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Black garlic produced from fresh garlic under controlled high temperature and humidity

has strong antioxidant properties. To determine these compounds, five fractions (from F1

to F5) were separated and purified by elution with chloroform:methanol at different ratios

(8:1, 6:1, 4:1, 2:1, and 0:1; v/v). The antioxidant activity of each fraction was analyzed. The

results showed that F3 and F4 had higher phenolic contents and stronger 2,2-diphenyl-2-

picrylhydrazyl radical scavenging activity than the others. Seven purified individual

components were further separated using semipreparation high-performance liquid

chromatography from these two intensely antioxidant fractions (F3 and F4), their struc-

tures were elucidated by high-performance liquid chromatography coupled to diode array

detection, electrospray ionization, mass spectrometry, 1H nuclear magnetic resonance, and
13C nuclear magnetic resonance spectrometry. Three compounds including adenosine,

uridine, and 2-acetylpyrrole were first identified in black garlic, except for 5-

hydroxymethylfurfural, (1S, 3S)-1-methyl-1,2,3,4-tetrahydro-b-carboline-3-carboxylic

acid, and (1R, 3S)-1-methyl-1,2,3,4-tetrahydro-b-carboline-3-carboxylic acid. The cellular

antioxidant activities of uridine, adenosine, carboline alkaloids, 5-hydroxymethylfurfural,

and ethyl acetate extracts were consistent with the results of in vitro experimental anti-

oxidant properties. The results provide useful information for understanding the health

benefits of black garlic products.

Copyright © 2016, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Garlic (Allium sativum L.) is one of the most important foods

and spices for centuries. Extensive studies have shown that

garlic can provide favorable biological and pharmacological
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effects in vitro and in animal models in vivo, such as antimi-

crobial and anticancer activities [1,2], and also has hypogly-

cemic and antioxidant effects [3]. Garlic extracts have also

been shown to have a strong radical scavenging activity [1,1-

diphenyl-2-picrylhydrazyl (DPPH)] [4] and superoxide dis-

mutase activity in vitro [5]. A number of studies have
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demonstrated garlic's medicinal effects such as exhibiting

antifatigue effects, regulating blood glucose [6] and blood

pressure [3], helping in digestion, and improving appetite [7].

Experiments with small white rats reported that black garlic

had antibiosis and antitumor functions, which could induce

the human body to produce intense immune response of TH1

[8]. Black garlic could restrain the development of athero-

sclerosis by cleaning cholesterol to improve hyperlipidemia

[9], and reduce weight and blood lipids [10,11]. Furthermore,

researchers found that black garlic had a strong antioxidant

activity both in vivo and in vitro [12].

The antioxidant activity of garlic could be affected by

processing methods and conditions [4]. Black garlic, endowed

with antioxidant activity, is produced from fresh garlic under

controlled high temperature and humidity, eliminating its

unpleasant odor. After processing, the black garlic products

have a high content of polysaccharides, reducing sugar, pro-

tein, phenolic compounds, organic sulfur compounds, and

melanoidins [4]. As shown in our previous study, the freeze-

drying process can significantly maintain a high content of

functional bioactive components in black garlic [13]. The

antioxidant properties of black garlic products are related to

polyphenols [14]. Polyphenols are sensitive to some heat

treatments such as frying, baking, and boiling of some vege-

tables [15]. Researchers found the antioxidant capacity of

whole garlic was very similar to that of peeled garlic cloves

during the black garlic processing. The amount of polyphenols

increased threefold in whole black garlic bulbs and about

sixfold in peeled black garlic cloves [16]. In addition, total

polyphenol and total flavonoid contents of black garlic

significantly increased during the aging period [17]. Some re-

searchers alsomentioned that some components, such as (1S,

3S)-1-methyl-1,2,3,4-tetrahydro-b-carboline-3-carboxylic acid

and (1R, 3S)-1-methyl-1,2,3,4-tetrahydro-b-carboline-3-

carboxylic acid, were present in high concentration in fresh

and black garlic, and had a strong H2O2 scavenging capacity

[18,19]. The objective of the present study was to determine

the characteristic of bioactive components and health benefits

of black garlic.
2. Materials and methods

2.1. Materials and reagents

Fresh garlic was purchased from the local market. Reagents

such as 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,20-azino-
bis-3-ethylbenzothiazoline-6-sulfonic acid were purchased

from Sigma-Aldrich Co. (St Louis, MO, USA). All other sol-

vents/chemicals obtained from Tianjin Yongda Chemical Re-

agent Co., Ltd. (Tianjin, China) were of analytical grade or

high-performance liquid chromatography (HPLC) grade.

