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Abstract: Procyanidins, which are flavonoids that are found in a variety of plant species,
reduce or prevent immune disorders, such as allergy and autoimmune diseases, through an
unknown mechanism. In the present study, we investigated the effects of procyanidins on
the T cell receptor (TCR)-mediated responses of CD4" T cells in vitro. Apple procyanidins
strongly suppressed the proliferation of splenic CD4" T cells that were stimulated by an
anti-CD3¢ antibody, as well as splenocytes stimulated by antigen, but did not alter interleukin
(IL)-2 secretion from these cells. Furthermore, we found that oligomeric procyanidins strongly
suppressed, in a degree of polymerization dependent manner, the proliferation of activated
CD4" T cells, as well as their production of effector cytokines, including glycolysis
associated-cytokines, without affecting IL-2 secretion. Additionally, we investigated the
inhibitory effects of oligomeric procyanidins on the glycolytic activity of activated CD4"
T cells. We show that pentameric procyanidin suppressed L-lactate production and glucose
uptake in activated CD4" T cells. These results suggest that oligomeric procyanidins suppress
the functions of activated CD4" T cells by interfering with glycolysis.
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1. Introduction

CD4" T cells are distributed throughout the body, particularly in lymphatic organs such as the spleen
and lymph nodes, and they play an important role in the adaptive immune system. When the body
encounters exogenous antigens, antigen-presenting cells digest them into peptides and present these
peptides, which are bound to MHC class II molecules, on their surface. When CD4" T cells are stimulated
with these peptides on antigen-presenting cells, they are activated and engage in rapid growth and robust
proliferation, secrete cytokines, and differentiate into one of several lineages of T helper cells, which are
effector subtypes. T cell receptor (TCR)-mediated signaling by specific antigens first promotes the
expression of interleukin (IL)-2, which is the most important cytokine for the activation and proliferation
of T cells. Effector functions, including cell proliferation, the production of various effector cytokines, and
differentiation, are initiated after IL-2 production. It is believed that disorders in these processes lead to
immune-related diseases, such as allergy and autoimmune diseases. Recent evidence has shown that each
activation state requires distinct metabolic pathways. Mitochondrial metabolism, not glucose metabolism,
is essential for IL-2 expression, although effector functions depend on glycolytic activity [1-4].

Procyanidins are a type of flavonoid that are widely distributed in a variety of plant species.
Apples are one of the major dietary sources of procyanidins [5,6]. Procyanidins consist of (+)-catechin
and (—)-epicatechin units that link together and have many isomeric forms with different chemical
characteristics, depending on the extent of polymerization and the nature of the constituent units [7-9].
The content of polymeric forms depend both on the cultivar and cultivation management [10—12].
Procyanidins have medicinal benefits when used to treat diseases such as cardiovascular disease [13—15],
inflammation [16,17], cancer, [18-20], allergies [21,22], infection [ 10], and autoimmune diseases [9,23].
A previous study indicated that oligomeric procyanidins prevent the aggravation of clinical symptoms
and suppress antigen-specific immune responses in experimental autoimmune encephalomyelitis [9].
Therefore, procyanidins might modulate immune system functions, but the comprehensive mechanism
of their pharmacologic effects on the immune system is unclear. In this work, we investigated the
immune-modulating effects of apple derived procyanidins and oligomeric procyanidins to clarify the
pharmacologic mechanism of procyanidins in the activation of primary CD4" T cells.

2. Results
2.1. Apple Procyanidins (APCs) Suppress Splenic T Cell Proliferation without Reducing IL-2 Secretion

Splenocytes from DO11.10 mice were stimulated with 7.5 uM of chicken egg ovalbumin (OVA) in the
presence of APCs (0, 6.25, 12.5, or 25 uM). The co-addition of APCs during antigen-specific activation
resulted in a dose-dependent reduction in BrdU incorporation. The incorporation was significantly reduced
at APC concentrations of 6.25 uM and higher (Figure 1A), although antigen-specific IL-2 secretion from
splenocytes was not altered, except in the presence of 25 uM of APCs (Figure 1B).

Because CD4" T cells greatly contribute to antigen-specific cell proliferation and IL-2 production
from the splenocytes of DO11.10 mice, we investigated the effects of APCs on activated CD4" T cells.
CD4" T cells separated from the splenocytes of DO11.10 mice were activated following TCR stimulation
by an anti-CD3¢ monoclonal antibody (mAb) in the presence of APCs (0, 6.25, 12.5, or 25 uM). The
co-addition of APCs resulted in a dose-dependent reduction in BrdU incorporation, as was also the case
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when splenocytes were activated by the specific antigen (Figure 2A). Additionally, IL-2 secretion from
splenic CD4" T cells was significantly augmented by 6.25 uM and higher concentrations of APCs
(Figure 2B).

