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Abstract: Fermented tea (Cha-miang in Thai) is a local product made by traditional food preservation
processes in Northern Thailand that involve steaming fresh tea leaves followed by fermenting in
the dark. Information on changes in nutritive values, bioactive compounds, antioxidant activities,
and health properties that occur during the steaming and fermenting processes of tea leaves is,
however, limited. Changes in nutritive values, phenolics, antioxidant activities, and in vitro health
properties through inhibition of key enzymes that control obesity (lipase), diabetes (α-amylase and
α-glucosidase), hypertension (angiotensin-converting enzyme (ACE)), and Alzheimer’s disease
(cholinesterases (ChEs) and β-secretase (BACE-1)) of fermented tea were compared to the corre-
sponding fresh and steamed tea leaves. Results showed that energy, carbohydrate, and vitamin B1
increased after steaming, while most nutrients including protein, dietary fiber, vitamins (B2, B3, and
C), and minerals (Na, K, Ca, Mg, Fe, and Zn) decreased after the steaming process. After fermentation,
energy, fat, sodium, potassium, and iron contents increased, while calcium and vitamins (B1, B2, B3,
and C) decreased compared to steamed tea leaves. However, the contents of vitamin B1 and iron
were insignificantly different between fresh and fermented tea leaves. Five flavonoids (quercetin,
kaempferol, cyanidin, myricetin, and apigenin) and three phenolic acids (gallic acid, caffeic acid, and
p-coumaric acid) were identified in the tea samples. Total phenolic content (TPC) and antioxidant
activities increased significantly after steaming and fermentation, suggesting structural changes in
bioactive compounds during these processes. Steamed tea exhibited high inhibition against lipase,
α-amylase, and α-glucosidase, while fermented tea possessed high anti-ChE and anti-ACE activities.
Fresh tea exhibited high BACE-1 inhibitory activity. Results suggest that tea preparations (steaming
and fermentation) play a significant role in the amounts of nutrients and bioactive compounds,
which, in turn, affect the in vitro health properties. Knowledge gained from this research will support
future investigations on in vivo health properties of fermented tea, as well as promote future food
development of fermented tea as a healthy food.

Keywords: Cha-miang; fermented tea; bioactive compounds; nutritive values; enzyme inhibitory activities

1. Introduction

Tea (Camellia sinensis) is a globally popular drink with a higher consumption rate than
coffee, wine, beer, and soft drinks [1]. Tea is also used in both pharmaceutical and industrial
applications. The key chemical compounds in tea that control the flavor and taste consist
of volatile terpenes, organic acids, caffeine, and polyphenols (present predominantly as
catechins; others are gallic acid, caffeic acid, chlorogenic acid, quercetin, kaempferol, and
myricetin) [1,2]. Tea has health benefits, with positive effects in terms of antihypertensive,
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antiarteriosclerotic, hypocholesterolemic, and hypolipidemic activities [3]. Fermented tea
is also popular among tea drinkers as a new flavor with diverse bioactive compounds.
Thai fermented tea (or Cha-miang) is a local product in Northern Thailand, which serves
as an alternative application to consume tea [4]. Conventional methods of fermentation
vary among regions; however, the basic procedures include steaming for 1–2 h before
fermenting in the dark for several days or up to a year [2]. Instead of drinking tea, the
final product of Cha-miang is chewing or eating tea with a sour–bitter taste, consumed as a
snack alone or served with salt and other ingredients such as roasted coconut, shredded
ginger, and garlic [2]. Previously, chewing Cha-miang was only popular in the elderly.
However, chewing has become a normal habit for all ages. Therefore, it is of great interest
to investigate the nutrients and health properties of this historical food product for the
future development of other functional foods and drinks from Cha-miang.

Cha-miang possesses many beneficial attributes in food, pharmaceutical, and nu-
traceutical applications. It is rich in phenolic compounds, with several health benefits
including antimicrobial and antioxidant activities [2,5] due to the nutritional biotransfor-
mation which occurs during the fermenting process [6]. Cha-miang is considered to be
a unique cultural food with limited consumption among locals; nevertheless, beneficial
health properties resulting from variations in bioactive compounds and nutritional changes
have not been previously investigated. Currently, regulations on the activity of key en-
zymes that can ameliorate the incidence of noncommunicable diseases (NCDs) such as
obesity, diabetes, Alzheimer’s disease (AD), and hypertension have received attention due
to enzyme characteristics in enzyme–substrate specificity [7]. Obesity is a major global
public health problem that is continuously increasing due to lifestyle changes. Obesity can
be controlled through the triglyceride-hydrolyzing enzyme, lipase. Inhibition of lipase
decreases the rate of fat digestion and, thus, absorption [8]. Likewise, a new approach
for diabetic management involves inhibition of the carbohydrate-hydrolyzing enzymes,
α-amylase and α-glucosidase [9,10], while prevention of hypertension is associated with
control of the angiotensin-converting enzyme (ACE) [11]. Recent pathways to control AD
include termination of the physiological role of cholinergic synapses and β-amyloid forma-
tion via inhibition of the key enzymes, acetylcholinesterase (AChE), butуrylсholinesterase
(BChE), and β-secretase (β-site amyloid precursor protein cleaving enzyme 1 or BACE-
1) [12–15]. However, despite this information, limited data exist regarding the effects of
steaming and fermenting processes on nutritive values, bioactive compounds, antioxidant
activities, and prevention of obesity, diabetes, hypertension, and AD via inhibition of
the key enzymes controlling these diseases. Therefore, here, changes in nutritive values,
bioactive compounds, and antioxidant activities during Cha-miang preparation (fresh
tea leaves compared to steamed and fermented tea leaves) were investigated. Changes
in in vitro health properties through inhibition of the key enzymes that control obesity
(lipase), diabetes (α-glucosidase and α-amylase), hypertension (ACE), and AD (AChE,
BChE, and BACE-1) of fresh tea leaves compared to the corresponding steamed and fer-
mented tea leaves were also examined. Knowledge gained from these experiments can be
used to support the consumption of Cha-miang as a healthy food and promote the future
development of other functional foods from Cha-miang.

2. Materials and Methods
2.1. Sample Preparation, Microbiological Analysis, and Extraction

Fresh tea leaves (Camellia sinensis var. assamica), as well as steamed and fermented
teas, were collected from Chiang Rai Province, Thailand in October 2017. Briefly, fermented
tea was prepared by collecting the tea leaves into small bundles using bamboo strips,
followed by steaming at 100 ◦C for 1 h before cooling. The steamed tea leaves underwent
nonfilamentous fungal-based fermentation (or a single-step fermentation process) [2]. The
steamed tea leaves were packed in a cement container and tightly wrapped in the dark
at ambient temperature to minimize air content and to initiate the fermentation in an
anaerobic environment. Fermentation occurred for 1 month. The fresh, steamed, and
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fermented tea leaves (1 kg each, n = 3) were collected throughout the preparation to ensure
homogeneity of the leaves.