2.2. Preparation of black garlic extract

Black garlic was mixed with an appropriate amount of water

and homogenized, then extracted by ethyl acetate. The ethyl

acetate extract was placed on the top of a glass column

(100 � 5 cm2 i.d.) filled with silica gel (200e300 meshes) in

chloroform. Elution was performed with chloroform and
methanol at different ratios of 8:1, 6:1, 4:1, 2:1, and 0:1 (v/v) at a

flow rate of 2 mL/min. The effluents were monitored at

254 nm; five fractions were collected and designated as F1

(8:1), F2 (6:1), F3 (4:1), F4 (2:1), and F5 (0:1), and eventually

desiccated at vacuum for antioxidant activity test and HPLC

analysis. The polarity of the five fractions was consistent with

that of the eluent, i.e., F1 < F2 < F3 < F4 < F5; thus, the crude

extraction was separated based on the polarity of the

component in this step.

Their antioxidant properties were determined by the DPPH

radical scavenging activity and total phenolic content. In

addition, intense antioxidant fractions obtained from the

elution of chloroform and methanol were analyzed by HPLC

and semipreparation HPLC (semiprep-HPLC), and then their

structures elucidated by chromatographic (HPLC) and spec-

trometric [electrospray ionizationemass spectrometry

(ESIeMS), 1H nuclear magnetic resonance, (1H NMR), and 13C

nuclear magnetic resonance (13C NMR)] techniques.
2.3. Determination of total phenolic content

Total phenolic content was determined according to Zhu et al

[20] and Sharma et al [21], withminormodifications. A sample

of the black garlic extracts (200 mL), FolineCiocalten reagent

(1 mL, diluted 10 times), and sodium carbonate (1 mL, 7.5%)

were mixed and diluted with distilled water to 5 mL. Subse-

quently, the mixtures were incubated in the dark for 30 mi-

nutes. After incubation, the absorbance was recorded at

760 nm. Gallic acid was used as a standard for the calibration

curve. The phenolic content was reported as gallic acid

equivalents (mg) using the following linear equation based on

the calibration curve: A ¼ 0.0929C þ 0.0131, R2 ¼ 0.9993, where

A is the absorbance at 760 nm and C is the concentration of

gallic acid equivalents (mg/mL).
2.4. DPPH radical scavenging activity

DPPH radical scavenging activity was determined according to

Xu et al [22] and Yokozawa et al [23], with slight modification.

Briefly, 1 mL of 0.2mM DPPH radical solution prepared in

ethanol was mixed with 1 mL of the test sample dissolved in

100mM Tris-HCl buffer (pH 7.4); the mixtures were then

shaken up vigorously for 30 minutes at room temperature in

the dark. The absorbance was measured at 517 nm. DPPH

radical scavenging activity was given as percent DPPH radical

scavenging and calculated as follows:

DPPH radical scavenging ð%Þ ¼ �
1� �

Ai � Aj

��
Ac

�� 100% (1)

where Ai is the absorbance of the mixture of 1 mL sample and

1mL 0.2mMDPPH, Aj is the absorbance of the mixture of 1 mL

sample and 1 mL ethanol, and Ac is the absorbance of the

mixture of 1 mL 0.2mM DPPH and 1 mL Tris-HCl buffer.
2.5. HPLC analysis and purification by semiprep-HPLC

TheHPLC analysis was performedwith an Agilentmodel 1100.

Five fractions were separated by reverse-phase HPLC on an

Agilent Zorbax SB-C18 column (4.6 mm � 250 mm) equili-

brated in pure water solvent A and methanol solvent B.

http://dx.doi.org/10.1016/j.jfda.2016.05.011
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Table 1 e Total phenolic content in black garlic ethyl
acetate extracts and individual black garlic fractions
(F1eF5) (mean ± SD, n ¼ 3).