We did not observe any acute toxicity to the cells under our experimental conditions (Figure S1).
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Figure 1. Dose-dependent effects of apple procyanidins (APCs) on antigen-specific cell
proliferation (A) and interleukin (IL)-2 production (B) of activated splenocytes from naive
DO11.10 mice. Pooled splenocytes were stimulated with 7.5 uM of ovalbumin (OVA) in the
presence of APCs (0-25 uM). (A) Splenocyte proliferation was evaluated by measuring the
incorporation of BrdU after 72 h of stimulation. The group without APCs treatment (0 uM of
APCs) was indicated as control. The data shown are the means + SD from three independent
experiments; (B) IL-2 secretion 48 h after stimulation was measured by ELISA. The data
shown are the means = SD from triplicate cultures. Values not sharing a common letter
(a, b, ¢) differ significantly at p < 0.05 by the Tukey-Kramer multiple comparison test.
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Figure 2. Dose-dependent effects of apple procyanidins (APCs) on cell proliferation (A)
and interleukin (IL)-2 production (B) of activated CD4" T cells. Splenic CD4" T cells were
stimulated with an anti-CD3& monoclonal antibody in the presence of APCs (0-25 uM).
(A) Cell proliferation was evaluated by measuring the incorporation of BrdU after 72 h of
stimulation. The group without APCs treatment (0 uM of APCs) was indicated as control.
The data shown are the means + SD from three independent experiments; (B) IL-2 secretion
48 h after stimulation was measured by ELISA. The data shown are the means = SD from
triplicate cultures. Values not sharing a common letter (a, b, ¢) differ significantly at p < 0.05
by the Tukey-Kramer multiple comparison test.
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2.2. Oligomeric Procyanidins Suppress T Cell Proliferation without Reducing IL-2 Secretion

Splenic CD4" T cells were stimulated with an anti-CD3¢ mAb in the presence of monomeric, dimeric,
trimeric, tetrameric, or pentameric procyanidins (0, 6.25, 12.5, or 25 uM). These procyanidins, except for
the monomeric one at a concentration of 25 uM, inhibited cell proliferation significantly compared with
negative control (Figure 3A), and their inhibitory potencies depended on their degree of polymerization.
These procyanidins inhibited cell proliferation in a dose-dependent manner (Figure S2). In contrast,
these procyanidins, except for dimeric procyanidin, had no effect on IL-2 secretion from activated CD4"
T cells (Figure 3B).
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Figure 3. Effects of oligomeric procyanidins on cell proliferation (A) and interleukin (IL)-2
production (B) of activated CD4" T cells. Splenic CD4" T cells were stimulated with an
anti-CD3e monoclonal antibody in the presence of oligomeric procyanidins (25 uM).
(A) Cell proliferation was evaluated by measuring the BrdU incorporation after 72 h of
stimulation. The data shown are the means + SD from three independent experiments; (B) IL-2
secretion 48 h after stimulation was measured by ELISA. The data shown are the means + SD
from triplicate cultures. Statistical comparisons were performed using analysis of variance
with Dunnett’s multiple comparison of means test. Significance is relative to a negative
control (** p <0.01)

2.3. Oligomeric Procyanidins Reduce Effector Cytokine Secretion

We measured effector cytokine concentrations in the supernatants of splenic CD4" T cells stimulated
with an anti-CD3e mAb in the presence of each procyanidin (0, 6.25, 12.5, or 25 uM). These procyanidins,
except for the monomeric one at a concentration of 25 uM, significantly inhibited interferon (IFN)-y
secretion compared with vehicle (Figure 4A). Trimeric and higher oligomeric procyanidins at a 25 uM
concentration significantly inhibited IL-6 secretion (Figure 4B). IL-4 and IL-10 secretion was inhibited
by tetrameric and pentameric procyanidins (Figure 4C,D).

The inhibition occurred in a dose-dependent manner (Figure S3). Inhibitory potencies seemed to depend
on the degree of polymerization. Procyanidins suppressed effector cytokines secreted from splenocytes
stimulated by OVA in a similar manner (Figure S4).
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Figure 4. Effects of oligomeric procyanidins on the production of the effector cytokines,
interferon (IFN)-y (A), interleukin (IL)-6 (B); IL-4 (C); and IL-10 (D) by activated CD4"
T cells. Splenic CD4" T cells were stimulated with an anti-CD3¢ monoclonal antibody in the
presence of oligomeric procyanidins (25 uM). The data shown are the means = SD from
triplicate cultures. Statistical comparisons were performed using analysis of variance with
Dunnett’s multiple comparison of means test. Significance is relative to a negative control
(* p<0.05, ** p<0.01).

