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Abstract – Procyanidins are known as condensed tannins and/or oligomeric 

flavonoids, and are present in many edible plants and show interesting various 

biological activities. We previously developed and reported a simple and versatile 

method of synthesizing procyanidin oligomers consisting of (–)-epicatechin and 

(+)-catechin. Here, we report the structure–activity relationships (SAR) between 

the DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging activity and 

Maillard reaction inhibitory activities of various procyanidin oligomers 

synthesized, including dimers, trimers, tetramers, pentamers, 3-O-substituted 

oligomers, and other artificial oligomers.

INTRODUCTION  

Compounds with strong antioxidant and superior radical scavenging abilities are currently of great 

research interest. Furthermore, foods with ingredients that can degrade active oxygen and free radicals 

have recently received increased attention. The free radical scavenging activity was assessed by several 

methods such as, superoxide anions (O2•
-) generated by hypoxanthine (HPX)/xanthine oxidase (XOD),1 

1,1-diphenyl-2-picrylhydrazyl (DPPH•),2  •OH radicals, damaged DNA detection assay (3D assay).3 It is 

widely believed that the polyphenols present in fruits and vegetables, as well as various health foods have 

a beneficial impact on health. Polyphenolic compounds are also increasingly studied because of their 

strong biological activities. For example, epigallocatechin-3-O-gallate (EGCG), a major polyphenol in 
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green tea, which belongs to the flavan-3-ol group, has notably been the focus of intense research interest 

for its protective effect against a variety of cancer types, such as lung, prostate, and breast.4 

The nonenzymatic browning reaction by heating a mixture of sugar with protein or amino acid is known 

as the Maillard reaction, which occurs extensively in food and in vivo.5 The relationship of the Maillard 

reaction to diabetic complications has been noted6 in the field of sitology.7 The aminoguanidine (AG),4 

aspirin,8 and vitamin B6,
9 have been reported as important Maillard reaction inhibitors. Particularly, 

quercetin10 and components of tea extracts (catechin derivatives),11 grouped as polyphenols, are also 

strong inhibitors.  

Procyanidins are known as condensed tannins and/or oligomeric flavonoids12,13 and present in various 

foods, such as, fruits, wine, tea, soybeans, etc. Separation of the individual structural analogs of 

procyanidins from the plants is very difficult because these compounds are presented as mixtures 

containing a number of structurally related compounds, and the isolation of compounds depend on the 

type of plant used. There are many studies on structure–activity relationships (SAR) of phenolic 

compounds,14 however, research on SAR of procyanidins is less well understood. Development of a 

systematic technology for synthesizing procyanidins in pure form is useful and important. There have 

been numerous studies concerning the isolation, synthesis, and bioactivity of procyanidin oligomers.15,16  

We previously developed a simple, versatile, stereoselective and size-controlled method of synthesizing 

procyanidin oligomers consisting of (–)-epicatechin (1) and (+)-catechin (2) (Figure 1). Our synthetic 

method is applicable to various (4–8) linked procyanidin oligomers, such as dimers and trimers, galloyl 

derivatives of dimers and trimers, and longer oligomers in good yields.17 Here, we describe the SAR 

studies between DPPH radical scavenging activity and the Maillard reaction inhibitory activity18 of 

previously synthesized procyanidin oligomers and their synthetic intermediates having an unnatural 

structure. 
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Figure 1. Structures of epicatechin (1) and catechin (2) 
 

RESULTS AND DISCUSSION 

DPPH radical scavenging activity and the Maillard reaction inhibitory activity 

The SC50 values (concentration of 50% scavenging activity) of DPPH radical and the IC50 values 

(concentration of 50% inhibiting activity) of monomeric compounds exhibiting Maillard reaction 
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inhibitory activity are shown in Table1. The SC50 values of the DPPH radicals of ( )-epicatechin 1, 

(+)-catechin 2, and ( )-epigallocatechin 3 in natural products, were 2.2, 2.6 and 2.3 μM, respectively. 

