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A B S T R A C T

Dry eye disease is a disorder in tear film physiology, which leads to various abnormal states

of ocular surface cells. In the present study, we evaluated the potential usefulness of orally

applied maqui berry (Aristotelia chilensis) extract and the constituent anthocyanin as a pre-

ventative intervention in dry eye. Tear secretion capacity was evaluated following the oral

administration of maqui berry extract to a rat blink-suppressed dry eye model. This sup-

pressive effect of maqui berry extract and its constituent anthocyanins on reactive oxygen

species formation from lacrimal gland was elevated by 2′, 7′-dichlorofluorescin diacetate.

Maqui berry extract and delphinidin 3,5-O-diglucoside, an anthocyanin specifically con-

tained in the maqui berry, suppressed reactive oxygen species formation from lacrimal gland

tissue and preserved tear secretion. The result of the present study demonstrates that maqui

berry extract can be used as a preventative intervention for dry eye by managing tear se-

cretion capacity in the lacrimal gland.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Anthocyanins are natural water-soluble phenolic pigments of
the flavonoid family that have a wide range of biological effects
that have been attributed to their potent antioxidant proper-
ties (Tsuda, 2012). Anthocyanins-rich berries and berry ex-
tracts have been used as food supplement for the treatment
of eye diseases based on the findings of animal and human
studies (Ghosh & Konishi, 2007; Matsumoto, Kamm, Stull &
Azuma, 2005). The dietary intake of and supplementation with

black currants (Ribes nigrum L.), which contain high levels of
anthocyanidins, have been shown to be beneficial for visual
functions and the subjective symptoms of eye fatigue (Nakaishi
et al., 2000; Ohguro et al., 2012; Yagi et al., 2009).

Maqui (Aristotelia chilensis Mol. Stuntz) is a plant that belongs
to Elaeocarpaceae family, which is grown in the Patagonia region
of South America levees. Its fruits (maqui berry) have been used
in traditional medicine for inflammation (Misle et al., 2011;
Munoz et al., 2011) and are recently used for functional bev-
erages and dietary supplements to offer potential health ben-
efits (Schreckinger et al., 2010). The purple/black edible fruits
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of this plant contain a variety of phenolic products,
anthocyanidins, other flavonoids and phenolic acids, which con-
tribute to the high antioxidant capacity of this fruit (Céspedes
et al., 2010). This fruit contains a higher concentration as well
as characteristic constitution of anthocyanins than other edible
berries (Escribano Bailon et al., 2006; Miranda Rottmann et al.,
2002). We previously reported that maqui berry extract (MBE)
and its anthocyanidins were able to protect retinal cells against
light-induced photoreceptor degeneration in cellular experi-
ments (Tanaka et al., 2013). These findings indicated the pos-
sible therapeutic or preventive efficacy of MBE in various
ophthalmic disorders.

Tear fluid is secreted from the lacrimal gland (LG), and con-
stantly flows over the ocular surface to provide a properly con-
trolled environment for corneal and conjunctival epithelial cells.
Approximately 90% of tear fluid is drained through the lacri-
mal sac and the rest evaporates from the ocular surface in the
intervals between blinking (Mishima, 1965). Dry eye disease is
a disorder in tear film physiology that is characterized by
misbalance of a tear flow, which leads to various abnormal
states of ocular surface cells (Holly & Lemp, 1977). Recent studies
have also demonstrated that not only does this disease cause
symptoms including ocular discomfort, such as stinging/
burning or dryness, but it also affects functional visual acuity
(Koh et al., 2008). Dry eye has markedly increased due to the
radical expansion in information technology. The incidence of
dry eye is particularly high in workers that stare at the screens
of technological devices, including desktops, laptops, tablets,
and smartphones, which have become ubiquitous in a wide
range of age groups (Kawashima et al., 2013; Uchino et al., 2013).
We previously reported, in a human epidemiological study and
rat blink-suppressed dry eye model, that not only the excess
evaporation of tear fluid, but also hypofunction in the LG con-
tribute to the etiology of computer work-associated dry eye
(Nakamura et al., 2010). Our findings suggested that the phar-
macological modulation of LG dysfunction may be a prospec-
tive treatment for this type of dry eye. However, temporal tear
replacement therapy, the frequent application of artificial tear
eye drops, has long been taken as a basic management for dry
eye symptoms. Therefore, an effective intervention that could
maintain LG function to reduce the risk of this disease is
needed.