Samples Gallic acid equivalents
(mg/g)

Black garlic ethyl acetate extracts 13.5 ± 0.12a

F1 1.0 ± 0.03c

F2 1.1 ± 0.04c

F3 4.5 ± 0.09b

F4 4.3 ± 0.08b

F5 1.2 ± 0.04c

Means that do not share a letter at each line of measurement

within each gallic acid equivalent are significantly different

(p < 0.05).

SD ¼ standard deviation.
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Elutionwas performedwith a linear gradient by increasing the

concentration of solvent B, as followed for the ethyl acetate

extracts from black garlic: 0e30 minutes, 5e100%;

30e45 minutes, 100%; 45e55 minutes, 100e5%. F3 was detec-

ted by HPLC with the solution of methanol:water (1:9, v/v) for

45 minutes; F4 was detected by HPLC with the solution of

methanol:water (2:8, v/v) for 55 minutes. The temperature of

the columnwasmaintained at 25�C. The flow rate was 0.8mL/

min, and the wavelength was set at 254 nm for UV detection

[24].

The semiprep-HPLC was performed with analysis/circular

semipreparative system of SHIMADZU LC-6AD system on an

Agilent Zorbax SB-C18 column (9.4 mm � 250 mm); F3 was

detected by semiprep-HPLC with the solution of methanol:-

water (1:9, v/v) for 45 minutes. F4 was detected by semiprep-

HPLC with the solution of methanol:water (2:8, v/v) for 55 mi-

nutes at a flow rate of 2 mL/min, and the wavelength was set

at 254 nm for UV detection. The compounds we purified from

F3 and F4 were detected by HPLC with the solution of meth-

anol:water (2:8, v/v) for 55 minutes at a flow rate of 0.8 mL/

min.

2.6. HPLCeDADeESIeMS analysis and NMR
spectrometry

Liquid chromatography was performed on an Agilent 1200

series HPLC (Agilent, Palo Alto, CA, USA) equipped with an

autoinjector and a quaternary HPLC pump. Chromatography

was performedwith a 4.6mm� 250mm i.d., 5 mmAgilent plus

C18 column. The injection volume was 20 mL. Mobile phase A

waswater and Bwasmethanol. The procedurewas as follows:

0e30 minutes, B was 5e100%; 30e40 minutes, B was 100%;

40e50 minutes, B was 5% at a flow rate of 0.8 mL/min.

Mass spectrometry was performedwith an Agilent 1100LC-

MSD (Agilent). The optimized conditions were as follows:

compounds were analyzed in the positive ion mode. Capillary

and fragment voltages were 3500 V and 175 V, respectively.

The skimmer was set at 65.0 V. The flow rate of the drying gas

was 10.0 L/min, and the nebulizer was operated at 40 psi. Ni-

trogen was used as the collision gas. Mass spectra were ac-

quired in a full scan analysis within an m/z range of 100e1000

using an extended dynamic range and a scan rate of 1.4

spectra/s, and by varying the collision energy with mass. The

data station operating software was the Mass Hunter Work-

station (version B.04.00). A referencemass solution containing

reference ions 121.0508 and 922.0097 was used to maintain

mass accuracy during run time.

For melanoidin compounds, 1H NMR and 13C NMR spectra

were recorded on a Varian INOVO-600 (Varian, Palo Alto, USA)

spectrometer working at 400 MHz for 1H NMR and at 100 MHz

for 13C NMR. Purified samples (8e15 mg) dissolved in 0.4 mL of

dimethyl sulfoxide was used as internal standards.

2.7. Cellular antioxidant activity of compounds from
black garlic

The cellular antioxidant activity (CAA) assay protocol was

described previously [25]. HepG2 cells were seeded at a density

of 6 � 104/well on a 96-well microplate in 100 mL of growth

medium/well. After 24 hours of seeding, the growth medium
was removed, and the wells were washed with phosphate-

buffered saline (PBS). Wells were treated in triplicate for

1 hour with 100 mL of treatment medium containing tested

compounds from black garlic plus 25mM dichlorofluorescin

diacetate. When a PBS wash was utilized, wells were washed

with 100 mL of PBS. Then 600mM 2,20-azobis (2-

amidinopropane) dihydrochloride was applied to the cells in

100 mL of Hanks' balanced salt solution, and the 96-well

microplates were placed into a Fluoroskan Ascent FL plate-

reader at 37�C. Emission at 538 nm was measured with exci-

tation at 485 nm every 5 minutes for 1 hour.
2.8. Quantification of CAA

After blank subtraction and subtraction of initial fluorescence

values, the area under the curve for fluorescence versus time

was integrated to calculate the CAA value at each compound

from black garlic as follows:

CAA unit ¼
�
1�

�Z
SA

	Z
CA


�
� 100 (2)

where !SA is the integrated area under the sample fluores-

cence versus time curve and !CA is the integrated area from

the control curve.
3. Results and discussion

3.1. Total phenolic content in black garlic extracts

The total phenolic content and different fractions of black

garlic extracts are shown in Table 1. It is well known that

phenolic compounds belong to the bioactive components of

plant products and have good health-promoting activities

[26,27]. It was observed that total phenolic contents of frac-

tions F3 and F4 were much higher than those of F1, F2, and F5

(p < 0.05). The total phenolic content in black garlic was

increased by about four- to 10-fold compared with that in

fresh garlic, and it was reported that hydroxycinnamic acid

derivatives were found to be themajor phenolic acids of garlic

at different processing steps [28].

http://dx.doi.org/10.1016/j.jfda.2016.05.011
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3.2. DPPH radical scavenging activity

Owing to its odd electron, DPPH showed strong absorption at

517 nm (purple color). DPPH radical scavenging rates of black

garlic ethyl acetate extraction, as well as those of all five

fractions, were dose dependent (Figure 1). The highest DPPH

radical scavenging rate was shown by F3 and F4, followed by

F5. Fractions F3 and F4 have a DPPH radical scavenging rate of

about 30% at a concentration of 30 mg/mL, close to 5 mg/mL of

ascorbic or gallic acid. At a concentration of 100 mg/mL, F3 and

F4 account for 70% of the DPPH radical scavenging rate. The

lowest DPPH radical scavenging rate was shown by F1 at a

concentration of 100 mg/mL,which is only 20.2%. Interestingly,

fractions F3 and F4 also had higher phenolic contents; the

phenolic contents of F2were in themiddle, but those of F1 and

F5 were lowest (Table 1). There is a close relationship between

the total phenolic content and the DPPH radical scavenging

rate. According to the total phenolic content and antioxidant

activity of different fractions, F3 and F4 fractions, which have

the highest total phenolic content and antioxidant activity,

were analyzed by HPLC and prepared by semiprep-HPLC. The

single composition was isolated from F3 and F4, which would

have antioxidant activities. Experiments showed that multi-

composition can play a dominant role in antioxidant activity.

3.3. HPLC analysis and purification by semiprep-HPLC

As indicated in the HPLC chromatogram using reversed-phase

C-18 column, 10 separate peaks were detected for ethyl ace-

tate extracts of black garlic (Figure 2A). Further four peaks

were detected for F3 (Figure 2B) under the same conditions,

corresponding to 2, 5, 6, and 7 in Figure 2A. Three peaks were

further detected for F4 (Figure 2C) corresponding to 8, 9, and 10

in Figure 2A. Totally, seven individual components (Compo-

nents 2, 5, 6, 7, 8, 9, and 10) were separated from black garlic

after being purified through the silica gel column and
Figure 1 e DPPH radical scavenging activity of black garlic

extracts and individual black garlic fractions (F1eF5).

Ascorbic acid and gallic acid were used as positive controls.

Means that do not share a letter at the same concentration

measurement within each of different materials (EAE, F1,

F2, F3, F4, F5, AA, and GA) are significantly different

(p < 0.05). AA ¼ ascorbic acid; DPPH ¼ 2,2-diphenyl-2-

picrylhydrazyl; EAE ¼ ethyl acetate extracts; GA ¼ gallic

acid.
semiprep-HPLC. The obtained seven individual substances

were further analyzed by HPLC, as demonstrated in Figure 3.

Seven individual substances were obtained by semiprep-

HPLC, and then the structures of the seven single compo-

nentswere analyzed and identified by liquid chromatography/

mass spectrometry, and 1H NMR and 13C NMR spectrometry.