Meanwhile, IC50 values of the inhibitory activity of the Maillard reaction of 1, 2, and 3 were 24, 5.0 and 

12 μM, respectively. It appeared that the stereochemistry of the 3-hydroxy group affected Maillard 

reaction inhibitory activity, although radical scavenging activity was unaffected. Esters 4 and 7 showed 

SC50 values for the radical scavenging activity to be 4.0 and 4.3 μM, respectively. Compounds 5 and 6 in 

which the phenol groups are protected did not show DPPH radical scavenging activity at all. On the other 

hand, regarding the Maillard reaction inhibitory activity of compound 5, in which the phenol groups are 

protected with acetyl groups, it had strong inhibitory activity equivalent to that of 1. The results for 

monomeric compounds indicate that free phenol groups are necessary and that the stereochemistry of the 

3-position does not affect DPPH radical scavenging activity. On the other hand, Maillard reaction 

inhibitory activities of catechin and its derivatives with 3 -hydroxy stereochemistry are higher than those 

of epicatechin compounds. In addition, acetylation compounds also have strong inhibitory activities 

against the Maillard reaction. 

 
Table1. The DPPH radical scavenging and the Maillard reaction inhibitory activities of monomeric 
compounds 

OR1O

OR1

OR1

R2

R3
1-7R4

OR1

 
 

Entry Structure Compound SC50 values 

(μM) 

IC50 values 

(μM) 

1 R1=R2= R3=H, R4=OH 1 (epicatechin) 2.2 24 

2 R1=R2=R4=H, R3=OH 2 (catechin) 2.6 5.0 

3 R1=R3=H, R2=R4=OH 3 (epigallocatechin) 2.3 12 

4 R1=R2=R4=H, R3=OAc 4 4.0 6.0 

5 R1=Ac, R2=R4=H, R3=OAc 5 -
a
 5.0 

6 R1=Me, R2=R4=H, R3=OAc 6 -
 a
 -

a
 

7 
R1=R2=R4=H, 

R3=OC(O)CH2CH2CO2H 
7 4.3 14 

a No activity at 100 μM. 
 

Table 2 shows the SC50 values of the DPPH radical scavenging activity and the IC50 values of the 

Maillard reaction inhibitory activity of synthetic various (+)-catechin dimers. 

(+)-Catechin-(4 -8)-(+)-catechin dimer 8, known as procyanidin B3, and 

(+)-catechin-(4 -8)-(+)-catechin dimer 13 were isolated from various plants9,10 and compounds 9-11 and 
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14 are their acetyl derivatives. Compound 12 is the diester derived from the synthetic intermediate of 

procyanidin B3 by intramolecular coupling (Scheme 2). The SC50 values of the radical scavenging 

activity of dimeric compounds 8, 10, 11, 12, and 13 were 1.3, 0.8, 1.8, 1.4 and 0.7 μM, respectively, and 

they were lower compared to that of catechin 2, a monomeric compound. Interestingly, 3,4-cis isomer 

(13) of procyanidin B3 showed strong radical scavenging activity as compared with procyanidin B3 (8). 

This indicates that the radical scavenging activity of procyanidins is influenced not only by the number of 

phenolic groups but also by structure.19 In the Maillard reaction inhibitory activity, the IC50 values of 8–14 

were 3.0, 7.0, 1.0, 5.0, 7.3, 3.0 and 4.0 mM, respectively. Compounds 8, 10, 13, and 14 inhibited more 

strongly than catechin 2, but 9, 11 and 12, in which the 3- and 3''-positions are protected by ester groups, 

were not strong inhibitors in spite of double the number of phenol groups. 3-O-Acetate 10 was the 

strongest inhibitor of the Maillard reaction in the procyanidin B analogs. 

It is well known that galloyl derivatives such as EGCG show strong biological activities. We have 

synthesized many gallate derivatives of procyanidins to enhance their activities. Table 3 summarizes the 

results for the DPPH radical scavenging activity and the Maillard reaction inhibitory activities. The SC50 

values of radical scavenging activity of gallate dimers 15-26 were 0.8, 0.7, 0.6, 0.8, 0.6, 0.6, 3.2, 1.1, 1.1, 

0.9, 0.8 and 0.9 μM, respectively. Radical scavenging activity of the epicatechin–containing dimers, 

activity, the IC50 of 15–32 were in the level of 0.2 to 10 μM, respectively. It appears that the 3''-O-gallate 

dimers (16, 19, 22, and 25), in which the bottom unit is substituted with the galloyl group, had relatively 

 
Table 2. The DPPH radical scavenging and the Maillard reaction inhibitory activities of various 
(+)-catechin dimers 