2.4. Pentameric Procyanidin Reduces the Glycolytic Activity of Activated CD4* T Cells

Because IFN-y [3,24] and IL-6 [25,26] are known to be associated with the glycolytic activity of
T cells, we estimated the effects of oligomeric procyanidin on the glycolytic activity of activated CD4"
T cells. We measured glucose uptake and L-lactate production in activated CD4" T cells in the presence
of pentameric procyanidin. Pentameric procyanidin at a concentration of 25 pM decreased glucose
uptake (Figure 5B) and inhibited L-lactate production significantly (Figure 5C) compared with negative
control. Flow cytometric analyses of the forward scatter (FSC; an indicator of cell size) and side scatter
(SSC: a measure of cell structural complexity) profiles were used to estimate the growth of activated
T cells. Pentameric procyanidin supplementation reduced the number of large granular cells (Figure 5A).

3. Discussion

In the present study, we investigated the effects of procyanidins on activated primary CD4" T cells.
Although APCs strongly suppressed antigen-specific proliferation in the primary splenocytes of DO11.10
mice, they only slightly suppressed IL-2 secretion (Figure 1). APCs also suppressed the proliferation of
splenic CD4" T cells stimulated with an anti-CD3e mAb without affecting IL-2 secretion (Figure 2). We
also showed that oligomeric procyanidins derived from APCs did not suppress IL-2 secretion (Figure 3B),
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although they strongly inhibited proliferation (Figure 3A) and effector cytokine secretion (Figure 4) in
splenic CD4" T cells stimulated with an anti-CD3¢ mAb. Moreover, their inhibitory potencies depended
on their degree of polymerization (Figures 3A and 4). This is the first report to show that APCs and their
components suppress the functions of activated T cells without interfering with IL-2 secretion.
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Figure 5. Effects of pentameric procyanidin on the glycolytic activities of activated CD4"
T cells. Cell growth (A), glucose uptake (B); and L-lactate production (C) of splenic CD4"
T cells stimulated with an anti-CD3e monoclonal antibody (mAb) in the presence of
pentameric procyanidin (25 uM) for 24 h. (A) The dotted line indicates the signal from cells
that were not stimulated with the anti-CD3e mAb. The shaded plot and the black line represent
the signals from cells cultured with 0 and 25 pM of pentameric procyanidin, respectively;
(B) The dotted line indicates the signal from cells incubated in the absence of 2-(V-[ 7-nitrobenz-
2-oxa-1,3-diazol-4-yl]Jamino)-2-deoxyglucose (2-NBDG). The shaded plot and the black
line represent the signals from cells cultured with 0 and 25 uM of pentameric procyanidin,
respectively; (C) The data shown are the means + SD from quintuplicate cultures. Statistical
comparisons were performed using the Student’s #-test. Significance is relative to the negative
control (* p <0.05). FSC, forward scatter; SSC, side scatter.
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IL-2 is produced during the early stage of T cell activation, and it is crucial for T cell proliferation.
Various immunosuppressive compounds, such as flavonoids [27-29], FK506, and cyclosporine A [30],
suppress the proliferation of activated T cells by interfering with IL-2 production. However, in the present
study, APCs and their components did not suppress IL-2 secretion, whereas they inhibited the proliferation
of activated T cells, as well as their secretion of effector cytokines. Therefore, our results, as well as those
of the aforementioned studies, suggest that oligomeric procyanidins suppress the functions of activated
T cells in a different manner than other immunosuppressive compounds. Evidence is now emerging that
each T cell function requires distinct metabolic pathways during a variety of activation states [1—4].
IL-2 production in activated T cells depends on reactive oxygen species (ROS) that are produced by
mitochondrial metabolism, and the subsequent cell proliferation depends on glycolysis [2]. Some researchers
speculated that antioxidants might interfere with ROS signaling and inhibit IL-2 expression [2,31-33].
In contrast, rapamycin, an immunosuppressive macrolide, does not affect IL-2 production, although it
inhibits cell proliferation [30,34]. It has been reported that rapamycin inhibits glycolytic activity [35-37]
by interfering with the mechanistic target of rapamycin (mTOR)-related signaling pathway, which
upregulates the enzymes necessary for glycolysis [38]. Therefore, we speculated that, as with rapamycin,
oligomeric procyanidins inhibit T cell proliferation by interfering with glycolysis. Recent studies have shown
that blocking glycolysis induces marked inhibitions of IL-6 [25,26] and IFN-y secretion [3,24]. Indeed, our
results showed that oligomeric procyanidins suppressed both IFN-y and IL-6 secretion by activated T cells
(Figure 4A,B). The level of extracellular L-lactate correlates proportionally with intracellular glycolytic
activity [39,40], and we showed that pentameric procyanidin decreased the level of extracellular L-lactate
in activated T cells (Figure 5C). Within the first 24 h after TCR stimulation, T cells drive glycolysis to
provide metabolites for macromolecule biosynthesis, and they increase their size and intracellular structural
complexity [41,42]. We showed that pentameric procyanidin reduced the population of large granular
activated CD4" T cells (Figure 5A). Glucose uptake increases when glycolysis is upregulated [41,43],
and we showed that pentameric procyanidin suppressed glucose uptake by activated T cells (Figure 5B).
These results indicate that oligomeric procyanidins interfere with glycolysis and inhibit the functions of
activated T cells.