To perform the microbiological analysis, 10 g of fermented tea leaves were aseptically
weighed and homogenized with 90 mL of 0.85% (w/v) NaCl solution. The mixture was
subjected to 10-fold serial dilution and analyzed using the spread plate technique. Media
used for microbial enumeration included plate count agar (PCA) (Merck, Darmstadt,
Germany) incubated at 37 ◦C for 48 h for total viable bacteria, de Man Rogosa and Sharpe
(MRS) agar (Difco, Franklin Lakes, NJ, USA) incubated at 37 ◦C for 48 h for total lactic acid
bacteria, and yeast mold (YM) agar (Difco, Franklin Lakes, NJ, USA) incubated at 25 ◦C
for 3–5 days for yeast and mold. Microbial numbers were calculated and expressed as log
colony-forming units (CFU) per gram of sample.

The samples were prepared for antioxidant analysis and in vitro health properties by
freeze-drying for 3 days in a freeze-dryer (Heto PowerDry PL9000 series from Heto Lab
Equipment, Allerod, Denmark). Dry samples were then ground into fine powder using a
grinder (Philips 600W series from Philips Electronics Co., Ltd., Jakarta, Indonesia) before
packing in vacuum aluminum foil bags and keeping at −20 ◦C in a freezer until required
for further analysis. Moisture content was analyzed utilizing a Halogen moisture analyzer
(HE53 series, Mettler-Toledo AG, Greifensee, Switzerland).

Extractions to determine total phenolic contents, antioxidant activities, and enzyme
inhibitory activities were performed as follows: the dry samples (400 mg) were dissolved in
10 mL of distilled water and incubated at 70 ◦C for 1 h using a water-bath shaker (WNE45
series from Memmert GmBh, Eagle, WI, USA). The supernatant was collected via centrifu-
gation at 3800× g (a Hettich® Rotina 38R refrigerated centrifuge from Andreas Hettich
GmbH, Tuttlingen, Germany) for 15 min and filtered through a 0.45 µM polyethersulfone
(PES) membrane syringe filter. All extracted samples were stored at −20 ◦C until required
for further analysis.

2.2. Determination of Nutritive Values

The nutritive values of fresh samples were determined utilizing the standard protocols
of the Association of Official Analytical Chemists (AOAC) [16] at the Institute of Nutrition,
Mahidol University (ISO/IEC 17025:2005). Nutritional values including moisture content,
energy, protein, fat, carbohydrate, total dietary fiber, soluble dietary fiber, insoluble dietary
fiber, ash, minerals (Na, K, Ca, Mg, Fe, and Zn), and vitamins (vitamin C, B1, B2, and B3)
were reported as per 100 g fresh weight, as shown in Table S1 (Supplementary Materials).
To accurately determine the effect of the steaming and fermenting processes, nutritional
contents were calculated and reported per 100 g dry weight.

Moisture content was determined by drying the fresh sample in a 100 ◦C hot-air oven
(Memmert Model UNE 500, Eagle, WI, USA) until the sample weight was constant (AOAC
930.04, 934.01).

Protein content was determined via the Kjeldahl method using digestion and distil-
lation units (Buchi Model K-435 and B-324, Flawil, Switzerland, respectively) and then
calculated using a conversion factor of 6.25 (AOAC 992.23).

Crude fat content was analyzed via acidic digestion and extracted with petroleum
ether using a Soxtec System (Tecator Model 1043, Hoganas, Sweden) (AOAC 948.15, 945.16).

Total dietary fiber, soluble dietary fiber, and insoluble dietary fiber were determined
via the enzymatic gravimetric method (AOAC 991.42 for soluble dietary fiber and AOAC
991.43 for insoluble dietary fiber). The sample was sequentially digested with α-amylase,
amyloglucosidase, and protease. Soluble and insoluble dietary fibers were calculated sepa-
rately, while total dietary fiber was indirectly calculated as the sum of both dietary fibers.

Ash content was determined via incineration in a muffle furnace (Carbolite Model
CWF 1100, Hope, UK) at 550 ◦C (AOAC 930.30, 945.46).

Carbohydrate and energy were derived via calculation using the following equations:

Total carbohydrate (g) = 100 −moisture − protein − total fat − ash.
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Energy (kcal) = (total carbohydrate × 4) + (protein × 4) + (total fat × 9).

Ash residue was used to determine calcium, sodium, and potassium contents using a
flame atomic absorption spectrophotometer (AAS, Thermo S series, Waltham, MA, USA)
(AOAC 985.35), while magnesium, iron, and zinc contents were analyzed using inductively
coupled plasma optical emission spectroscopy (ICP-OES) (AOAC 984.27).

Vitamin C was determined by extracting the samples in 10% (v/v) metaphosphoric
acid (MPA) before filtering through a 0.22 µM polytetrafluorothylene (PTFE) membrane
syringe filter and loading to a high-performance liquid chromatography (HPLC) system
utilizing a Waters 515 pump (Waters Corporation, Milford, MA, USA), a Zorbax original
ODS column (5 µm, 250 × 4.6 × 10−3 m, Agilent Technologies, Santa Clara, CA, USA), and
an isocratic solvent system (0.5% (v/v) KH2PO4, adjusted to pH 2.5 with H3PO4) with a flow
rate of 0.8 mL/min [17]. Vitamin C was visualized at 254 nm using an ultraviolet/visible
light (UV/Vis)-975 detector (JASCO International Co., Ltd., Tokyo, Japan).

Vitamin B1 (thiamine) and B2 (riboflavin) were extracted following the protocol of
AOAC method no. 942.23 and 970.65, respectively [16], and detected utilizing an HPLC sys-
tem with a pump (LC-20AT pump, Shimadzu Scientific Instrument, Columbia, MD, USA),
and fluorescence detector (FP-920, JASCO International Co., Ltd., Tokyo, Japan). Vitamin
B1 and B2 were separated by a Luna® C18(2) 100A column (5 µm, 250 × 4.6 × 10−3 m,
Phenomenex, Torrance, CA, USA) under an isocratic solvent system (50% (v/v) methanol)
with a flow rate of 1.0 mL/min [18,19].