OR1O

OR1

OR1

OR1

OR2

OR1O

OR1

OR1

OR1

OR3

8-11

ORO

OR

OR

OR

OR

ORO

OR

OR

OR

OR 13: R = H
14: R = Ac

OHO

OH

OH

OH

O

OHO

OH

OH

OH

O O

(CH2)7

O

12  
 

Entry Structure Compound SC50 values 

(μM) 

IC50 values 

(μM) 

1 R1=R2=R3=H 8 (procyanidin B3) 1.3 3.0 

2 R1=R2=R3=Ac 9 -
a
 7.0 

3 R1=R3=H, R2=Ac 10 0.8 1.0 

4 R1=H, R2=R3=Ac 11 1.8 5.0 

5 - 12 1.4 7.3 

6 R = H 13 0.7 3.0 

7 R = Ac 14 -
 a
 4.0 

   aNo activity at 100 μM. 
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weak inhibitory activity. The Maillard reaction inhibitory activity of the epicatechin–containing 

oligomers, 15–20 and 24–26, increased in the following order, 3,3''-O-digallate > 3-O-gallate > 

3''-O-gallate. On the other hand, the oligomers consisting of catechin showed different trends of 

3-O-gallate > 3,3''-O-digallate >3''-O-gallate. In addition, the Maillard reaction inhibitory activity of these 

gallate-substituted oligomers was not correlated with the DPPH radical scavenging activity. 

Table 4 summarizes the results for the DPPH radical scavenging and the Maillard reaction inhibitory 

activities of peracetyl 3-O-galloyl dimers. Peracetates 27-32 shows no DPPH radical scavenging 

activity at 100 μM. On the other hand, peracetates effectively inhibit the Maillard reaction, the IC50 

values of Maillard reaction inhibitory activity were 1.2, 3.5, 3.5, 0.9, 4.2 and 0.6 μM, respectively. The 

Maillard reaction inhibitory activity of peracetate 27–32 was same level as free phenol dimers 15–26. 

The activities of longer oligomers and their peracetates were shown in Table 5 and Table 6. SC50 values 

of radical scavenging activities of 33–43 were 0.7, 0.7, 1.2, 1.1, 0.9, 0.9, 0.8, 0.4, 0.6, 0.4, and 0.4 μM, 

respectively. Nearly all these compounds have strong radical scavenging activities. The galloyl trimers 40 

 

Table 3. The DPPH radical scavenging and the Maillard reaction inhibitory activities of 3-O-galloyl 
dimers 

OHO

OH

OH

OH

OR1

OHO

OH

OH

OH

R2

15-20

OHO

OH

OH

OH

OR1

OHO

OH

OH

OH

R2

21-26R3 R3

galloyl =

O

OH

OH

OH

 
 

Entry Structure Compound SC50 values 

(μM) 

IC50 values 

(μM) 

1 R1=galloyl, R2=OH, R3=H 15 0.8 2.4 

3 R1=R3=H, R2=Ogalloyl 16 0.7 3.7 

5 R1=galloyl, R2=Ogalloyl, R3=H 17 0.6 0.4 

7 R1=galloyl, R2=H, R3=OH 18 0.8 0.9 

9 R1=R2=H, R3=Ogalloyl 19 0.6 5.5 

11 R1=galloyl, R2=H, R3=Ogalloyl 20 0.6 0.3 

13 R1=galloyl, R2=OH, R3=H 21 3.2 0.2 

14 R1=R3=H, R2=Ogalloyl 22 1.1 2.5 

15 R1=galloyl, R2=Ogalloyl, R3=H 23 1.1 1.0 

16 R1=galloyl, R2=H, R3=OH 24 0.9 3.0 

17 R1= R2=H, R3=Ogalloyl 25 0.8 10 

18 R1=galloyl, R2=H, R3=Ogalloyl 26 0.9 1.0 
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Table 4. The DPPH radical scavenging and the Maillard reaction inhibitory activities of peracetyl 
3-O-galloyl dimers 
 

OAcO

OAc

OAc

OAc

OR1

OAcO

OAc

OAc

OAc

R2

27-32R3

galloyl =

O

OAc

OAc

OAc

 
 

Entry Structure Compound SC50 values 

(μM) 

IC50 values 

(μM) 