In the present study, we suggested that the magnitude of the suppressive effects of oligomeric
procyanidins seemed to be proportional to their degree of polymerization. It has been reported that the
hydrophilicity of trimeric and higher oligomeric procyanidins impairs their transport into cells [9,44].
However, some reports suggest that oligomeric procyanidins affect the interaction of ligands with their
receptors on the cell surface [16,45,46], and one of these receptors was detected on the surface of CD4"
T cells [47]. Oligomeric procyanidins could be agonists of these receptors. From these reports, we
assume that oligomeric procyanidins might suppress T cell activation by binding their receptors.
Therefore, it is necessary to investigate the interaction of oligomeric procyanidins with their receptors
in CD4" T cells.

Recently, it was indicated that cultivar and cultivation management can modify the anti-Candida
activity and the content of polymeric forms of grape seeds procyanidins [10]. Regarding apples, the profile
of procyanidins is different from each cultivar [11,12]. Therefore it is necessary to further investigate the
effects of cultivar on immune-modulating effects of APCs.
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4. Experimental Section
4.1. Reagents

APCs, with a mean degree of polymerization of approximately four, and procyanidins, from monomers
to pentamers, were prepared from apples (Malus pumila cv. Fuji) using preparative column chromatography
as described by a previous study [48]. Briefly, APCs were prepared from apple juice using a Sepabeads
SP-850 (Mitsubishi Kasei Co., Ltd., Tokyo, Japan) preparative column with aromatic synthetic adsorbents.
Apple polyphenol extracts were lyophilized, and the powder obtained was dissolved in distilled water
and adjusted to pH 6.5 with 5 M NaOH. The sample was applied to a Diaion HP-20ss (Mitsubishi Kasei
Co., Ltd.) column, and after rinsing the column with distilled water, the procyanidin fraction was eluted
with 25% ethanol. Finally, the eluate was concentrated by rotary evaporation at 45 °C and lyophilized
as the APC fraction. The APC fraction comprised dimers (25.1%), trimers (8.7%), tetramers (9.5%),
pentamers (9.0%), hexamers (4.7%), heptamers (3.1%), and octamers or higher polymers (15.4%), and
also included flavan-3-ol monomers (17.2%). Furthermore, procyanidins, from monomers to pentamers,
were prepared by preparative normal-phase chromatography [48]. APCs and procyanidins were
dissolved in sterile Dulbecco’s phosphate-buffered saline (D-PBS, Wako Pure Chemicals, Osaka, Japan)
at a concentration of 5-10 mg/mL and were stored at —30 °C as stock solutions. The stock solutions were
diluted with culture medium immediately before use.

OVA grade V was purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-mouse CD3e mAb clone
145-2C11 and 7-Aminoactinomycin D (7-AAD) were purchased from eBioscience Inc. (San Diego,
CA, USA).

4.2. Preparation of Mice Splenocytes and Splenic CD4" T Cells

DO11.10 mice express an aff TCR that is specific for the OVA peptide 323-339, which is MHC class
11 I-A4 restricted, and their naive CD4" T cells can respond to the OV A peptide without prior sensitization.
DO11.10 mice were purchased from the Jackson Laboratory (Boston, MA, USA) and maintained in our
specific pathogen-free animal facilities. Animals were fed a standard diet of rodent chow and water
ad libitum. Animal studies were reviewed and approved by the Animal Care and Use Committee of the
National Food Research Institute, the National Agriculture and Food Research Organization (NARO), Japan.