In the present study, we assessed the potential usefulness
of orally applied MBE and its constituent anthocyanin as a pre-
ventative intervention in dry eye associated with the exces-
sive use of digital devices.

2. Materials and methods

2.1. Chemicals

Delphinidin 3-O-sambubioside-5-O-glucoside (D3S5G),
delphinidin 3,5-O-diglucoside (D3G5G), and delphinidin 3-O-
sambubioside (D3S) were supplied by Oryza Oil & Fat Chemi-
cal Co., Ltd. (Aichi, Japan). Delphinidin 3-O-glucoside (D3G),
cyanidin 3-O-glucoside (C3G), petunidin 3-O-glucoside (Pet3G),
peonidin 3-O-glucoside (Peo3G), malvidin 3-O-glucoside (M3G),
and delphinidin 3-O-rutinoside (D3R) were purchased from
Tokiwa Phytochemical Co., Ltd. (Chiba, Japan). MaquiBrigntTM

[maqui berry (A. chilensis) extract] (MBE), blackcurrant berry
(R. nigrum L.) extract (BCE), and bilberry (Vaccinium myrtillus L.)
extract (BBE) were supplied by Oryza Oil & Fat Chemical Co.,
Ltd. (Aichi, Japan).The contents of MBE anthocyanin are D3S5G,
D3G5G, cyanidin 3-O-sambubioside-5-O-glucoside, cyanidin 3,5-
O-diglucoside, D3S, D3G, cyanidin 3-O-sambubioside, and C3G
(Tanaka et al., 2013). Blackcurrant berry extract anthocyanins
are D3G, D3R, C3G and cyanidin 3-O-rutinoside (Matsumoto
et al., 2006). Bilberry extract anthocyanins are delphinidin, cy-
anidin, peonidin, petunidin, and malvidin (Matsunaga et al.,
2009). The anthocyanin concentrations of these extracts were
determined to be 200 mg/g by HPLC.

2.2. Animals

Female 8-week-old Sprague-Dawley rats (n = 6–8 in each ex-
periment) were purchased from CREA Japan (Tokyo, Japan).They
were quarantined and acclimatized before the experiments for
1 week under standard conditions as follows: room tempera-
ture 23 ± 2 °C, relative humidity of 60 ± 10%, alternating 12 hour
light–dark cycle (8 AM–8 PM), and water and food available ad
libitum. All animal experiments were approved by the Animal
Care and Use Committee of Keio University, and all proce-
dures were performed in accordance with the Association of
Research and Vision in Ophthalmology (ARVO) statement for
the Use of Animals in Ophthalmic and Vision Research.

2.3. Blink-suppressed dry eye model

The model and methodology used to simulate staring at a com-
puter display have been described previously (Nakamura et al.,
2005, 2010). In brief, a series of treatments were performed
under dry conditions, with room temperature of 23 ± 2 °C, rela-
tive humidity of 25 ± 5%, and a constant air flow of 2–4 m/s pro-
duced by an 18-cm diameter electric fan. Sustained suppression
of blinking in the rat was achieved by keeping the rat station-
ary on a swing made of plastic piping (30 mm × 50 mm in
length) suspended 60 cm above the bottom. After 4 hours on
the swing, the rats were returned to their cages for 30 minutes
for food and water and again placed on a swing for 3.5 hours
(Supplementary Fig. S1).They were individually placed in cages
with water and food ad libitum for the remaining 16 hours. This
series of treatments was repeated for 3 days for the screen-
ing of berry extracts and 10 days in for the MBE evaluation.

Each material was dissolved in distilled water and was re-
peatedly administered orally once a day to rats during the swing
procedure. Lacrimal function was evaluated on day 11.