1 R1=galloyl, R2=OAc, R3=H 27 -
 a
 1.2 

2 R1=Ac, R2=galloyl, R3=H 28 -
a
 3.5 

3 R1=galloyl, R2=Ogalloyl R3=H 29 -
a
 3.5 

4 R1=galloyl, R2=H, R3=OAc 30 -
a
 0.9 

5 R1=Ac, R2=H, R3=Ogalloyl 31 -
a
 4.2 

6 R1=galloyl, R2= H, R3=Ogalloyl 32 -
a
 0.6 

            aNo activity at 100 μM. 

 
and 41, tetramer 42, and pentamer 43 was highly active.21 These compounds also showed strong 

inhibitory activities against the Maillard reaction (IC50 values were 0.5, 0.4, and 0.7 μM, respectively), 

but the activity of the pentamer 58 was low (IC50 value was 3.9 μM). Unfortunately, it is not clear 

whether the number of hydroxyl groups and/or structure affect activity. 

Table 6 summarizes the results for the DPPH radical scavenging activity and the Maillard reaction 

inhibitory activities of peracetates. Peracetates 44-48 shows the Maillard reaction inhibitory activity at 1.0, 

1.5, 2.0, 1.4, and 1.9 μM, respectively but no DPPH radical scavenging activity at 100 μM. The Maillard 

reaction inhibitory activity of peracetate 44–48 was same level as phenol trimers 33–37. 

Collectively, among the 48 compounds we studied, 40 (SC50: 0.4 μM, galloyl derivative of 33), 42 (0.4 

μM, tetramer), 43 (0.4 μM, pentamer), 41 (0.6 μM, galloyl-dimer, galloyl derivative of 34), 17 (0.6 μM, 

galloyl-dimer), 19 (0.6 μM, galloyl-dimer), 20 (0.6 μM, galloyl-dimer), 13 (0.7 μM, dimer), 16 (0.7 μM, 

galloyl-dimer), 33 (0.7 μM, trimer), 34 (0.7 μM, trimer), 10 (0.8 μM, dimer), 15 (0.8 μM, galloyl-dimer), 

18 (0.8 μM, galloyl-dimer), 25 (0.8 μM, galloyl-dimer), and 39 (0.8 μM, trimer) were effective as radical 

scavengers. Galloyl derivatives and tetramer and pentamer showed strong radical scavenging activity. On 

the other hand, it is interesting to note that no galloyl compound, such as catechin dimer analogs 10 and 

13, had relatively high activity, implying that radical scavenging activity is not proportional to the 

number of hydroxyl groups. Furthermore, reading the Maillard reaction inhibitory activity, 21 (IC50: 0.2 

μM, galloyl-dimer), 20 (0.3 μM), 17 (0.4 μM), 41 (0.4 μM), 40 (0.5 μM), 32 (0.6 μM, galloyl-dimer, 
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Table 5. The DPPH radical scavenging and Maillard reaction inhibitory activities of trimers, tetramer and 
pentamer 

OHO

OH

OH

OH

R1

OHO

OH

OH

OH

R3
R4

OHO

OH

OH

OH

R5
R6

R2

galloyl =

O

OH

OH

OH

n

n = 1-3: 33-43  
 

Entry Structure n Compound SC50 

(μM) 

IC50 

(μM) 

1 R1=R3=R5=H, R2=R4=R6=OH 1 33 (procyanidin C1) 0.7 0.8 

2 R1=R3=R6=H, R2=R4=R5=OH 1 34 0.7 1.1 

3 R1=R4=R5=H, R2=R3=R6=OH 1 35 1.2 1.4 

4 R1=R4=R6=H, R2=R3=R5=OH 1 36 (procyanidin C4) 1.1 1.9 

5 R2=R4=R6=H, R1=R3=R5=OH 1 37 (procyanidin C2) 0.9 0.8 

6 R2=R3=R5=H, R1=R4=R6=OH 1 38 0.9 7.0 

7 R2=R3=R6=H, R1=R4=R5 =OH 1 39 0.8 3.0 

8 R1=R3=R5=H, R2=R4=R6=Ogalloyl 1 40 0.4 0.5 

9 R1=R3=R6=H, R2=R4=R5=Ogalloyl 1 41 0.6 0.4 

10 R1=R3=R5=H, R2=R4=R6=OH 2 42 0.4 0.7 

11 R1=R3=R5=H, R2=R4=R6=OH 3 43 0.4 3.9 

  

peracetate of 20), 42 (0.7 μM), 33 (0.8 μM, trimer), 37 (0.8 μM, trimer), 18 (0.9 μM), 30 (0.9 μM, 

galloyl-dimer, peracetate of 18), 10 (1.0 μM), 23 (1.0 μM, galloyl-dimer), 26 (1.0 μM, galloyl-dimer) and 