Splenocytes were prepared and pooled from 3—4 female DO11.10 mice (8—12 weeks of age) by mechanical
dispersion, and CD4" T cells were separated from pooled splenocytes with CD4 (L3T4) MicroBeads,
mouse (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s instructions.

4.3. Cell Cultures and Treatment

Splenocytes or splenic CD4" T cells were cultured in RPMI-1640 (Sigma-Aldrich) containing
2-mercaptoethanol (50 uM), penicillin (100 U/mL), streptomycin (100 pg/mL), and 10% fetal calf serum
(Biowest, Nuaille, France or PAA Laboratories, Austria) in culture plates (Nunc, Boston, MA, USA).
Splenocytes were stimulated with 7.5 uM of OVA peptide, and CD4" T cells were stimulated with
plate-bound anti-CD3& mAb (0.5 pg/mL) in the presence of APCs or procyanidins.
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4.4. Measurement of Cell Proliferation

To assess cell proliferation, 1 x 10° splenocytes or splenic CD4" T cells were cultured in a total
volume of 100 puL per well in 96-well plates with duplicate wells per treatment. Cell proliferation was
estimated 72 h after stimulation with a BrdU chemiluminescent cell-proliferation ELISA kit (Roche
Molecular Biochemicals, Basel, Switzerland) according to the manufacturer’s instructions. To estimate
the effects of APCs or procyanidins on cell proliferation, BrdU uptake in the absence of reagents was
normalized to 100%.

4.5. Cytokine Measurements

To measure cytokines in culture supernatants, splenocytes were cultured at 3 x 10° cells/well in a
total volume of 300 pL per well, and splenic CD4" T cells were cultured at 1 x 10° cells/well in a total
volume of 100 pL per well. Cell cultures were conducted in 96-well plates with triplicate wells per
treatment. Culture supernatants were collected 48 h (for IL-2 and IL-4 measurements) and 72 h (for
IL-6, IL-10, and IFN-y measurements) after stimulation. Supernatants were stored at =30 °C until used.
Cytokines were measured using Mouse Cytokine ELISA Ready-SET-Go! kits (eBioscience) according
to the manufacturer’s instructions.

4.6. Measurement of L-Lactate

To measure L-lactate in the culture supernatants, splenic CD4" T cells were cultured at 2 x 10° cells/well
in a total volume of 100 uL per well in 96-well plates with quintuplicate wells per treatment. Culture
supernatants were collected 24 h after stimulation. Supernatants were stored at —30 °C until used.
L-lactate was measured using the Glycolysis Cell-Based Assay Kit (Cayman Chemical, Ann Arbor, MI,
USA) according to the manufacturer’s instructions.

4.7. Measurement of Glucose Uptake

To assess glucose uptake, splenic CD4" T cells were cultured at 5 x 10° cells/well in a 48-well plate.
Cells were collected 24 h after stimulation and incubated with 100 uM of the fluorescently-labeled
glucose analog 2-NBDG (Cayman Chemical) in glucose-free RPMI1640 (Wako Pure Chemicals) at
37 °C for 10 min, followed by staining with 7-AAD to eliminate dead cells. Samples were quantified on
a FACS Canto II (BD Biosciences, San Jose, CA, USA), and the data were analyzed with FlowJo
software version 7.6.5 (Tree Star, Inc., Ashland, OR, USA). In total, 5 x 10° cells events were counted

per sample.
4.8. Statistical Analysis

Results are presented as the mean + standard deviation (SD). Statistical analysis was performed using
the Tukey—Kramer multiple comparison test (Figures 1 and 2; p values < 0.05 were considered to be
statistically significant), analysis of variance (ANOVA) with Dunnett’s multiple comparison of means
test (Figures 3 and 4; * p values < 0.05 and ** p values < 0.01), and the Student’s # test (Figure 5C;
p values < 0.05 were considered to be statistically significant).
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5. Conclusions

According to experimental results, oligomeric procyanidins inhibit T cell functions by inhibiting
glycolysis, possibly via signaling from cell membrane receptors. Thus, procyanidins might prevent immune
disorders in a different manner than other immunosuppressive compounds.

Supplementary Materials
Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/20/10/19014/s1.

Acknowledgments

This work was supported by a grant-in-aid for research on “New Demand Creation of Agricultural
Products” by the Ministry of Agriculture, Forestry, and Fisheries.
We thank Michiko Yamamoto for providing technical assistance.

Author Contributions

M.G., M.W., and Y.T.-I. conceived and designed experiments. M.G. and T.S. carried out experiments
and data organization. M.G. and Y.T.-I. performed statistical analysis. M.G., M.W., and T.S. wrote the
manuscript. M.W., T.S., and Y.T.-I. revised the manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Gerriets, V.A.; Rathmell, J.C. Metabolic pathways in T cell fate and function. Trends Immunol.
2012, 33, 168—-173.