Vitamin B3 (niacin) was extracted following the protocol of AOAC method no. 961.14 [16]
and detected utilizing an HPLC system with a pump (1200 series G1310A isocratic pump,
Agilent Technologies, Santa Clara, CA, USA), and variable wavelength detector (VWD)
UV detector (1100 series G1314B, Agilent Technologies, Santa Clara, CA, USA). Vitamin B3
was separated by a Luna® C8(2) 100A column (5 µm, 250 × 4.6 × 10−3 m, Phenomenex,
Torrance, CA, USA) under an isocratic solvent system (15% (v/v) methanol) with a flow
rate of 1.0 mL/min [20,21].

2.3. Determination of Phenolic Profiles

Phenolic profiles were determined utilizing the Agilent 1100 HPLC system with a
photodiode array detector (Agilent Technologies, Santa Clara, CA, USA), a 5 µm Zorbax
Eclipse XDB-C18 column (150 × 4.6 mm from Agilent Technologies), and a solvent system,
as described previously [22]. Phenolics were identified at 280 nm and 325 nm using a
ChemStation software (Agilent Technologies, Santa Clara, CA, USA) by comparing the
retention time (tR) and spectral fingerprint with standards. The standards for phenolic
acids were caffeic acid (>98.0% HPLC, T), chlorogenic acid (>98.0% HPLC, T), p-coumaric
acid (>98.0% GC, T), ferulic acid (>98.0% GC, T), 4-hydroxybenzoic acid (>99.0% GC, T),
sinapic acid (>99.0% GC, T), and syringic acid (>97.0% T) from Tokyo Chemical Industry
(Tokyo, Japan), and gallic acid (97.5–102.5% T) from Sigma-Aldrich (St. Louis, MO, USA).
Standards for flavonoids were apigenin (>98.0% HPLC), kaempferol (>97.0% HPLC),
hesperidin (>90.0% HPLC, T), myricetin (>97.0% HPLC), luteolin (>98.0% HPLC), quercetin
(>98.0% HPLC, E), and naringenin (>93.0% HPLC, T) from Tokyo Chemical Industry
(Tokyo, Japan), and isorhamnetin (≥99.0% HPLC) from Extrasynthese (Genay, France).
Anthocyanins were visualized at 524 nm, in which the tR and spectral fingerprint were
compared with standards including cyanidin (≥96.0% HPLC), malvidin (≥97.0% HPLC),
delphinidin (≥97.0% HPLC), petunidin (≥95.0% HPLC), and peonidin (≥97.0% HPLC)
from Extrasynthese (Genay, France). The validation parameters for HPLC analysis are
shown in Table S2 (Supplementary Materials) and HPLC chromatograms are shown in
Figure S1 (Supplementary Materials).

Total phenolic content (TPC) was analyzed utilizing Folin–Ciocalteu’s phenol as a
reagent and gallic acid (0–200 µg/mL) as a standard, as previously reported [23,24]. Results
were monitored at 765 nm using a SynergyTM HT 96-well UV/visible microplate reader
(BioTek Instruments, Inc., Winooski, VT, USA) and Gen 5 data analysis software.
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2.4. Determination of Antioxidant Activities

Antioxidant activities were analyzed via 2,2-diphenyl-1-picrylhydrazyl (DPPH) rad-
ical scavenging, ferric ion reducing antioxidant power (FRAP), and oxygen radical ab-
sorbance capacity (ORAC) assays using well-established protocols [25–28]. The DPPH
radical scavenging assay utilizing DPPH in 95% (v/v) aqueous ethanol and the Trolox
standard (0.01–0.64 mM) was performed as previously described [25,28]. The FRAP as-
say utilizing FRAP reagent and the Trolox standard (7.81–250.00 µM) was determined
according to the previously reported procedures [26,28]. The ORAC assay utilizing flu-
orescein reagent and the Trolox standard (3.12–100.00 µM) was analyzed as previously
described [27,28].

2.5. Determination of Enzyme Inhibitory Activities

Lipase inhibitory activity was determined using a well-established protocol as previ-
ously described [29]. Briefly, the reaction consisted of 100 µL of 0.01 mg/mL Candida rugosa
lipase (type VII, ≥700 unit/mg) in 50 mM Tris (pH 8.0) containing 0.1% (w/v) bovine
serum albumin (BSA), 50 µL of 0.2 mM 5-5′-dithiobis(2-nitrobenzoic-N-phenacyl-4,5-
dimethyуhiazolium bromide) (DMPTB) in 50 mM Tris (pH 7.2) containing 10 mМKCl and
1 mM ethylenediaminetetraacetic acid (EDTA), 10 µL of 16 mM 5,5′-dithiobis(2-nitrobenzoic
acid) (DTNB) in 50 mM Tris (pH 7.2) containing 10% (v/v) Triton X-100, 10 mM KC1,and
1 mM EDTA, and 40 µL of extract. Lipase inhibitory activity was monitored at 412 nm
using the microplate reader. Results were calculated as percentage inhibition using the
following equation:

% inhibition =

(
1− B− b

A− a

)
× 100,

where A is the initial velocity of the control reaction with enzyme (control), a is the initial
velocity of the control reaction without enzyme (control blank), B is the initial velocity of
the enzyme reaction with extract (sample), and b is the initial velocity of the reaction with
extract but without enzyme (sample blank).

The α-glucosidase inhibitory activity was determined using a well-established pro-
tocol as previously described [22]. Briefly, the reaction consisted of 50 µL of 2 mM
p-nitrophenyl-α-D-glucopyranoside in a 50 mM phosphate buffer (pH 7.0), 100 µL of
0.1 U/mL Saccharomyces cerevisiae α-glucosidase (type 1, ≥10 U/mg protein), and 50 µL of
extract. The α-glucosidase inhibitory activity was monitored at 405 nm using the microplate
reader, and inhibition percentage was calculated as described above.

The α-amylase inhibitory activity was determined using a well-established protocol as
previously described [22]. Briefly, the reaction consisted of 50 µL of 30 mM p-nitrophenyl-
α-D-maltohexaoside in a 50 mM phosphate buffer (pH 7.0) containing 200 mM KCl, 100 µL
of 30 mg/mL of porcine pancreatic α-amylase (tуреVII, ≥10 unit/mg), and 50 µL of extract.
The α-amylase inhibitory activity was monitored at 405 nm using the microplate reader,
and inhibition percentage was calculated as described above.

Acetylcholinesterase (AChE) inhibitory activities were determined using a well-
established protocol as previously described [22]. Briefly, the reaction consisted of 100 µL
of 20 ng of Electrophorus electricus AChE (1000 units/mg) in 50 mM potassium phosphate
buffer (KPB) (pH 7.0), 10 µL of 16 mM 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB), 40 µL
of 0.8 mM acetylthiocholine in 50 mM KPB (pH 7.0), and 40 µL of extract. Likewise, the
butyrylcholinesterase (BChE) assay consisted of 100 µL of 0.5 µg/mL equine serum BChE
(≥10 units/mg protein), 50 µL of 0.4 mM butуlthioсholine (BTCh) in 50 mM KPB (pH 7.0)
containing MgCl2 (1 mM), 10 µL of 16 mM DTNB in 50 mM KPB (pH 7.0), and 40 µL of
extract. Inhibitory activity was monitored at 412 nm using the microplate reader. The
inhibition percentage was then calculated as above.