The aforementioned work would provide a theoretical basis

for the function andmechanism of black garlic. Therefore, it is

scientifically vital to look into the characteristics and mech-

anism of garlic, and control the browning process efficiently,

which not only can shorten processing time and reduce en-

ergy consumption, but also can promote the generation of the

black garlic functional components and guarantee garlic

products.

3.4. Structure elucidation of compounds by HPLC
coupled with diode array detection analysis and NMR
spectrometry

HPLC coupled with diode array detection (HPLCeDAD) anal-

ysis of the isolated compounds demonstrated their high pu-

rity, and they were identified by comparison of their UV

spectra and HPLC retention times (TR) with those of reference

standards, and where possible, by mass spectrometry (Table

2), chemical methods, as well as NMR spectrometry (Tables 3

and 4); their chemical structures are shown in Figure 4.

Seven functional substances were obtained from crude ex-

tracts of black garlic by separation of silica gel column and

semiprep-HPLC.

Compound 2 was a light yellow clear liquid, which was

directly identified as DL-lactic acid by comparison of TR and

UV spectra with those of standards, and was also confirmed

by ESIeMS spectra. Lactic acid should be formed by the

fermentation of black garlic in hot and humid conditions, and

the unique lactic sourness improved the taste of black garlic.

In our previous study, it was found that black garlic contained

many organic acids occurring in nature. Lactic acid is the

major organic acid in black garlic, as found by liquid analysis,

therefore, lactic acid may be responsible for the unique flavor

of black garlic. Furthermore, lactic acid is also a strong anti-

oxidant, which could have contributed to the strong antioxi-

dant capacity of black garlic [29].

Compound 5 was colorless or white powder, which was

directly identified as 5-hydroxymethylfurfural (5-HMF) by

comparison of TR and UV spectra with those of standards and

confirmed by ESIeMS spectra. As an intermediate product of

Maillard reaction, presence of 5-HMF in black garlic also

confirmed that Maillard reaction indeed took place during the

formation of black garlic, and that the reaction occurred in an

acidic environment, when the pH � 7. Amadori rearrange-

ment products mainly formed furfural (when sugar is a

pentose) or HMF (when sugar is a hexose) by 1,2 enolization.

Extensive research reported that 5-HMF has antioxidant ac-

tivity, anti-ischemic function, and other beneficial effects on

the human body. It has been proved to have the anti-

inflammatory potential in tumor necrosis factor-a-stimu-

lated human umbilical vein endothelial cells (HUVECs) [30]. In

addition, 5-HMF is beneficial for the efficacy of traditional

Chinese medicine. However, 5-HMF is probably an active

ingredient that has not been understood in Chinesemedicine.

http://dx.doi.org/10.1016/j.jfda.2016.05.011
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Figure 2 e HPLC chromatogram of (A) the ethyl acetate extract, (B) F3, and (C) F4 detected at 254 nm. HPLC ¼ high-

performance liquid chromatography.
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It was also confirmed that the fermentation process of black

garlic was similar to the brewing process of Chinesemedicine,

which was also a part of the pharmacological effects of black

garlic.

Compound 6 was white powder, the structure (Figure 4) of

which was assigned as uridine based on its 1H NMR and 13C

NMR data (Table 3), which was also confirmed by comparing

with the literature data [31,32]. Uridine is a drug constituting

components of nucleic acid in animal cells; it can also improve

the body's antibody levels. The combination of uridine and

inosine can promote myocardial metabolism; accelerate

biosynthesis of protein and nucleic acid, and production of

energy; and promote and improve metabolism of brain cell.

Isolation of this product from black garlic would lay the

foundation for further elaboration of other functions of black

garlic.
Compound 7 was white powder, the structure of which

(Figure 4) was assigned as adenosine, on the basis of its 1H

NMR and 13C NMR data (Table 3) and comparison with the

literature data [33,34]. Adenosine was also separated from

other herbs, which have various physiological effects on the

cardiovascular system and many other systems of the body.

The successful separation would have potential for further

elaboration of other effects of black garlic.