2. Sena, L.A.; Li, S.; Jairaman, A.; Prakriya, M.; Ezponda, T.; Hildeman, D.A.; Wang, C.R;
Schumacker, P.T.; Licht, J.D.; Perlman, H.; et al. Mitochondria are required for antigen-specific
T cell activation through reactive oxygen species signaling. Immunity 2013, 38, 225-236.

3. Chang, C.H.; Curtis, J.D.; Maggi, L.B., Jr.; Faubert, B.; Villarino, A.V.; O’Sullivan, D.;
Huang, S.C.; van der Windt, G.J.; Blagih, J.; Qiu, J.; et al. Posttranscriptional control of T cell
effector function by aerobic glycolysis. Cell 2013, 153, 1239-1251.

4. Chen, H.; Yang, T.; Zhu, L.; Zhao, Y. Cellular metabolism on t-cell development and function.
Int. Rev. Immunol. 2014, 34, 19-33.

5. Hammerstone, J.F.; Lazarus, S.A.; Schmitz, H.H. Procyanidin content and variation in some
commonly consumed foods. J. Nutr. 2000, 130, 2086S—-2092S.

6. Gu, L.; Kelm, M.A.; Hammerstone, J.F.; Beecher, G.; Holden, J.; Haytowitz, D.; Gebhardt, S.;
Prior, R.L. Concentrations of proanthocyanidins in common foods and estimations of normal
consumption. J. Nutr. 2004, 134, 613—617.



Molecules 2015, 20 19024

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Shoji, T.; Mutsuga, M.; Nakamura, T.; Kanda, T.; Akiyama, H.; Goda, Y. Isolation and structural
elucidation of some procyanidins from apple by low-temperature nuclear magnetic resonance.
J. Agric. Food Chem. 2003, 51, 3806-3813.

Lotito, S.B.; Actis-Goretta, L.; Renart, M.L.; Caligiuri, M.; Rein, D.; Schmitz, H.H.; Steinberg, F.M.;
Keen, C.L.; Fraga, C.G. Influence of oligomer chain length on the antioxidant activity of procyanidins.
Biochem. Biophys. Res. Commun. 2000, 276, 945-951.

Miyake, M.; Sasaki, K.; Ide, K.; Matsukura, Y.; Shijima, K.; Fujiwara, D. Highly oligomeric
procyanidins ameliorate experimental autoimmune encephalomyelitis via suppression of th1 immunity.
J. Immunol. 2006, 176, 5797-5804.

Simonetti, G.; Santamaria, A.R.; D’Auria, F.D.; Mulinacci, N.; Innocenti, M.; Cecchini, F.;
Pericolini, E.; Gabrielli, E.; Panella, S.; Antonacci, D.; et al. Evaluation of anti-candida activity of
vitis vinifera 1. Seed extracts obtained from wine and table cultivars. Biomed. Res. Int. 2014, 2014,
doi: 10.1155/2014/127021.

Vrhovsek, U.; Rigo, A.; Tonon, D.; Mattivi, F. Quantitation of polyphenols in different apple
varieties. J. Agric. Food Chem. 2004, 52, 6532—6538.

Guyot, S.; Marnet, N.; Sanoner, P.; Drilleau, J.F. Variability of the polyphenolic composition of
cider apple (malus domestica) fruits and juices. J. Agric. Food Chem. 2003, 51, 6240—6247.
Karthikeyan, K.; Bai, B.R.; Devaraj, S.N. Cardioprotective effect of grape seed proanthocyanidins
on isoproterenol-induced myocardial injury in rats. Int. J. Cardiol. 2007, 115, 326-333.

Corder, R.; Mullen, W.; Khan, N.Q.; Marks, S.C.; Wood, E.G.; Carrier, M.J.; Crozier, A. Oenology:
Red wine procyanidins and vascular health. Nature 2006, 444, 566.

Holt, R.R.; Heiss, C.; Kelm, M.; Keen, C.L. The potential of flavanol and procyanidin intake to
influence age-related vascular disease. J. Nutr. Gerontol. Geriatr. 2012, 31, 290-323.

Erleyman, A.G.; Jaggers, G.; Fraga, C.G.; Oteiza, P.I. Tnfalpha-induced NF-kappab activation and cell
oxidant production are modulated by hexameric procyanidins in caco-2 cells. Arch. Biochem. Biophys.
2008, 476, 186—195.