Beta-secretase (BACE-1) inhibitory activity was measured using a BACE1 FRET Assay
Kit (Sigma-Aldrich, St. Louis, MO, USA) with slight modifications [22]. The assay con-
sisted of 2 µL of 0.3 U/µL BACE-1, 20 µL of 50 mM BACE-1 substrate (Rh-EVNLDAEFK-
Quencher in 50 mM ammonium bicarbonate) in BACE-1 assay buffer (50 nM sodium
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acetate), and 20 µL of extract. The enzyme reaction was monitored at an excitation wave-
length of 545 nm and an emission wavelength of 585 nm using the microplate reader. The
result was calculated as percentage inhibitory activity using the equation below.

% inhibition =

(
1− B− b

A− a

)
× 100,

where A is the absorbance of reaction with enzyme (control), a is the absorbance of re-
action without enzyme (control blank), B is the absorbance of the enzyme reaction with
extract (sample), and b is the absorbance of the reaction with extract but without enzyme
(sample blank).

High-throughput angiotensin-converting enzyme (ACEX) inhibitory activity was
determined according to a previously described assay with slight modifications [30]. The
reaction consisted of 3 µL of 0.5 U/mL rabbit lung ACE (≥2 unit/mg), 30 µL of 3 mM
hippuryl-histidyl-leucine (HHL) in 50 mМKРB (pH 7.0) containing 0.025 NaOH and 3 M
NaCl, and 50 µL of extract. The mixture was then incubated at 37 ◦C for 30 min in the
dark. To stop the enzyme reaction, 177 µL of 0.28 M NaOH was added to the mixture.
Then, 15 µL of 20 mg/mL o-phthaldialdehyde in aqueous methanol was added to visualize
the enzyme reaction, and 25 µL of 3 M HCl was added to neutralize the reaction. The
reaction was monitored at an excitation wavelength of 360 nm and an emission wavelength
of 485 nm using the microplate reader. Results were calculated as percentage inhibitory
activity, similar to the BACE-1 assay.

All enzymes, chemicals, and reagents used in the enzyme inhibitory assays were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.6. Statistical Analysis

The experiments were performed in triplicate (n = 3). The results were expressed
as mean ± standard deviation (SD). Statistical analysis was performed using one-way
analysis of variance (ANOVA) and a Duncan’s multiple comparison test with significant
differences between values at p < 0.05.

3. Results
3.1. Microbial Numbers of Fermented Tea Leaves

Microbiological analysis of fermented tea leaves gave microbial numbers of total
viable bacteria, lactic acid bacteria, and yeast and mold as 6.57, 6.66, and 6.49 log colony-
forming units (CFU)/g sample, respectively (Table 1). Similar results were reported by
Ketwal et al. (2014), suggesting that total viable bacteria and yeast and mold detected in
fermented tea leaves (Cha-miang) were in the range of 6–10 log CFU/g sample [31], while
lactic acid bacteria detected in Cha-miang were in the range of 6–8 CFU/g sample [6].

Table 1. Microbial numbers of viable bacteria, lactic acid bacteria, and yeast and mold in fermented
tea (log colony-forming units (CFU)/g sample).

Sample
Microbial Numbers (log CFU/g Sample)

Total Viable Bacteria Lactic Acid Bacteria Yeast and Mold

Fermented tea 6.57 ± 0.07 6.66 ± 0.07 6.49 ± 0.01
All data are shown as the mean ± standard deviation (SD) of triplicate experiments (n = 3).

3.2. Nutritive Values

Nutritive values per 100 g dry weight (DW) suggested that fermented tea leaves
possessed significantly higher energy levels (389.89 kcal) than steamed and fresh tea leaves
(386.49 and 372.38 kcal, respectively) (Table 2). The high energy detected in fermented tea
leaves was contributed from the high fat and carbohydrate contents. Low fat content was
detected in fresh and steamed tea leaves (1.76 and 1.75 g, respectively); however, a signifi-
cantly higher amount was detected in fermented tea leaves (3.20 g). High carbohydrate
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content was found in steamed and fermented tea leaves (67.99 and 67.69 g, respectively),
while a significantly lower amount was found in fresh tea leaves (38.74 g). Fresh tea leaves
contained the highest content of total dietary fiber, as well as soluble and insoluble dietary
fibers (88.06, 15.23, and 72.83 g, respectively). Insoluble dietary fiber in fresh samples
was approximately 4.8 times higher than soluble dietary fiber. Steamed and fermented
tea leaves possessed 2.6–2.9 times higher insoluble dietary fiber than soluble dietary fiber.
Fresh tea leaves also expressed a significantly higher amount of protein (50.40 g) than
steamed and fermented tea leaves (24.70 and 22.58 g, respectively). Ash content was found
in small amounts in all samples (5.57–9.10 g).

Table 2. Nutritional compositions of fresh, steamed, and fermented tea leaves.

Nutrients
Nutritive Values (per 100 g Dry Weight)

