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A B S T R A C T   

In a previous clinical study, the moisture content in the stratum corneum of healthy Japanese women who 
consumed a beverage rich in oligomeric proanthocyanidins (OPCs) made from red wine extract was found to be 
higher than that in the control group. This finding suggested that OPCs can increase skin moisture content. In this 
study, we determined the expression level of aquaporin-3 (AQP3) in keratinocytes to elucidate the mechanism by 
which compounds in red wine grape increase moisture content in stratum corneum. Through in vitro studies, we 
confirmed that normal human epidermal keratinocytes (NHEK) incubated with red wine induced AQP3 
expression. Furthermore, the supplementation of red wine fractions enriched in OPC was shown to increase 
AQP3 expression. Besides, the component of OPC-rich fractions that upregulated AQP3 expression was found to 
be a gallic acid (GA)-binding flavan-3-ol, particularly oligomeric compounds. We found that GA-binding OPC 
were able to upregulate AQP3 expression and that these compounds were enriched in red wine. Our findings 
might suggest that the mechanism of enhancement of moisture content in stratum corneum by red wine might be 
via the upregulation of AQP3 expression in the epidermal keratinocytes.   

1. Introduction 

Red wine is a rich source of polyphenols, such as anthocyanins and 
proanthocyanidins (PCs). PCs are polymerized polyphenols composed of 
flavan-3-ol subunits. Red wine PCs are known to contribute to astrin-
gency due to their affinity to salivary proteins [1]. They can also interact 
with anthocyanins to stabilize the color of red wine [2]. Red wine PCs 
are mainly extracted from the seeds and epicarp of grapes. The degree of 
polymerization of grape epicarp PCs is higher than that of grape seed 
PCs. Moreover, a higher number of PC–gallic acid conjugates are pro-
duced in grape seeds than in the grape epicarp [3,4]. Oligomeric 
proanthocyanidins (OPCs), which are PCs with a low degree of poly-
merization, have been reported to be associated with various activities. 
For example, OPCs in hawthorn extract were found to produce an 
antihypertensive effect in humans [5]. Grape seed derived Leucoselect® 

(Indena S.p.A. Milan, Italy), which is enriched in low-molecular-weight 
OPCs, was shown to exhibit human serum antioxidant activity [6]. 

The enormous demand for skincare products to improve the moisture 
content in the skin has prompted significant time and effort to be 
devoted new technologies in this area. 

Aquaporins (AQPs) water channels are regulators of transcellular 
water flow. The AQP family in mammals consists of 13 unique members, 
namely, AQP0 through AQP12. AQPs are associated with diverse 
physiological and pathophysiological processes. These channels perform 
versatile functions, including urine concentration, digestive secretion, 
protection against dryness, and cellular adhesion [7]. 

The human skin is composed of three layers: the epidermis—the 
outermost surface—under which the dermis and various other subcu-
taneous tissues lie. The epidermis is further subdivided into four layers: 
cornified (stratum corneum), granular, spinous, and basal. The stratum 
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corneum prevents water loss from the skin. AQP3 is abundantly 
expressed in cell membranes of the basal epidermal cell layer in mam-
mals [8]. Blood vessels are responsible for transporting water to all parts 
of the human body. However, the entire epidermis does not contain 
blood vessels. Instead, AQP3 is expressed in the keratinocytes of the 
epidermis and is responsible for water and glycerol transport throughout 
the stratum corneum layer. A previous study showed that the corneal 
water content and elasticity of the skin epidermis of AQP3-null mice was 
considerably lower than that of wild-type mice, indicating that AQP3 is 
required for the maintenance of skin moisture [9]. In addition, the 
downregulation of AQP3 expression can delay wound healing [10,11]. 
Conversely, the upregulation of AQP3 expression may result in 
increased moisture content of dermal tissues, improved skin texture, 
increased skin elasticity, as well as the ability to heal wounds and other 
injuries [12]. 