Martinez-Micaelo, N.; Gonzalez-Abuin, N.; Ardevol, A.; Pinent, M.; Blay, M.T. Procyanidins and
inflammation: Molecular targets and health implications. Biofactors 2012, 38, 257-265.

Ramljak, D.; Romanczyk, L.J.; Metheny-Barlow, L.J.; Thompson, N.; Knezevic, V.; Galperin, M.;
Ramesh, A.; Dickson, R.B. Pentameric procyanidin from theobroma cacao selectively inhibits growth
of human breast cancer cells. Mol. Cancer Ther. 2005, 4, 537-546.

Faria, A.; Calhau, C.; de Freitas, V.; Mateus, N. Procyanidins as antioxidants and tumor cell growth
modulators. J. Agric. Food Chem. 2006, 54, 2392-2397.

Mantena, S.K.; Baliga, M.S.; Katiyar, S.K. Grape seed proanthocyanidins induce apoptosis and
inhibit metastasis of highly metastatic breast carcinoma cells. Carcinogenesis 2006, 27, 1682—1691.
Kanoh, R.; Hatano, T.; Ito, H.; Yoshida, T.; Akagi, M. Effects of tannins and related polyphenols
on superoxide-induced histamine release from rat peritoneal mast cells. Phytomedicine 2000, 7,
297-302.

Nakano, N.; Nishiyama, C.; Tokura, T.; Nagasako-Akazome, Y.; Ohtake, Y.; Okumura, K.; Ogawa, H.
Procyanidin c1 from apple extracts inhibits fc epsilon ri-mediated mast cell activation. Int. Arch.
Allergy Immunol. 2008, 147,213-221.



Molecules 2015, 20 19025

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kripa, K.G.; Chamundeeswari, D.; Thanka, J.; Uma Maheswara Reddy, C. Modulation of inflammatory
markers by the ethanolic extract of leucas aspera in adjuvant arthritis. J. Ethnopharmacol. 2011,
134,1024-1027.

Donnelly, R.P.; Loftus, R.M.; Keating, S.E.; Liou, K.T.; Biron, C.A.; Gardiner, C.M.; Finlay, D.K.
Mtorc1-dependent metabolic reprogramming is a prerequisite for nk cell effector function. J. Immunol.
2014, 193, 4477-4484.

Zhang, L.; Zhang, J.; Yang, L.; Dong, Y.; Zhang, Y.; Xie, Z. Isoflurane and sevoflurane increase
interleukin-6 levels through the nuclear factor-kappa b pathway in neuroglioma cells. Br. J. Anaesth.
2013, /10, 182—191.

Tsuruda, T.; Hatakeyama, K.; Nagamachi, S.; Sekita, Y.; Sakamoto, S.; Endo, G.J.; Nishimura, M.;
Matsuyama, M.; Yoshimura, K.; Sato, Y.; et al. Inhibition of development of abdominal aortic
aneurysm by glycolysis restriction. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 1410-1417.
Trevillyan, J.M.; Lu, Y.L.; Atluru, D.; Phillips, C.A.; Bjorndahl, J.M. Differential inhibition of T
cell receptor signal transduction and early activation events by a selective inhibitor of protein-tyrosine
kinase. J. Immunol. 1990, 145, 3223-3230.

Li, S.Y.; Teh, B.S.; Seow, W.K.; Liu, Y.L.; Thong, Y.H. In vitro immunopharmacological profile
of the plant flavonoid baohuoside-1. Int. J. Immunopharmacol. 1991, 13, 129—134.

Huang, H.C.; Huang, Y.L.; Chang, J.H.; Chen, C.C.; Lee, Y.T. Possible mechanism of
immunosuppressive effect of scoparone (6,7-dimethoxycoumarin). Eur. J. Pharmacol. 1992, 217,
143-148.

Henderson, D.J.; Naya, I.; Bundick, R.V.; Smith, G.M.; Schmidt, J.A. Comparison of the effects of
FK-506, cyclosporin a and rapamycin on IL-2 production. Immunology 1991, 73, 316-321.
Chaudhri, G.; Clark, I.A.; Hunt, N.H.; Cowden, W.B.; Ceredig, R. Effect of antioxidants on primary
alloantigen-induced t cell activation and proliferation. J. Immunol. 1986, 137, 2646-2652.

Dornand, J.; Gerber, M. Inhibition of murine t-cell responses by anti-oxidants: The targets of
lipo-oxygenase pathway inhibitors. Immunology 1989, 68, 384-391.