Fresh Tea Leaves Steamed Tea Leaves Fermented Tea Leaves

Energy (kcal) 372.38 ± 1.32 c 386.49 ± 0.67 b 389.89 ± 0.73 a

Protein (g) 50.40 ± 1.08 a 24.70 ± 1.32 b 22.58 ± 1.44 b

Fat (g) 1.76 ± 0.04 b 1.75 ± 0.13 b 3.20 ± 0.23 a

Carbohydrate (g) 38.74 ± 1.33 b 67.99 ± 1.78 a 67.69 ± 2.14 a

Total dietary fiber (g) 88.06 ± 4.24 a 51.99 ± 3.22 b 50.11 ± 3.56 b

Soluble dietary fiber (g) 15.23 ± 0.88 a 13.48 ± 0.91 a 13.82 ± 1.67 a

Insoluble dietary fiber (g) 72.83 ± 3.35 a 38.52 ± 2.31 b 36.28 ± 1.89 b

Ash (g) 9.10 ± 0.29 a 5.57 ± 0.33 c 6.53 ± 0.47 b

Minerals

Calcium (mg) 587.69 ± 14.86 a 511.31 ± 32.49 b 453.65 ± 31.60 c

Sodium (mg) 227.15 ± 15.31 b 106.98 ± 2.67 c 706.04 ± 54.82 a

Potassium (mg) 2726.64 ± 82.13 a 1432.62 ± 87.39 c 1745.96 ± 172.99 b

Magnesium (mg) 244.32 ± 13.33 a 146.54 ± 7.65 b 127.82 ± 5.53 b

Iron (mg) 7.11 ± 0.07 a 5.96 ± 0.35 b 6.72 ± 0.42 a

Zinc (mg) 8.65 ± 0.43 a 1.75 ± 0.03 b 2.01 ± 0.11 b

Vitamins

Vitamin B1 (mg) 2.52 ± 0.13 b 4.17 ± 0.42 a 2.56 ± 0.18 b

Vitamin B2 (mg) 1.45 ± 0.11 a 0.67 ± 0.06 b 0.32 ± 0.02 c

Niacin (mg) 10.78 ± 0.17 a 3.70 ± 0.32 b 2.69 ± 0.19 c

Vitamin C (mg) 58.69 ± 3.56 a 46.08 ± 4.00 b ND

All data are shown as the mean± standard deviation (SD) of triplicate experiments (n = 3). ND: not detected. The letters indicate significant
differences (p < 0.05) of the same nutrients in different tea samples using one-way analysis of variance (ANOVA) and Duncan’s multiple
comparison test.

Major minerals found in all tea samples were calcium, sodium, potassium, and mag-
nesium. Fresh tea leaves contained the highest amounts of calcium (587.69 mg), potassium
(2726.64 mg), and magnesium (244.32 mg), while the steaming process significantly reduced
quantities to 511.31 mg of calcium, 1432.62 mg of potassium, and 146.54 mg of magne-
sium. Fermentation further decreased calcium and magnesium contents to 453.65 mg and
127.82 mg, respectively. However, compared to the steaming process, potassium increased
after fermentation (1745.96 mg). Interestingly, the highest sodium content (706.04 mg) was
observed in fermented tea leaves, followed by fresh (227.15 mg) and steamed (106.98 mg)
tea leaves. Iron and zinc were found in trace amounts in all samples. Fresh tea leaves
contained 7.11 mg of iron and 8.65 mg of zinc. Steaming and fermenting processes reduced
the contents of both minerals. Steamed tea leaves contained 0.96 mg of iron and 1.75 mg of
zinc, while fermented tea leaves contained 6.72 mg of iron and 2.01 mg of zinc.

For vitamins, vitamin B1 in steamed tea leaves (4.17 mg) increased significantly
compared to fresh tea leaves (2.52 mg), which possessed similar vitamin B1 content to
fermented tea leaves (2.56 mg). Other vitamins, namely, vitamins B2, B3, and C, were found
to be the highest in fresh tea leaves (1.45, 10.78, and 58.69 mg, respectively). Steaming and
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fermenting processes further reduced the contents of these vitamins, while no vitamin C
was detected in fermented tea leaves.

3.3. Phenolic Profiles and Antioxidant Activities

Five detected flavonoids including cyanidin, myricetin, quercetin, kaempferol, and api-
genin, and three detected phenolic acids including gallic acid, caffeic acid, and p-coumaric
acid were identified in tea samples using high-performance liquid chromatography (HPLC)
and the set of standards indicated in Section 2.3 (Table 3). Among flavonoids, quercetin was
detected at the highest content (184.30–280.47 mg/100 g dry weight (DW)), followed by
kaempferol (116.71–164.47 mg/100 g DW), cyanidin (34.22–54.41 mg/100 g DW), apigenin
(31.90 mg/100 g DW), and myricetin (9.01–28.86 mg/100 g DW). All flavonoids except
apigenin were detected in all tea samples, while apigenin was only detected in fermented
tea leaves. Fresh and steamed tea leaves contained the two most abundant flavonoids
including quercetin and kaempferol at higher contents than detected in fermented tea
leaves. On the other hand, fermented tea leaves contained higher contents of cyanidin
than fresh and steamed tea leaves, while myricetin content was higher in steamed and
fermented tea leaves than detected in fresh tea leaves.

Table 3. Identification of flavonoids and phenolic acids in fresh, steamed, and fermented tea leaves.

Phenolics
(mg/100 g DW)

Tea Leaves

Fresh Steamed Fermented

Flavonoids

Cyanidin 44.54 ± 3.15 b 34.22 ± 0.45 c 54.41 ± 3.65 a

Myricetin 9.01 ± 0.06 b 25.48 ± 2.24 a 28.86 ± 2.51 a

Quercetin 280.47 ± 5.22 a 247.91 ± 18.09 b 184.30 ± 12.25 c

Kaempferol 164.47 ± 4.79 a 156.56 ± 9.12 a 116.71 ± 9.77 b

Apigenin ND ND 31.90 ± 2.68

Phenolic acids

Gallic acid 237.18 ± 17.24 b 395.08 ± 21.08 a 83.13 ± 5.73 c

Caffeic acid 9.20 ± 0.56 a 7.86 ± 0.80 b 3.75 ± 0.32 c

p-Coumaric acid 14.79 ± 0.60 a 8.70 ± 0.12 b ND

TPCs (mg GAE/g DW) 25.74 ± 1.21 c 97.11 ± 2.83 b 102.60 ± 1.40 a

All data are shown as the mean ± standard deviation (SD) of triplicate experiments (n = 3). DW: dry weight; GAE:
gallic acid equivalent; ND: not detected. The letters indicate significant differences (p < 0.05) of the same phenolics
in different tea samples using one-way analysis of variance (ANOVA) and Duncan’s multiple comparison test.

Among phenolic acids detected in fresh, steamed, and fermented tea leaves, gallic acid
was found at the highest content (83.13–395.08 mg/100 g DW), followed by caffeic acid
(3.75–9.20 mg/100 g DW) and p-coumaric acid (8.70–14.79 mg/100 g DW). Interestingly,
gallic acid and caffeic acid were detected in all tea samples, while p-coumaric acid was only
detected in fresh and steamed tea leaves. Fresh and steamed tea leaves contained higher
amounts of all detected phenolic acids than fermented tea leaves.

The HPLC analysis indicated that the identified phenolics were found at higher
quantities in fresh and steamed tea leaves; however, spectrophotometric analysis of total
phenolic content (TPC) suggested otherwise (Table 3). Fermented tea leaves exhibited a
TPC of 102.60 mg gallic acid equivalent (GAE)/g DW, significantly higher than steamed
(97.11 mg GAE/g DW) and fresh tea leaves (25.74 mg GAE/g DW).