2.4. Measurement of tear secretion

We used a modified Schirmer test on the rats’ eyes to measure
tear fluid secretion under topical anesthesia induced with a
0.4% oxybuprocaine hydrochloride solution (Santen Pharma-
ceutical, Osaka, Japan). After 3 minutes of anesthesia, a phenol
red thread (Zone-Quick; Syowa Yakuhin Kako, Ltd,Tokyo, Japan)
was placed on the temporal side of the lower eyelid margin
for 1 minute. The length of the moistened area from the edge
was then measured to within 1 mm.
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2.5. Corneal fluorescein staining

The degree of corneal surface damage was determined by the
application of a fluorescein solution under a blue-free barrier
filter. Corneal staining was graded based on the area of stain-
ing according to previously described criteria (Nakamura et al.,
2005). The total area of punctate staining was denoted as grade
0 when there was no punctate staining, grade 0.5 when less
than one sixteenth was stained, grade 1 when less than one
eighth was stained, grade 2 when one fourth was stained, grade
3 when greater than one half was stained, and grade 4 when
the entire area was stained.

2.6. Histopathological examination

The fixed LG in 10% formalin was embedded in paraffin and
sectioned. Sections were subjected to HE staining or
immunostaining. Vesicle-associated membrane protein 8
(VAMP8) was immunostained to evaluate the occupied pattern
of secretory vesicles in the acinar cells of specimens. VAMP8
was previously shown to be enriched on the membranes of se-
cretory vesicles (Wang et al., 2004). The primary antibody used
for immunostaining was a rabbit monoclonal antibody against
VAMP8 (Abcam, Cambridge, UK). Nuclear staining was per-
formed by treating specimens with hematoxylin.

2.7. Reactive oxygen species (ROS) production from the
lacrimal gland and cornea

The excised LG or cornea was immersed in cold PBS (25 mg
tissue weight/mL) and homogenized using a Mil mixer with
a zirconia ball (AS ONE Corporation, Osaka, Japan). To screen
the effects of each berry extract and purified anthocyanin
(100 nM), tissue homogenates were incubated with each
material and 2′, 7′-dichlorofluorescein diacetate (DCFH-DA, Mo-
lecular Probes, Inc., Eugene, OR, USA) for 1 hour at 37 °C. DCFH-
DA is a nonfluorescent, membrane-permeable compound and
ROS in cells cause oxidation of DCFH, yielding the fluores-
cent product 2′, 7′-dichlorofluorescein (DCF). To evaluate MBE
on the rat blink-suppressed dry eye model, excised LG
homogenates were incubated with DCFH-DA 1 hour at 37 °C.
The preparations were washed 3 times with PBS by centrifu-
gation at 800 g for 3 minutes. Washed cells were re-suspended
in PBS, followed and read at an excitation of 480 nm and emis-
sion of 530 nm. The mean fluorescence intensity was calcu-
lated and expressed as percentage of control or vehicle.

2.8. Analysis of LG mitochondrial content

To estimate the LG mitochondrial content, LG homogenates
were incubated with 70 µM MitoTracker Green (Molecular Probes,
Inc., Eugene, OR, USA) and 20 µM Hoechst 33342 (Dojin Chemi-
cal, Kumamoto, Japan) for 30 minutes at 37 °C. After incuba-
tion, the preparations were washed 3 times with PBS followed
by centrifugation at 800 g for 3 minutes. Washed cells were re-
suspended in PBS, and read at an excitation of 490 nm/
emission of 516 nm and at an excitation of 361 nm/emission
of 486 nm with a Synergy 4 plate reader (Biotek Company, Win-
ooski, VT, USA). The LG mitochondrial content was deter-
mined by normalization of MitoTracker signal (Ex. 490 nm, Em.

516 nm) to the cellular DNA content using the Hoechst 33342
signal (Ex. 361 nm, Em. 486 nm) (Modis et al., 2012).