In our previous study, test beverages reconstituted with OPC-rich red 
wine extract (with ethanol removed) were given to Japanese healthy 
women at 200 mg OPC per day. After 4, 8, and 12 weeks of continuous 
intake, the experimental group had significantly higher corneal moisture 
content than the control group [13]. In this study, we aimed to deter-
mine whether the mechanism of the skin moisturizing effects of red wine 
are correlated with AQP3 expression. Thus, we sought to identify the 
compounds responsible for this upregulation. 

2. Materials and methods 

2.1. Materials 

(− )-Catechin (C), (− )-epicatechin (EC), (− )-epicatechin gallate 
(ECG), and (− )-epigallocatechin gallate (EGCG) were purchased from 
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Procyanidin B1 
(EC-C) was purchased from Extrasynthese (Lyon, France). Procyanidin 
B2 (EC-EC) was purchased from Toronto Research Chemicals Inc. 
(Toronto, Canada). Procyanidin C1 (EC-EC-EC) and retinoic acid (RA) 
were purchased from Sigma-Aldrich Co. LLC (St. Louis, MO, USA). Gallic 
acid (GA) was purchased from Funakoshi Co. Ltd. (Tokyo, Japan). All 
chemicals were used without further purification. Procyanidin B3 (C–C), 
procyanidin B4 (C-EC), procyanidin B4-GA (C-ECG), EC-CG, C–C–C, and 
C–C-ECG were synthesized according to our previous study [14]. 

2.2. Preparation of samples from red wine (wine polyphenol fraction) 

Ancellotta wine (12 L) was evaporated to remove ethanol, after 
which the resulting material was subjected to 10 L Diaion HP-2MG 
column chromatography (Supelco, Bellefonte, PA, USA). After elution 
with 20 L H2O, fractions eluted with 70% (v/v) ethanol were collected 
and evaporated to obtain a red powder (wine polyphenol fraction: 
108.18 g). A portion of the 500 mg wine polyphenol fraction was applied 
to a Sephadex LH-20 column (1 L, GE Healthcare, UK Ltd., Little Chal-
font, UK); the column was eluted with 4 L of 10%, 20%, 30%, 40%, 50%, 
and 60% methanol/H2O with 1% formic acid, and 50% acetone. Each 
fraction was evaporated, lyophilized, and used for further experiments. 

2.3. LC-TOF-MS analysis 

Each fraction of Ancellotta wine was analyzed using reversed-phase 
liquid chromatography/time-of-flight/mass spectrometry (LC-TOF-MS) 
with Q-TOF Premier (Micromass, Manchester, UK) analysis, according 
to our previous study [14]. 

2.4. Vitis vinifera juice 

Frozen Ancellotta grapes were thawed by natural thawing and 
squeezed to obtain juice A. Juice B was obtained by freezing Ancellotta 
grapes in liquid nitrogen, homogenizing at 10,000 rpm for 5 min, and 
squeezing the homogenized fragments. 

2.5. Cell lines and cell culture 

Normal human epidermal keratinocytes (NHEK) were obtained from 
Kurabo Industries Ltd. (Osaka, Japan). These cells were seeded in 60 mm 
dishes at a density of 1 × 105 and cultured in HuMedia-KG2 (Kurabo 
Industries Ltd.) at 37 ◦C in a humidified 5% CO2 atmosphere. After cells 
were cultured to semi-confluency, the medium was replaced with fresh 
medium containing each fraction or compound and incubated further 
for 24 h for RT-PCR or for 48 h for ELISA. RA (Sigma-Aldrich Co. LLC) 
was used as a positive control. 

2.6. Enzyme-linked immunosorbent assay 

Cell membrane proteins were extracted from NHEK using sucrose 
buffer (250 mM sucrose with 1 mM EDTA and 1% protease inhibitor 
cocktail). AQP3 protein expression levels of each cell membrane fraction 
was quantified by Enzyme-linked immunosorbent assay (ELISA) using 
the human AQP3 ELISA kit (MyBioSource, San Diego, USA). The protein 
expression level was normalized to Na/K-ATPase protein expression 
levels as an internal standard for cell membrane protein which also 
quantified by ELISA using human Na/K-ATPase ELISA Kit (MyBio-
Source, San Diego, USA). 