Compound 8 was white powder, the structure of which

(Figure 4) was assigned as (1S, 3S)-1-methyl-1,2,3,4-

tetrahydro-b-carboline-3-carboxylic acid, on the basis of its
1H NMR and 13C NMR data (Table 4) and comparison with the

literature data [35e37].

Compound 9 was white powder, the structure of which

(Figure 4) was assigned as (1R, 3S)-1-methyl-1,2,3,4-

tetrahydro-b-carboline-3-carboxylic acid, based on its 1H

http://dx.doi.org/10.1016/j.jfda.2016.05.011
http://dx.doi.org/10.1016/j.jfda.2016.05.011


Figure 3 e HPLC chromatogram of seven individual compounds purified from F3 and F4 by semiprep-HPLC from black garlic

detected at 254 nm. HPLC ¼ high-performance liquid chromatography.
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Table 2 e Analysis of compounds by HPLCeDADeESIeMS and NMR spectra.

Compound TR (min) UV max (nm) MW ESIeMS þ (m/z) ESIeMS e (m/z) Identification

2 7.504 200 90.08 89.0247 (M e H) DL-lactic acid a

5 13.824 280 126.11 127.0379 (M þ H) 5-HMF a

6 14.046 210,268 244.20 267.0 (M þ NA) Uridine b

7 15.367 200,260 267.24 268.1 (M þ H) Adenosine b

8 19.785 200,260 230 231.1 (M þ H) 229.0989 (M e H) (1S, 3S)-MTCC b

9 21.247 200,260 230 231.1 (M þ H) 229.0989 (M e H) (1R, 3S)-MTCC b

10 22.902 200,260 109.13 110.0576 (M þ H) 2-Acetylpyrrole a

DAD ¼ diode array detection; ESI ¼ electrospray ionization; H ¼ hydrogen; HPLC ¼ high-performance liquid chromatography; MS ¼ mass

spectrometry; MTCC ¼ 1-methyl-1,2,3,4-tetrahydro-b-carboline-3-carboxylic acid; MW ¼ molecular weight; NA ¼ natrium; NMR ¼ nuclear

magnetic resonance.
a Identified by comparison with reference standards.
b Identified by MS and NMR spectra.

Table 3 e 1H NMR and 13C NMR spectra data of Compounds 6 and 7 in DMSO.
1H chemical shift values (ppm) 13C chemical shift values

(ppm, J ¼ Hz)

Compound 6 Compound 7 Compound 6 Compound 7

2 8.133 (1H, S) 152.813 151.180

4 149.486 163.630

5 119.780 102.165

6 7.892 (1H, J ¼ 7.8 HZ) 156.596 141.179

7 5.900 (1H, d, J ¼ 5.4 Hz) 5.915 88.113

8 8.351 (1H, S) 140.340 70.292

9

10 5.869 (1H, d) 88.334 73.985

11 4.601 (1H, J ¼ 6 Hz) 73.893 85.252

12 4.356 71.078 61.245

13 4.144 (1H, J ¼ 3 Hz) 4.241 86.328

14 3.925 62.107

NH2 7.350 (2H, s)

DMSO ¼ dimethyl sulfoxide; NMR ¼ nuclear magnetic resonance.

Table 4 e 1H NMR and 13C NMR spectra data of Compounds 8 and 9 in DMSO.
1H chemical shift values (ppm) 13C chemical shift values (ppm, J ¼ Hz)

Compound 8 Compound 9 Compound 8 Compound 9

10 1.498 1.377 19.164 21.285

4 2.605, 2.996 2.834,2.638 25.111 25.542

1 4.298 4.290 49.382 46.369

3 3.364 3.374 58.773 53.799

4a 107.830 107.467

8 7.300 7.246 111.469 111.182

5 7.384 7.338 118.125 117.881

6 6.952 6.913 118.865 118.445

7 7.029 6.983 121.077 120.604

4b 127.085 127.416

9a 135.874 136.312

8a 136.601 137.761

11 173.152 175.846

9 10.944 10.725

DMSO ¼ dimethyl sulfoxide; NMR ¼ nuclear magnetic resonance.
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NMR and 13C NMR data (Table 4) and comparison with the

literature data [35e37].