Chaudhri, G.; Hunt, N.H.; Clark, [.A.; Ceredig, R. Antioxidants inhibit proliferation and cell surface
expression of receptors for interleukin-2 and transferrin in t lymphocytes stimulated with phorbol
myristate acetate and ionomycin. Cell. Immunol. 1988, 115, 204-213.

Matsue, H.; Yang, C.; Matsue, K.; Edelbaum, D.; Mummert, M.; Takashima, A. Contrasting
impacts of immunosuppressive agents (rapamycin, tk506, cyclosporin a, and dexamethasone) on
bidirectional dendritic cell-T cell interaction during antigen presentation. J. Immunol. 2002, 169,
3555-3564.

Shi, L.Z.; Wang, R.; Huang, G.; Vogel, P.; Neale, G.; Green, D.R.; Chi, H. Hiflalpha-dependent
glycolytic pathway orchestrates a metabolic checkpoint for the differentiation of TH17 and treg
cells. J. Exp. Med. 2011, 208, 1367-1376.

Powell, J.D.; Delgoffe, G.M. The mammalian target of rapamycin: Linking T cell differentiation,
function, and metabolism. Immunity 2010, 33, 301-311.

Duvel, K.; Yecies, J.L.; Menon, S.; Raman, P.; Lipovsky, A.L; Souza, A.L.; Triantafellow, E.; Ma, Q.;
Gorski, R.; Cleaver, S.; et al. Activation of a metabolic gene regulatory network downstream of
mtor complex 1. Mol. Cell 2010, 39, 171-183.



Molecules 2015, 20 19026

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Powell, J.D.; Heikamp, E.B.; Pollizzi, K.N.; Waickman, A.T. A modified model of T-cell differentiation
based on mtor activity and metabolism. Cold Spring Harb. Symp. Quant. Biol. 2013, 78, 125-130.
Frauwirth, K.A.; Riley, J.L.; Harris, M.H.; Parry, R.V.; Rathmell, J.C.; Plas, D.R.; Elstrom, R.L.;
June, C.H.; Thompson, C.B. The c¢d28 signaling pathway regulates glucose metabolism. Immunity
2002, 16, 769-7717.

Griffin, J.L.; Shockcor, J.P. Metabolic profiles of cancer cells. Nat. Rev. Cancer 2004, 4, 551-561.
Delmastro-Greenwood, M.M.; Piganelli, J.D. Changing the energy of an immune response.
Am. J. Clin. Exp. Immunol. 2013, 2, 30-54.

Willinger, T.; Staron, M.; Ferguson, S.M.; de Camilli, P.; Flavell, R.A. Dynamin 2-dependent
endocytosis sustains T-cell receptor signaling and drives metabolic reprogramming in T lymphocytes.
Proc. Natl. Acad. Sci. USA 2015, 112, 4423-4428.

Finlay, D.K. Regulation of glucose metabolism in t cells: New insight into the role of
phosphoinositide 3-kinases. Front. Immunol. 2012, 3, doi:10.3389/fimmu.2012.00247.

Fraga, C.G.; Oteiza, P.I. Dietary flavonoids: Role of (—)-epicatechin and related procyanidins in
cell signaling. Free Radic. Biol. Med. 2011, 51, 813—823.

Tokura, T.; Nakano, N.; Ito, T.; Matsuda, H.; Nagasako-Akazome, Y.; Kanda, T.;
Ikeda, M.; Okumura, K.; Ogawa, H.; Nishiyama, C. Inhibitory effect of polyphenol-enriched apple
extracts on mast cell degranulation in vitro targeting the binding between ige and fcepsilonri.
Biosci. Biotechnol. Biochem. 2005, 69, 1974-1977.

Nishizuka, T.; Fujita, Y.; Sato, Y.; Nakano, A.; Kakino, A.; Ohshima, S.; Kanda, T.; Yoshimoto, R.;
Sawamura, T. Procyanidins are potent inhibitors of lox-1: A new player in the french paradox.
Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2011, 87, 104-113.

Hara, Y.; Kusumi, Y.; Mitsumata, M.; Li, X.K.; Fujino, M. Lysophosphatidylcholine upregulates
lox-1, chemokine receptors, and activation-related transcription factors in human T-cell line jurkat.
J. Thromb. Thrombol. 2008, 26, 113—-118.

Shoji, T.; Masumoto, S.; Moriichi, N.; Kanda, T.; Ohtake, Y. Apple (malus pumila) procyanidins
fractionated according to the degree of polymerization using normal-phase chromatography and
characterized by hplc-esi/ms and maldi-tof/ms. J. Chromatogr. A 2006, 1102, 206-213.

Sample Availability: Samples of the studied procyanidins are available from the authors.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