2.7. Real-time PCR analysis 

RNA was extracted from NHEK using ISOGEN (NIPPON GENE Co. 
Ltd., Tokyo, Japan). For reverse transcription, cDNA was synthesized 
from 1 g of RNA using the Superscript VILO master mix (Life Technol-
ogies, Carlsbad, CA, USA). Target gene expression was analyzed by real- 
time PCR with KOD SYBR Green qPCR mix (TOYOBO Co. Ltd., Osaka, 
Japan) using the primers listed in Table 1. The mRNA levels were 
normalized to GAPDH mRNA levels. 

2.8. Statistical analysis 

Statistical analysis was performed using JMP ver.14.0.0 (SAS Insti-
tute Inc., Cary, NC, USA). Numerical data were expressed as mean ± SD. 
Significant differences between the groups were determined using 
Dunnett’s test, and P < 0.05 was considered statistically significant. 

3. Results 

3.1. Red wine fractions 

We investigated the ability of various red wine fractions at the 
equivalent concentration of 1:400 dilution to affect AQP3 expression. 
The following fractions significantly increased AQP3 expression: 10% 
methanol/water +1% formic acid (Fr.1), 20% methanol/water + 1% 
formic acid (Fr.2), 30% methanol/water + 1% formic acid (Fr.3), 40% 
methanol/water + 1% formic acid (Fr.4), 50% methanol/water + 1% 
formic acid (Fr.5), and 60% methanol/water + 1% formic acid (Fr.6) 
(Fig. 1A). 

We performed LC-TOF-MS analysis for all polyphenol fractions, as 
described previously14. Anthocyanin was found to be concentrated in 
fractions 1 and 2. Moreover, malvidin 3-O-glucoside and petunidin 3-O- 
glucoside were found to be the most abundant and second-most abun-
dant anthocyanins in red wine fraction 1 and 2 (Fig. 1A). OPCs were 

Table 1 
Primer sequences used for real-time PCR.  

Gene Primer Sequence (5′–3′) 

AQP3 Forward CTGGGGACCCTCATCCTGGTGATG 
Reverse CACGATAAGGGAGGCTGTGCCTATG 

GAPDH Forward ACTGGTGTCTTCACCACCATGGAGAAGGC 
Reverse CATGAGGTCCACCACCCTGTTGCTGTAGC  
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concentrated in fractions 4, 5 and 6, as shown in Fig. 1B. Fraction 4 
mainly contained procyanidin B2 (PB2, EC-EC) and unknown trimer and 
fragment ion peak of trimer (Fig. 1B upper). Fraction 5 contained 
dimeric flavan-3-ols, including procyanidin B1 (PB1, EC-C), procyanidin 
B3 (PB3, C–C), procyanidin B4 (PB4, C-EC), and EC-EC-EC (Fig. 1B 
middle), while fraction 6 contained dimeric and trimeric flavan-3-ols 
with galloyl group such as C-ECG, EC-ECG, EC-EC-ECG, and trimers 
without GA such as Trimer-A,B,C [14] and EC-EC-EC (Fig. 1B lower). 
From this result, GA-attached dimer and GA-attached trimer were 
mainly found in fraction 6 (Fig. 1B). 

3.2. Structure-activity relationship of OPCs 

After incubation with fraction 5 or 6 containing OPCs, AQP3 gene 
expression increased (Fig. 1A). Therefore, we examined the structur-
e–activity relationship of flavan-3-ol monomers, dimers, and trimers, 
which form the OPC skeleton. Flavan-3-ol monomers with GA-attached 

compounds such as ECG and EGCG were found to significantly increase 
AQP3 mRNA expression at concentrations of 30 μM (Fig. 2A). Similarly, 
flavan-3-ol dimers with GA-attached C-ECG and EC-ECG significantly 
increased AQP3 mRNA expression (Fig. 2B). Flavan-3-ol trimers with the 
EC-EC-EC, which lacks a GA group, also significantly increased AQP3 
mRNA expression (Fig. 2C). Furthermore, GA-attached trimers with 
C–C-ECG were found to upregulate AQP3 mRNA expression (Fig. 2C). 
For all GA-binding compounds, dimers and larger polymers caused 
greater upregulation of AQP3 mRNA expression than flavan-3-ols 
without GA at 30 μM concentration (Fig. 4A). However, it is possible 
that degradation products of GA were produced in these experiments. It 
is unclear whether GA itself or a byproduct produced during incubation 
was the active ingredient. While GA alone might not produce this effect, 
further studies will determine whether OPCs binding to GA can upre-
gulate AQP3 mRNA expression. AQP3 protein expression was also 
partially evaluated by ELISA using membrane fraction of NHEK after 48- 
h incubation with C-EC and C-ECG (not shown). There was a 1.2 ± 0.5- 