The TPCs concurred with the antioxidant activities determined by 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging, ferric ion reducing antioxidant power (FRAP),
and oxygen radical absorbance capacity (ORAC) assays (Table 4). The DPPH radical
scavenging activity of fermented tea leaves (690.26 µmol Trolox equivalent (TE)/100 g DW)
was significantly higher than steamed (649.91 µmol TE/100 g DW) and fresh (410.91 µmol
TE/100 g DW) tea leaves. Likewise, the same trend was observed with FRAP and ORAC
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activities, in which fermented tea leaves exhibited significantly higher antioxidant activities
(311.45 and 1539.22 µmol TE/g DW, respectively) than steamed (235.42 and 1508.49 µmol
TE/g DW, respectively) and fresh (30.45 and 499.11 µmol TE/g DW, respectively) tea leaves.

Table 4. Total phenolic content (TPC) and antioxidant activities detected by 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging, ferric ion reducing antioxidant power (FRAP), and
oxygen radical absorbance capacity (ORAC) assays of fresh, steamed, and fermented teas.

Tea Leaves

Antioxidant Activities

DPPH Radical
Scavenging Assay

(µmol TE/100 g DW)

FRAP Assay
(µmol TE/g DW)

ORAC Assay
(µmol TE/g DW)

Fresh 410.91 ± 9.62 c 30.45 ± 2.62 c 499.11 ± 9.91 c

Steamed 649.91 ± 7.07 b 235.42 ± 5.60 b 1508.49 ± 85.52 b

Fermented 690.26 ± 10.66 a 311.45 ± 9.38 a 1539.22 ± 83.55 a

All data are shown as the mean ± standard deviation (SD) of triplicate experiments (n = 3). DW: Dry weight;
TE: Trolox equivalent. The letters indicate significant differences (p < 0.05) of different tea samples in the same
antioxidant assay using one-way analysis of variance (ANOVA) and Duncan’s multiple comparison test.

3.4. In Vitro Enzyme Inhibitory Activities

Enzyme inhibitory assays were performed using lipase as the key enzyme to control
obesity, α-amylase and α-glucosidase to test for diabetes, angiotensin-converting enzyme
(ACE) to control hypertension, and acetylcholinesterase (AChE), butyrylcholinesterase
(BChE), and β-secretase (BACE-1) to control Alzheimer’s disease (AD). Results for in vitro
enzyme inhibitory activities were compared among fresh, steamed, and fermented tea
leaves, as shown in Table 5.

Table 5. In vitro enzyme inhibitory activities against lipase, α-amylase, α-glucosidase, angiotensin-converting enzyme
(ACE), acetylcholinesterase (AChE), butyrylcholinesterase (BChE), and β-secretase (BACE-1) in fresh, steamed, and fer-
mented tea leaves.

Tea
Leaves

% Inhibition
1 Lipase 2 α-Amylase 2 α-Glucosidase 3 ACE 1 AChE 1 BChE 4 BACE-1

Fresh 12.27 ± 0.92 c 20.65 ± 1.95 a 72.72 ± 1.17 b 77.43 ± 2.61 c 59.13 ± 1.03 c 17.80 ± 1.22 c 90.70 ± 0.49 a

Steamed 50.37 ± 3.12 a 21.02 ± 1.16 a 84.41 ± 3.31 a 90.91 ± 0.68 b 61.75 ± 2.34 b 37.12 ± 2.12 b 80.47 ± 0.99 b

Fermented 39.06 ± 0.21 b 15.60 ± 1.30 b 62.04 ± 2.73 c 92.54 ± 2.70 a 90.19 ± 2.84 a 66.58 ± 6.52 a 67.89 ± 4.26 c

All data are shown as the mean ± standard deviation (SD) of triplicate experiments (n = 3). The letters indicate significant differences
(p < 0.05) of different samples in the same enzyme assay using one-way analysis of variance (ANOVA) and Duncan’s multiple com-
parison test. 1 Final concentration = 1.00 mg/mL; 2 final concentration = 1.25 mg/mL; 3 final concentration = 1.11 mg/mL; 4 final
concentration = 8.00 mg/mL.

Results suggested that steamed tea leaves exhibited significantly higher lipase inhi-
bition (50.37%) than fermented (39.06%) and fresh (12.27%) tea leaves, using the extract
concentration of 1 mg/mL. Fresh and steamed tea leaves exhibited higher anti-α-amylase
activities (20.65–21.02% inhibition) than fermented tea leaves (15.60% inhibition) using
the same extract concentration (1.25 mg/mL). However, steamed tea leaves exhibited the
highest inhibition against α-glucosidase activity (84.41%), followed by fresh (72.72%) and
fermented (62.04%) tea leaves, using the same extract concentration (1.25 mg/mL). On
the other hand, fermented tea leaves exhibited higher ACE inhibitory activity (92.54%)
than steamed (90.91%) and fresh (77.43%) tea leaves, using the extract concentration of
1.11 mg/mL. Similar results were observed with AChE and BChE inhibitory activities.
Fermented tea leaves exhibited higher inhibitory activities (90.19% AChE inhibition and
66.58% BChE inhibition) than steamed (61.75% AChE inhibition and 37.12% BChE inhibi-
tion) and fresh (59.13% AChE inhibition and 17.80% BChE inhibition) tea leaves, using the
extract concentration of 1 mg/mL. However, opposite results were observed with BACE-1,



Foods 2021, 10, 117 10 of 16

another key enzyme in controlling AD. Results of BACE-1 inhibition suggested that fresh
tea leaves exhibited higher BACE-1 inhibitory activity (90.70%) than steamed (80.47%) and
fermented (67.89%) teas, using the same extract concentration of 8 mg/mL.

4. Discussion

Cha-miang (Camellia sinensis var. assamica) is a traditional fermented tea that is locally
consumed in Northern Thailand. Two major procedures are required for preparation
of fermented tea, i.e., steaming and fermenting processes. Fermented tea leaves were
previously reported to possess different amounts of phenolic compounds compared to
fresh and steamed tea leaves [32], with nutritional biotransformation detected during
the steaming and fermenting processes [6], leading to variations in health properties.
However, limited information exists on the comparison of nutritive values, phenolic
profiles, antioxidant activities, and health properties among fresh, steamed, and fermented
tea leaves. Our results showed that (i) fermentation caused nutritional changes in tea
leaves that were compatible with other nutrient-rich plants, (ii) fermentation possibly
caused structural changes and varied the quantities of bioactive compounds, leading to
increased antioxidant activities, and (iii) these changes also caused variations in in vitro
health properties through inhibitions of key enzymes that control obesity (lipase), diabetes
(α-amylase and α-glucosidase), hypertension (angiotensin-converting enzyme (ACE)), and
Alzheimer’s disease (AD) (acetylcholinesterase (AChE), butyrylcholinesterase (BChE), and
β-secretase (BACE-1)) compared to fresh and steamed tea leaves. This information will
be useful to promote this cultural food as an alternative source of nutrients, phenols, and
antioxidants with health benefits.