Compounds 8 and 9 are isomers of carboline alkaloids, and

their reaction pathway has also been deduced clearly. These
two substances have been isolated from black garlic in a

previous study [19]; such alkaloids were found to have strong

antioxidant capacity, so they would make a strong contribu-

tion to the antioxidant activity of black garlic.

http://dx.doi.org/10.1016/j.jfda.2016.05.011
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Figure 4 e Chemical structures of Compounds 2, 5, 6, 7, 8, 9, and 10 from black garlic: DL-lactic acid (2), 5-hydroxymethyl-2-

furfural (5), adenosine (6), uridine (7), (1S,3S)-1-methyl-1,2,3,4-tetrahydro-b-carboline-3-carboxylic acid (8), (1R, 3S)-1-

methyl-1,2,3,4-tetrahydro-b-carboline-3-carboxylic acid (9), and 2-acetylpyrrole (10).
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Compound 10 was colorless or white powder, which was

directly identified as 2-acetylpyrrole by comparison of TR and

UV spectra with those of standards, and confirmed by ESIeMS

spectra. The compound 2-acetylpyrrole is an important flavor

substance of Maillard reaction and the main ingredient of the

black garlic flavor because of its pleasant fragrance.
To investigate the compositions of black garlic, many ef-

forts have been made by researchers worldwide. Wang et al

[38] studied the changes of nutrients in garlic during Maillard

reaction: the reducing sugar content was 214.9mg/g, total acid

content 2.14%, total phenol content 5.4 mg/g, and 5-HMF

content 2729.12 mg/g. Liang et al [39] have reported an NMR-

based comprehensive analysis of raw garlic and black garlic

http://dx.doi.org/10.1016/j.jfda.2016.05.011
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to determine the compositional changes resulting from ther-

mal processing. They found that 38 components were altered

by the thermal processing of raw garlic. Zhang et al [40] used

simultaneous distill ion extraction for extracting the volatile

substances in dormant garlic and black garlic; 50 kinds of

chemical compounds in black garlic were detected by gas

chromatography (GC) and MS, 28 of which are present in

relatively high amounts. The main compounds extracted are

3-vinyl-1,2-dithiacyclohex-5-ene, diallyl disulfide, thiophene-

2-ethyltetrahydro, and 2-vinyl-1,2-N,N0-dimethyl. The com-

pounds 5-HMF, (1S, 3S)-1-methyl-1,2,3,4-tetrahydro-b-carbo-

line-3-carboxylic acid, and (1R, 3S)-1-methyl-1,2,3,4-

tetrahydro-b-carboline-3-carboxylic acid have been reported

in previous studies [35e39]. However, monomers of other

three substances with important different functions,

including adenosine, uridine, and 2-acetylpyrrole, were first

isolated and identified in black garlic.

3.5. CAA activity of compounds from black garlic

We selected uridine, adenosine, carboline alkaloids, 5-HMF,

and ethyl acetate extracts to verify the cellular antioxidant

quality. The results showed that all of the compounds had

high antioxidant properties, and the higher the concentration,

the stronger the antioxidant capacity (Figure 5). We found that

all compounds at a concentration of 500 mg/mL showed the

highest inhibition of the proliferation of HepG2 cells, by more

than 60%. The results of cellular antioxidant activity were

consistent with those of antioxidant property in in vitro

experiments.
4. Conclusion

Black garlic extracts have been demonstrated to show DPPH

radical scavenging activities. Among the five black garlic

fractions extracted by chloroform and methanol mixed at

different ratios, F3 and F4 showed the strongest antioxidant

activities in a DPPH system. Seven substances were purified

and separated by semiprep-HPLC, HPLCeDADeESIeMS, 1H
Figure 5 e The CAA activity of compounds from black

garlic. CAA ¼ cellular antioxidant activity; 5-HMF ¼ 5-

hydroxymethylfurfural.
NMR, and 13C NMR spectrometry from F3 and F4, especially,

adenosine, uridine, and 2-acetylpy-prrole were first identified

in black garlic, except for 5-HMF, (1S, 3S)-1-methyl-1,2,3,4-

tetrahydro-b-carboline-3-carboxylic acid, and (1R, 3S)-1-

methyl-1,2,3,4-tetrahydro-b-carboline-3-carboxylic acid.

Generally, the whole function of black garlic would be a syn-

ergistic effect of all the components.
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