Fig. 1. Effect of polyphenol fractions of Ancellotta wine and the compounds in each fraction on APQ3 mRNA expression. (A) Effect of polyphenol fractions of 
Ancellotta wine on APQ3 mRNA expression. The mean levels of AQP3 mRNA expression of the control are indicated as 1.0. 10% methanol/water +1% formic acid 
(Fr.1), 20% methanol/water + 1% formic acid (Fr.2), 30% methanol/water + 1% formic acid (Fr.3), 40% methanol/water + 1% formic acid (Fr.4), 50% methanol/ 
water + 1% formic acid (Fr.5), and 60% methanol/water + 1% formic acid (Fr.6). Each fraction was supplemented at the equivalent concentration of 1:400 dilution 
from the original wine. RA: retinoic acid as a positive control. The data are presented as the mean ± SD for six to eight experiments. Dunnett’s test: *P < 0.05, **P <
0.01 vs. control. (B) Results of the MS analysis of LH-20 fractions of Ancellotta wine using LC-TOF-MS. m/z [M − H]-, 577.1; dimer (PB1,2,3,4), m/z [M − H]-, 729.1; 
GA-dimer (C-ECG,EC-ECG), m/z [M − H]-, 865.2; trimer, m/z [M − H]-, 1017.2; GA-trimer). a: PB2 (EC-EC), b: PB1 (EC-C), c: PB3 (C–C), d: PB4 (C-EC), e: C-ECG, f: 
EC-ECG, g: EC-EC-EC, h: Trimer-A [14], i:Trimer-B [14], j:Trimer-C [14], k: EC-EC-ECG. Fr.4 contains PB2 and unknown trimer and fragment ion peak of trimer 
(upper). Fr.5 contains PB1, PB3, PB4 and EC-EC-EC (middle). Fr.6 contains C-ECG, EC-ECG, Trimer-A, -B, –C, EC-EC-EC, EC-EC-ECG (lower). 

Fig. 2. AQP3 mRNA levels in NHEK at different structural configurations of flavan-3-ol. The mean levels of AQP3 mRNA expression of the control are indicated as 
1.0. (A) Monomer, (B) dimer, (C) trimer. The data are presented as the mean ± SD for three to seven experiments. Dunnett’s test: *P < 0.05, **P < 0.01 vs. control. 
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fold increase in C-EC and a 1.9 ± 0.9-fold increase in C-ECG compared to 
control. Although there was no significant difference in this study, there 
was a possibility that GA-binding flavan-3-ols could increase protein 
expression. 

3.3. Grape juice 

Previous studies have demonstrated that a 1:400 dilution of red wine 
can increase AQP3 mRNA expression by 1.82 ± 0.19-fold (data not 
shown). While the juice obtained directly from naturally thawed grapes 
(juice A) had no effect on AQP3 mRNA expression in NHEK, the sup-
plementation of the juice squeezed from grapes frozen and homogenized 
in liquid nitrogen (juice B) increased AQP3 mRNA levels in a dose- 
dependent manner (Fig. 3). In the process of wine production, ethanol 
elutes compounds such as OPCs from grape seeds. Juice B was produced 
by the homogenization of grapes; this resulted in the release of OPCs into 
the resultant juice from seeds—a phenomenon is similar to wine pro-
duction. Hence, similar effects were observed. 

