 0.04 6.83 £ 0.04 17.11 £ 0.06 0.83 £ 0.04 16.81 £ 0.10 0.06 + 0.01 58.36 + 0.08 308.17 + 0.60
CGD 90.91+0.04 9.09 +0.04 18.52+0.15 2.77 £ 0.03 16.34 £ 0.15 0.08 +0.01 53.20 + 0.02 303.09 £ 0.71
CYF 90.84 + 0.03 9.16 £ 0.03 11.73+0.07 1.55 £ 0.07 13.53 £ 0.03 0.29 +0.01 63.75 + 0.02 323.05 + 0.81
CYD 90.78 + 0.04 9.22+0.04 13.40 £0.10 1.69 £ 0.02 13.42+£0.03 0.10 £ 0.01 62.17 £ 0.17 317.59 + 0.53
CRBD 94.63 + 0.03 5.37+0.03 9.59 + 0.07 2.99+0.06 17.63+0.15 0.36 + 0.01 64.06 + 0.09 353.66 + 0.40
CRPD 89.03 + 0.05 10.97 £ 0.05 15.65 + 0.08 0.60 + 0.00 7.70 £ 0.05 0.10 + 0.01 64.98 + 0.05 296.09 + 0.43

Total phenolic content and antioxidant activity

The total phenolic content and antioxidant activity of the
coffee fruit extracts are shown in Table 2. The total phenolic
content in the extracts was found to be in the range of 36.67 -
56.82 GAE mg/g extract. The antioxidant activity with DPPH
and ABTS is represented as IC50 values. The antioxidant
activity was found to be in the range of 1.277 - 34.3 ug/mL
and 21.27 - 31.51 pg/mL for DPPH and ABTS, respectively.

Table 2. Total polyphenol content and antioxidant activity of coffee
fruit extracts.

Polyphenol
Antioxidant activity Gallic acid
equivalence (GAE)

mg/g extract

DPPH ABTS

1C50 pg/ml IC50 pg/ml
CRF 2.069 + 1.08 21.99 + 1.05 48.63 +0.63
CRD 1.968 + 1.16 26.64 + 1.06 49.30 £ 0.31
CGF 1.971+£1.10 23.99 +1.04 52.50 + 1.36
CGD 1.965 + 1.12 24.84 +1.04 52.68 +2.12
CYF 241+1.13 24.61+1.05 47.70 £ 0.37
CYD 1.947 £ 1.08 31.51+1.06 48.92 +0.71
CRBD 1.277 £ 1.09 21.27 £+ 1.06 56.82+1.18
CRPD 34.3+1.37 28.9+1.08 36.67 +0.22

Effect on Caco-2 cell viability

The cytotoxicity of coffee fruit extracts was examined by the
MTT assy. All coffee fruit extracts (1 mg/mL) and their active
compounds (200 pM) showed no significant cytotoxic effects
on Caco-2 cells, as shown in Figure 1. Therefore, we used
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these concentrations of the extracts and their active compounds
for further experiments on Caco-2 cells.
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Figure 1. Concentrations of the extracts and their active compounds
for further experiments on Caco-2 cells.

FEffect on in vitro intestinal cholesterol absorption

To investigate whether these coffee fruit extracts might
regulate intestinal cholesterol absorption, the effect of the
coffee fruit extracts on cholesterol uptake in differentiated
Caco-2 cells, the cholesterol micellar solubility, and the
cholesterol micelle size were examined. All coffee fruit
extracts (200 pg/mL) showed cholesterol uptake inhibition in
Caco-2 cells in the range of 26 - 40% of the control (Figure
2A). In addition, the micellar solubility of cholesterol
decreased significantly in the presence of all coffee fruit
extracts, except CRF and CRD, when compared to the control,
as shown in Figure 2B. As represented in Figure 2C, all
extracts increased micelle size of cholesterol, except CRPD,
when compared to the control. In particular, CYD revealed an
increased cholesterol micelle particle size of approximately
406 nm, while size of control showed 51 nm. These results
revealed that coffee fruit extracts have potential cholesterol
lowering ability.
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Figure 2. Effect on in vitro intestinal cholesterol absorption.

Effect on in vitro anti-diabetic activity

Here, we investigated whether these coffee fruit extracts and
their active compounds might regulate intestinal glucose
absorption. All coffee fruit extract (1 mg/mL) treatments
showed significant glucose uptake inhibition of approximately
17 = 50%, as shown in Figure 3A, except CYD, and they were
positively correlated with their active compounds (200 uM),
ferulic acid, caffeine, malic acid, quinic acid, citric acid,
caffeic acid, and gluconic acid, except for chlorogenic acid, as
shown in Figure 3B.
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Figure 3. Effect on in vitro anti-diabetic activity.
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The inhibitory potencies of coffee fruit extracts (5 mg/mL) and
their active compounds (200 uM) on a-amylase activity are
summarised in Figure 4. The results revealed that CGD, CYD,
and CRBD extracts significantly inhibited a-amylase activity

by 49.30, 49.32, and 44.24%, respectively. Interestingly,
caffeine and caffeic acid showed high potency to inhibit o-
amylase activity by 94.49% and 93.35%, respectively, while
acarbose (200 uM) inhibited a-amylase activity by 84%. These
data indicate that caffeine and caffeic acids are as potent at
inhibiting a-amylase activity as acarbose.
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Figure 4. The inhibitory potencies of coffee fruit extracts (5 mg/mL)
and their active compounds (200 uM) on a-amylase activity is shown.