44 (1.0 μM, trimer, peracetate of 33) were effective as inhibitors. Similar to radical scavenging activity, 

galloyl derivatives and longer oligomers have strong Maillard reaction inhibitory activity. Interestingly, 

21, which is a weak radical scavenger, shows strongest Maillard reaction inhibitory activity.  

 

CONCLUSION 

We studied the structure-activity relationships of synthesized procyanidins. In assays, galloyl derivatives 

and longer oligomers showed strong activities to the DPPH radical scavenging and the Maillard reaction 

inhibition. However, the SAR of procyanidins yielded complicated results in spite of simple in vitro assays 

such as assessing radical scavenging and Maillard reaction inhibitory activities. It is expected that the 

behavior of procyanidins in vivo is more complex. Further study is required to elucidate the SAR in vitro 

and in vivo. We are presently attempting to synthesize more various procyanidin analogs in order to 

examine their biological activities. 
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Table 6. The DPPH radical scavenging and Maillard reaction inhibitory activities of trimeric peracetates 

OAcO

OAc

OAc

OAc

R1

OAcO

OAc

OAc

OAc

R3
R4

OAcO

OAc

OAc

OAc

R5
R6

R2

galloyl =

O

OAc

OAc

OAc

43-48
 

 

Entry Structure Compound SC50 values 

(μM) 

IC50values 

(μM) 

1 R1=R3=R5=H, R2=R4=R6=OAc, 44 -
a
 1.0 

2 R1=R3=R6=H, R2=R4=R5=OAc 45 -
a
 1.5 

3 R1=R4=R5=H, R2=R3=R6=OAc 46 -
a
 2.0 

4 R1=R4=R6=H, R2=R3=R5=OAc 47 -
a
 1.4 

5 R2=R4=R6=H, R1=R3=R5=OAc 48 -
a
 1.9 

           aNo activity at 100 μM. 

EXPERIMENTAL SECTION 

DPPH radical scavenging activity22-24 

All the samples were assayed after HPLC purification. DPPH radicals were measured as follows. A 

solution of DPPH radicals in EtOH (30 μM, 10 mL) was added to 1 mL of the test sample in DMSO and 

incubated at 30°C for 30 min. The scavenging activity was estimated by measuring the absorption of the 

reaction mixture at 517 nm using a microplate reader (Model 3550, BIO-RAD).  

 

Maillard reaction inhibitory activity18 

All the samples were assayed after HPLC purification. The evaluation of in vitro glycation, the Maillard 

reaction was achieved by using a method described previously. In brief, 500 μL of reaction mixture was 

prepared containing 400 μg BSA (fraction V, Sigma Chemical Co. Ltd.), 200 mM glucose with or 

without 10 μL of the synthesized compound in 50 mM phosphate buffer pH 7.4, and the reaction mixture 

was heated to 60°C on a heat block for indicated hours. A negative control sample was kept at 4°C until 

measurement. After cooling, aliquots of 100 μL were transferred to new 1.5 mL plastic tubes and 10 μL 

of 100% w/v TCA was added to each tube. The supernatant containing glucose and the compound was 

removed after agitation and centrifugation (15,000 rpm, 4°C, 4 min.), and the precipitate of AGEs-BSA 

was dissolved with 400 μL of alkaline PBS to serve for screening. The changes in fluorescence intensity 

(ex. 370 nm, em. 440 nm) based on AGEs were monitored by using the spectrofluorometer RF-1500 

(Shimadzu, Japan). Real inhibition activity was estimated by subtracting the quenching effect from the 
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apparent inhibitory activity, which was calculated by the above method. The quenching effect was 

measured by using the same sample dissolved with alkaline PBS after TCA treatment of the mixed 

solution of 2 μL of inhibitor solution and 100 μL of the control solution incubated for 30 hours. 
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