Nutritional biotransformation was observed during the steaming and fermenting
processes. Steaming caused an increase in energy, carbohydrate, and vitamin B1, while
fermentation elevated fat, sodium, and potassium contents, compared to fresh tea leaves.
Similar results were previously observed, and comparisons of nutritional components in
fresh and fermented tea leaves suggested an increase in fat and sugar after the fermentation
process [6]. An increase in fat might be due to the lipase activity of microorganisms to break
down fat compounds (such as fatty acids and glycerols) [33], thus increasing the availability
of fat content in the fermented product. Furthermore, these microorganisms could digest
fibers to sugars, causing the decrease in fiber content and alternatively affecting the total
carbohydrate content [34,35]. The decrease in protein content might also be the result of
amino-acid usage in these microorganisms [34,35]. Compared to fresh tea leaves, the de-
crease in most mineral contents detected in steamed and fermented tea leaves might be the
result of heat treatment at 100 ◦C and possibly the usage of these macrominerals in enzyme
activities and energy production of microorganisms [36]. However, the increase in Na
and K after fermentation might be due to the digestion of covalent bonds in mineral–food
matrix complexes, leading to increased bioavailability [35]. Similarly, the decrease in most
vitamin contents might be due to the application of 100 ◦C during the steaming process
and the usage of microorganisms [36]. Nutritional values per 100 g fresh weight (FW) of
fermented tea leaves with 84.32% moisture content consisted of 10.63 g of carbohydrate,
3.53 g of protein, 0.50 g of fat, 1.02 g of ash, and 7.84 g of total dietary fiber (2.16 and
5.68 g of soluble and insoluble fibers, respectively). The protein content of fermented
tea leaves was comparable to leaves of star gooseberry (Phyllanthus acidus), Lasia spinosa,
Cuminum cyminum, Tamarindus indica, Polygonum odoratum, Diplazium esculentum, Anethum
graveolens, and Coccinia grandis at 3.3–3.7 g/100 g FW [33]. The carbohydrate content of
fermented tea leaves was comparable to leaves of Ipomoea batatas, Senna siamea, Erythrina
subumbrans, and Tamarindus indica at 9.1–10.4 g/100 g FW [37], while the fat content of fer-
mented tea leaves was comparable to leaves of Lasia spinosa, Polygonum odoratum, Anethum
graveolens, Acacia pennata subsp. Insuavis, and Spinacia oleracea at 0.4–0.6 g/100 g FW [37].
The total dietary fiber content of fermented tea leaves was comparable to leaves of Cuminum
cyminum, Sesbania grandiflora, Piper sarmentosum, Marsilea crenata, and Leucaena leucocephala
at 5.9–7.9 g/100 g FW [37]. Moreover, these nutrients could affect the bioactivities of tea
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samples. For example, vitamin C could act as antioxidant; thus, antioxidant activities
observed in tea samples might be a result of this vitamin (other than the biological function
of phenolics). Fiber, especially soluble fiber, could also retard the absorption of sugar; thus,
it helps supporting the antidiabetic property.

Interestingly, compared to fresh tea leaves, most nutrients declined after fermenta-
tion such as protein, total dietary fiber, calcium, potassium, magnesium, zinc, vitamin
B2, niacin, and vitamin C. Compared to steamed tea leaves, most vitamins were also
decreased after fermentation. These results were in contrast with some bioactive com-
pounds, in which previous reports indicated that some bioactive compounds increased
(i.e., (−)-epicatechin content was increased after 20 days of fermentation), while others
decreased (i.e., (+)-catechin and (−)-epicatechin-3-gallate) significantly [32]. Furthermore,
even though catechins are the main phenolic compounds in tea, previous studies reported
that catechins were drastically reduced during tea fermentation [32,38]. Therefore, we
focused on other phenolics and used many standards to identify changes during steaming
and fermenting processes in an attempt to explain the bioactivities of tea leaves. Fermenta-
tion was previously reported to cause a structural change in bioactive compounds [39,40].
A previous study suggested that fermentation reduced the phenolic content as these com-
pounds broke down or polymerized into new strands of polymers [39]. Dihydrochalcone,
as one of the major flavonoids detected in tea, also noticeably decreased during fermenta-
tion due to partial oxidization [40]. Likewise, the absence of p-coumaric acid in fermented
tea leaves in our experiment indicated biodegradation during fermentation, while detection
of apigenin that was only found in fermented tea leaves also possibly resulted from struc-
tural changes of bioactive compounds during fermentation. Interestingly, an increase in
phenolic acid content was observed after the steaming process. Our results concurred with
a previous study, suggesting that citrus fruit (Citrus sinensis (L.) Osbeck) peels exhibited
higher total phenolic contents (TPCs) after heat treatment at 100 ◦C [41]. A previous study
also suggested that the high temperature weakened plant cell walls, thus releasing more
phenolics into the solvent [42]. Phenolics are normally present in bound form with the
food matrix [43]; thus, the high temperature was able to break down interactions between
the phenolics and food matrix, leading to higher phenolic content detected in steamed tea
leaves than in the fresh form. Phenolic content is often related to antioxidant activity [44].
This finding concurred with our results showing that both TPCs and antioxidant activities
increased significantly after fermentation. A previous study also supported our findings
that fermented tea exhibited higher antioxidant activity than fresh-brewed green tea [45].

To control obesity through limitation of fat absorption, the lipase inhibitory activities of
tea samples were investigated. Our results suggested that steamed and fermented tea leaves
exhibited higher lipase inhibitory activities than fresh tea leaves, correlating with a previous
report indicating that fermented green tea showed in vitro inhibitory activity against lipase
enzyme, with a half maximal inhibitory concentration (IC50) of 0.48 mg/mL and in vivo
ameliorated property against postprandial plasma lipid in rats fed with fermented green
tea (500 mg/kg body weight) for 2 weeks [46]. Black tea and its fermented form, kombucha
(5 mL/kg body weight), were reported to reduce lipase enzyme activity in alloxan-induced
diabetic rats within 30 days [47]. Interestingly, the lipase inhibitory action of these tea leaves
might result from the biological functions of their bioactive compounds. A previous study
revealed that quercetin, as the most abundant flavonoid detected in our tea leaves, exhibited
strong inhibitory potential against lipase enzymes with an IC50 value of 6.1 µM [48], while
the most abundant phenolic acid as gallic acid exhibited stronger lipase inhibitory activity
with an IC50 value of 0.47 nM [49]. In addition to phenolics, short-chained peptides and
free amino acids also act as lipase inhibitors [48]. Heptapeptides and amide tripeptides
also effectively inhibited the pancreatic lipase reaction [50,51], while free amino acids
including L-proline, L-alanine, and aspartic acid inhibited pancreatic lipase in a dose-
dependent manner with IC50 values of 0.01, 0.14, and 0.02 µM, respectively [49]. Although
fermented tea leaves possessed higher TPCs than steamed and fresh tea leaves, and the
lipase inhibitory activity of steamed tea leaves was higher than that of fermented and fresh
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tea leaves, it is possible that the lipase inhibition observed in these tea leaves might result
from the biological function of both phenolics and peptides/free amino acids degraded
from protein during steaming and fermenting processes.