Furthermore, the in vitro a-glucosidase inhibition demonstrated
that both the coffee fruit extracts (5 mg/mL) and their active
compounds (5 mM) (except for caffeine and gluconic acid) had
a-glucosidase inhibitory activity. The percentage of a-
glucosidase inhibition of the extracts and their active
compounds are expressed in the range of 11.95 - 28.85% and
10.62 - 46.57%, respectively. Acarbose (2 mM), a positive
control, showed significant inhibition of 75.53% against a-
glucosidase activity, as shown in Figure 5. These results show
that coffee fruit extracts and their active compounds possess
antidiabetic activity.
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Figure 5. Acarbose significant inhibition against a-glucosidase
activity.

Discussion

The risk of CVD can increase through many risk factors, such
as increased triglycerides, high LDL cholesterol, low HDL
cholesterol, and elevated blood glucose [1]. Evidence shows
that the gastrointestinal tract plays a significant role in
postprandial plasma glucose regulation [19], Dietary
carbohydrates are digested by pancreatic a-amylase to
disaccharides, sucrose, and lactose. These metabolites are
degraded to monosaccharides by a-glucosidase and further
absorbed into the intestine. Thus, the inhibition of a-amylase
and a-glucosidase function is one therapeutic approach to treat
diabetic patients [20].

Glucose is then transported across the brush border membrane
(BBM) in the form of glucose via Na+ - glucose co-transporter
type 1 (SGLT1) [21]. Glucose molecules are absorbed through
the basolateral membrane (BLM) by glucose transporter type 2
(GLUT2) [22]. A previous study reported that an increase in
SGLT-1 expression leads to elevation of the intestinal glucose
absorption rate and the development of obesity [23]. Up-
regulation of SGLT-1 expression induces intestinal
hypertrophy, resulting in postprandial hyperglycaemia, insulin
resistance, and hyperinsulinaemia in Otsuka Long-Evans
Tokushima fatty rats [24]. In addition, the expression of
intestinal glucose transporters increases in diabetic patients
compared to that of healthy controls [22]. Therefore, several
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compounds that can interfere with intestinal glucose absorption
have received attention.

Coffee fruit extract has several nutritional ingredients, fibres,
and polyphenols. The major polyphenols found in coffee fruit
extract have been identified, including caffeoylquinic acid,
chlorogenic acid, and caffeic acid [4]. This study revealed that
coffee fruit extracts, including CRF, CRD, and CRPD, strongly
inhibit glucose transport (p<0.01). These extracts interfered
with only o-glucosidase activity and not with a-amylase
activity. Therefore, these extracts may have multiple
concomitant mechanisms to inhibit glucose transport. Several
natural compounds also inhibit glucose absorption through
down-regulation of glucose transporter expression, such as
black bean protein hydrolysates, strawberry, and apple extract
[25,26].

This study also showed that CGD, CYD, and CRBD interrupt
both enzyme functions; a-glucosidase and oa-amylase and also
glucose absorption. Similarly, caffeic acid, which is an active
pure compound of coffee fruit, exhibited the anti-diabetic
effect by inhibiting a-glucosidase, a-amylase, and glucose
absorption. However, CYF’ s effects involve neither
interfering with enzymatic action nor reducing glucose
transport. These data imply that various colours of coffee fruit
extract have different effects on glucose delivery. In addition,
this study clearly demonstrated that coffee fruit extract
enriched with polyphenols has high radical scavenging effects.
These results are consistent with a previous study showing that
caffeic acid inhibited lipid peroxidation by 68.2% compared to
that of the control. Caffeic acid is also scavenged the ABTS+,
DPPH scavenging and superoxide anion radicals [27].
Moreover, CGA, a major component of coffee fruit extract,
increased the superoxide anion scavenging activity and
inhibited iron-induced lipid peroxidation, resulting in brain
oxidative stress suppression in a rat model [28].

Intestinal cholesterol absorption is a critical step for cholesterol
homeostasis in the body. It has been revealed that dietary lipids
in the form of cholesterol micelles are absorbed into
enterocytes by the cholesterol transporter Niemann Pick Cl1
Like 1 (NPCIL1) [29]. Additionally, a study indicated that
incomplete micellar complex formation influences human
intestinal cholesterol absorption [30]. Thus, compounds that
interfere with micellar incorporation are also needed. This
study demonstrated that all coffee fruit extracts rich in
polyphenols also showed a lipid lowering effect. Furthermore,
the related molecular mechanisms of coffee fruit extracts on
intestinal cholesterol transport were clarified. This study
demonstrates the interference of cholesterol micellar formation
by CGF, CGD, CYF, CYD, and CRBD, involving two
mechanisms, including elevation of cholesterol micelle particle
size and reduction of cholesterol micelle solubility. Similarly,
our previous study indicated that coffee pulp extract inhibits
cholesterol absorption via an increase in the micelle size of
cholesterol and a reduction in cholesterol solubility [31].
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Conclusion

In conclusion, the data obtained in this study indicate that
coffee fruit extracts interfere with glucose and cholesterol
absorption at the intestinal epithelial level, suggesting that they
might be useful in the reduction of the risk of diabetes,
dyslipidaemia, and CVD.
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