4. Discussion 

In this study, we determined the expression level of AQP3 in kera-
tinocytes to elucidate the mechanism by which compounds in red wine 
grape increase human skin moisture content. In a previous clinical trial, 
the moisture content in the stratum corneum of healthy Japanese 
women who consumed 200 mg wine OPC-containing beverages daily for 
12 weeks was found to be higher than that in the control group; the 
moisture content in the stratum corneum increased at 4, 8, and 12 weeks 
following the administration of OPC-containing beverages [13]. Here, 
we performed in vitro analysis using NHEK and found that the extract of 
red wine can upregulate AQP3 mRNA expression in human keratino-
cytes. Thus, we sought to identify the compounds responsible for this 
upregulation. 

First, we investigated the ability of red wine polyphenol fractions to 
regulate AQP3 mRNA expression. Fractions containing high OPC or high 
anthocyanin levels were found to upregulate AQP3 mRNA expression. 
We then analyzed flavan-3-ol monomers, dimers, and trimers for their 
effect on AQP3 mRNA expression. Flavan-3-ol OPCs binding GA 
groups—particularly dimers and trimers—increased AQP3 mRNA 
expression. AQP3 mRNA expression was the highest at concentrations 
above 30 μM. These results suggest that GA-binding OPCs are active 
compounds that can upregulate AQP3 expression. We also investigated 
other polyphenols found in red wine, including resveratrol and antho-
cyanin. However, they did not increase AQP3 expression. In accordance 
with the previous study [15], resveratrol was found to downregulate 
AQP3 expression. 10, 30, and 50 μM trans-resveratrol inhibited AQP3 
mRNA expression to 14, 31, and 46% of inhibition compared to control 
respectively. Malvidin 3-glucoside (Mal-3-Glc) and petunidin 3-gluco-
side (Pet-3-Glc) as the wine anthocyanin were examined the effect on 
AQP3 mRNA expression. As the results, the ratio of 10 μM Mal-3-Glc to 
control was 1.12, and 10 μM Pet-3-Glc to control was 1.09. 

In our previous study, the concentration of OPCs in Ancellotta wine 
was estimated to be 3030 μg/mL. Moreover, the OPC concentration in 
Ancellotta wine is the highest among other wines [14]. The concentra-
tions of each type of OPC in Ancellotta red wine—PB1, PB2, PB3, PB4, 
and PB2-GA—were determined using reverse-phase LC/MS to be 32.9, 
17.3, 6.7, 2.9, and 1.2 μg/mL, respectively [13]. PB1, PB2, PB3, and PB4 
are found in high percentages in wine. Fractions containing four dimers 
(Fig. 1A, Fr.5) were found to upregulate AQP3 expression, which was 
1.4 ± 0.34 times upregulated compared to the control, but only in 

Fig. 3. Vitis vinifera (grape) juice. The mean levels of AQP3 mRNA expression of 
the control are indicated as 1.0. Each juice was supplemented at 1:800, 1:400, 
and 1:200 dilution. The data are presented as the mean ± SD for three to seven 
experiments. Dunnett’s test: *P < 0.05, vs. control. 

Fig. 4. Compound activity and structure. Compound activity at 30 μM. The mean levels of AQP3 mRNA expression of the control are indicated as 1.0. (B) Structure of 
compounds. RA concentration is 2 μM. The data are presented as the mean ± SD for three to seven experiments. Dunnett’s test: *P < 0.05, **P < 0.01 vs. control. 
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conjugation which means each of PB did not have effect (Fig. 2B). 
Meanwhile, fractions containing dimers and trimers with 
GA-compounds (Fig. 1A, Fr.6) showed higher activity, which was 1.8 ±
0.29 times upregulated compared to the control, and each fraction 
containing dimer or trimer with GA-binding compounds was effective 
(Fig. 2). We did not determine whether Ancellotta red wine is richer in 
GA-binding compounds compared to other wine types. However, we 
believe that because Ancellotta red wine has higher OPC levels than 
other wines, it is richer in GA-binding compounds. It has been reported 
that polyphenols, dimers, and trimers are absorbed intestinally [16]. 
Therefore, the ingestion of these polyphenols might be effective in 
inducing skin moisturization via upregulating AQP3. We understand the 
concentration we use was relatively higher than biological. That was 
because the purpose of this study was investigation of the mechanism. 
Further studies are needed about bioavailability and pharmacokinetics 
of these compounds. 