The control of diabetes was investigated through inhibition of the carbohydrate
hydrolyzing enzymes, α-amylase and α-glucosidase. Bioactive compounds detected in tea
leaves effectively inhibited these enzymes. Myricetin exhibited an IC50 value of 5 µM [41],
while kaempferol, cyanidin, and quercetin exhibited IC50 values ≥500 µM against α-
amylase [40]. Interestingly, these flavonoids effectively inhibited α-glucosidase, with the
IC50 values ranging from 4 to 12 µM [42]. Gallic acid, caffeic acid, and p-coumaric acid
exhibited the IC50 values of 737, 828, and >3000 µM, respectively, against α-glucosidase
activities [52]. The effectiveness of these bioactive compounds led to higher α-amylase
and α-glucosidase inhibitions being observed in fresh and steamed tea leaves with higher
flavonoid and phenolic acid contents than fermented tea leaves.

The renin–angiotensin–aldosterone system (RAAS) hormonal cascade is one of the
most significant pathways to preserve hemodynamic stability, with ACE as the key enzyme
in this mechanism to control hypertension. Quercetin, kaempferol, and apigenin acted as
ACE inhibitors with IC50 values of 43, 178, and 196 mM, respectively [53], while myricetin
inhibited ACE at a similar rate to quercetin [54]. However, the IC50 value of caffeic acid was
430 µM [55], while gallic acid and p-coumaric acid exhibited 34.3% and 16.8% inhibitions,
respectively, using a concentration of 4 mg/mL [56]. On the basis of this information,
these phenolics were considered as weak to moderate ACE inhibitors. Interestingly, the
ACE inhibitory activities of tea samples possibly resulted from other types of ACE in-
hibitors. ACE inhibitors have been identified in natural sources such as peptides from
plants (corn, sesame, green beans, rice, and tea), animals (milk, eggs, and fish), and microor-
ganisms [57,58], while ACE inhibitory peptides with particular amino-acid sequences were
enzymatically released from protein precursors during food processing [59]. Fermented tea
leaves contained lower phenolic contents than fresh and steamed tea leaves but exhibited
higher ACE inhibitory activities. Thus, the high ACE inhibition observed in fermented tea
leaves might result from the biological function of peptides degraded from protein during
tea fermentation rather than phenolics.

Two main hypotheses of AD are proposed as the cholinergic and β-amyloid hypothe-
ses. The former occurs from excessive cholinesterase enzymes (AChE and BChE), leading
to neurotransmitter loss, while the latter leads to the formation of β-amyloid plaque by
BACE-1, leading to β-amyloid aggregation [60]. A previous study suggested that quercetin
was a strong AChE inhibitor with an IC50 value of 25.9 µM [61] but a weaker BChE inhibitor
with an IC50 value of 177.8 µM [61]. Kaempferol and myricetin inhibited AChE with IC50
values of 92.8 and 37.8 µM, respectively [62], and inhibited BChE with IC50 values of 71.0
and 43.1 µM, respectively [62]. Caffeic acid inhibited AChE with an IC50 value of 23 µM and
BChE with an IC50 value of 31 µM [63]. According to this information, fresh and steamed
tea leaves should exhibit higher AChE and BChE inhibition than fermented tea leaves
since they possessed higher flavonoid and phenolic acid contents. However, the results
showed an opposing trend, whereby fermented tea leaves exhibited higher AChE and
BChE inhibitions than fresh and steamed tea leaves. Currently, different types of peptides
have been designed to act as potential AChE and BChE inhibitors, as a new approach to
overcome AD occurrence [64–66]. Interestingly, some of these peptides are derived from
the AD synthetic drug, galantamine [65], as well as from protein hydrolysates from natural
sources such as hemp seed [66]. Other than peptides, a complex of polysaccharide–peptide
conjugates was also reported to act as an AChE and BChE inhibitor [67]. Thus, high AChE
and BChE inhibition in fermented tea leaves might be the result of peptides degraded from
protein during tea fermentation. Results of BACE-1 inhibition also suggested that fresh tea
leaves exhibited higher BACE-1 inhibitory activity than steamed and fermented tea leaves.
Previous research suggested that food rich in flavonoids such as green tea, blueberry, and
cocoa inhibited BACE-1 or disrupted amyloid β-aggregation [68]. A previous study sug-
gested that quercetin, kaempferol, myricetin, and apigenin inhibited BACE-1 activities with
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IC50 values of 5.4, 14.7, 2.8, and 38.5 µM, respectively [69]. Thus, quercetin and myricetin
were considered as strong BACE-1 inhibitors. Moreover, p-coumaric acid inhibited BACE-1
in a noncompetitive manner with an IC50 value of 0.9 µM [70]. No report on the BACE-1
inhibitory activity of caffeic acid is currently available; however, caffeic acid was proven
capable of improving spatial cognition and memory unit in Aβ25–35-injected AD mice [71].
Gallic acid also reduced Aβ1–42 aggregation and neurotoxicity in an APP/PS1 transgenic
mouse model [72]. According to this information, higher BACE-1 inhibitory activities
observed in fresh and steamed tea leaves than in fermented tea leaves resulted from the
greater flavonoid and phenolic acid contents in nonfermented tea leaves.

The information received from this study would be useful for the promotion of
Cha-miang consumption as a historical and unique product of northern Thailand with
many health benefits. This information also suggests that Cha-miang could be used as a
source of nutrients and bioactive compounds to develop other functional foods and drinks.
Moreover, the knowledge gained from this research would support local tea fermentation
as an alternative method of cultural food preservation, resulting in a fermented product
with unique favor and taste, and leading to the sustainable conservation of local lifestyle.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-8
158/10/1/117/s1: Table S1. Nutrient compositions of fresh, steamed, and fermented tea leaves
per 100 g fresh weight; Table S2. The validation parameters used for HPLC analysis; Figure S1.
High-performance liquid chromatograms of fresh, steamed, and fermented tea leaves detected at 280,
325, and 524 nm.
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