Whereas the grape juice obtained by squeezing naturally thawed 
Ancellotta grapes (juice A) had little effect on AQP3 mRNA expression, 
supplementation of the grape juice obtained by freezing and homoge-
nization of Ancellotta grapes with liquid nitrogen (juice B) increased 
AQP3 mRNA expression in a dose-dependent manner. Squeezed juices 
contain compounds present in the grape pulp. However, homogeniza-
tion breaks the grape seed into tiny fragments, allowing low-molecular- 
weight compounds such as OPCs to be extracted. We believe this to be 
the reason for juice B to stimulate AQP3 expression. The grape seed is 
rich in GA-binding compounds, which are released during the wine-
making process. 

While further research is necessary to fully understand the mecha-
nism by which OPCs upregulate AQP3 mRNA expression, this study 
demonstrates the undeniable possibility that the transcription of AQP3 
mRNA is affected by polyphenols. We propose the following putative 
mechanism: the activity of peroxisome proliferator-activated receptor γ 
(PPARγ) is modulated by flavan-3-ol, and/or AQP3 transcription is 
activated via hypoxia-inducible factor 1 α (HIF-1α). Previous studies 
indicated that polyphenolic compounds [17] and flavan-3-ol- and 
flavonol-rich polyphenol fractions of partridge berry [18] can modulate 
PPARγ and HIF-1α activity. PPARs are fatty acid-activated transcription 
factors that belong to the nuclear hormone receptor family. While they 
are best known as transcriptional regulators of lipid and glucose meta-
bolism, there is accumulating evidence to suggest their importance in 
skin homeostasis [19]. PPARγ is involved in the treatment of several skin 
diseases [19], including benign epidermal tumors, papillomas, acne 
vulgaris, and psoriasis [19]. Furthermore, PPARγ activators were 
demonstrated to stimulate AQP3 expression in keratinocytes/epidermis 
[20]. Therefore, we surmise that wine OPCs might affect AQP3 tran-
scription via PPARγ. 

HIF-1 is also a transcription factor. AQP3 mRNA expression was 
found to be upregulated under hypoxic conditions in L929 fibrosarcoma 
cells [21]. Moreover, AQP3 expression was shown to be upregulated 
under hypoxic conditions in fibrosarcoma cells derived from HIF-1α 
knockdown mice [22]. 

Further research is required to investigate the effects of GA-binding 
dimers and trimers on the expression of transcription factors to elucidate 
the underlying mechanism. Moreover, studies are required to confirm 
whether or not the activation of these transcription factors is involved in 
the regulation of AQP3 mRNA transcription. 

Studies have shown that resveratrol inhibits NHEK proliferation by 
downregulating AQP3 expression in an SIRT1/ARNT/ERK-dependent 
manner [15]. This result is consistent with that of our study, wherein 
resveratrol suppressed AQP3 mRNA expression. 

AQP3 is categorized as an aquaglyceroporin, a channel through 
which glycerol, urea, and other small compounds in addition to water 
can traverse [23]. AQP3 is involved in cell proliferation; therefore, it 
might be involved in the repair of damaged DNA caused by aging or UV 
exposure. Because AQP3 can enhance water content of the epidermis 
and increase cell proliferation due to its ability to transport glycerol [9], 

it is possible that the compounds identified here that upregulate AQP3 
mRNA levels can also upregulate glycerol transport. About protein 
expression, further study is needed because there was a possibility for 
AQP3 protein to increase with GA-binding flavan-3-ols, but no signifi-
cant difference was found. 

These results indicate that the mechanism of moisture content in-
crease in the human stratum corneum by wine OPCs derived from 
Ancellotta grapes might be through the upregulation of AQP3 expres-
sion. Furthermore, the active ingredients that achieve this upregulation 
include GA-binding flavan-3-ols, particularly dimers and trimers. 

Considering that the compounds that actively contribute to this 
process have been identified, further studies regarding the character-
ization of extracts that are abundant in these compounds, as well as 
improvements in extraction methods, would help advance products and 
technologies that increase AQP3 expression to moisturize the skin. 
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