2.9. Incorporation of anthocyanins into LG

The LG digested by collagenase type 3 (Worthington Biochemi-
cal Co., Freehold, NJ, USA) was filtered through a 100 µm nylon
mesh (Cell Strainer; BD Biosciences, San Jose, CA, USA) to isolate
LG acinar cells. Acinar cells were incubated in saline solution
(140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM
HEPES, 10 mM dextrose [pH 7.4]) with anthocyanins for
30 minutes. The anthocyanins, D3G5G, D3G, D3S5G, and D3R,
were appropriately prepared in saline solution at a concen-
tration of 200 mM before use.

The anthocyanins were analyzed using UHPLC (Shimadzu
Co., Kyoto, Japan) equipped with a C18 column (2.0 mm
i.d. × 100 mm, YMC CO., Ltd., Kyoto, Japan). The mobile phase
was composed of 0.3% trifluoroacetic acid aqueous solution (v/
v, A) and CH3CN (B). The gradient was as follows: 0 min, 95%
(A), 5% (B); 0.60 min, 95% (A), 5% (B); 0.61 min, 87% (A), 13% (B);
3.00 min, 85% (A), 15% (B); 6.00 min, 74% (A), 26% (B); 6.20 min,
10% (A), 90% (B); 7.20 min, 10% (A), 90% (B). The flow rate was
set at 0.3 mL/min. The wavelength for detection was 520 nm
and the column was kept at 30 °C.

2.10. Statistical analysis

Student’s t-test was used to compare the two groups and
Dunnett’s test was used for multiple comparisons. Differ-
ences between the measured variables were considered sig-
nificant if the resultant P value was 0.05 or less.

3. Results

3.1. Effects of MBE, BBE, and BCE on ROS formation from
ocular tissue

In the LG, MBE and BCE dose-dependently suppressed the con-
centration of ROS generated between 0.3 and 10 µg/mL. BBE also
dose-dependently suppressed the production of ROS, however
the effect plateaued at 3 µg/mL (Fig. 1A). The suppression of
ROS was significantly stronger with MBE than with BCE at 3
and 10 µg/mL or BBE at 10 µg/mL.

No significant changes were observed in the cornea among
each berry extract concentration at 10 µg/mL (Fig. 1B).

3.2. Evaluation of the rat blink-suppressed dry eye model

Figure 1C shows the effects of each berry extract on tear se-
cretion capacity. In the dry eye model, which corresponded to
that of our previous study (Nakamura et al., 2010), tear secre-
tion was significantly lower in the vehicle group than the initial
value after the three-day treatment. The prevention of a re-
duction in tear secretion was significant stronger with MBE than
with BBC or BCE.

A significant difference was not observed in body weight
gain among any dose of MBE and vehicle group (Fig. 2A). Tear
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secretion was significantly less from 5 to 11 days than the initial
value in the vehicle group.

MBE dose-dependently suppressed the reduction in tear se-
cretion.This suppression was significantly stronger with 40 mg/
kg MBE than with the vehicle at all time points throughout the
experiment. Figure 2D (upper) shows representative photo-
graphs of tear secretion patterns as measured using the modi-
fied Schirmer test. The wetted length on the tread showed by
a red discolored area was shorter in vehicle eyes than in MBE
eyes.

We performed corneal epithelial fluorescein staining on
40 mg/kg MBE to investigate whether the effects of MBE on tear
secretion altered corneal epithelial damage under dry eye
conditions.

The grade of corneal epithelial fluorescein staining was sig-
nificantly higher in the vehicle than the initial value at all time
points throughout the experiment.The intake of 40 mg/kg MBE
maintained the graded score at the same level as the initial
value, and the graded score was significantly less than that of
the vehicle. Representative corneal staining patterns re-

stored by MBE are shown in Fig. 2D (lower). Punctate staining
appeared in the whole area of the cornea surface with the
vehicle treatment. In contrast, staining was cleared following
intake of MBE.

3.3. Effects of MBE on the morphology of the LG and ROS
formation under dry eye conditions

Figure 2A shows a representative microphotograph of the LG
stained by HE (upper) and secretory vesicle-occupied pattern
by VAMP8 immunostaining (lower) under dry eye condition.The
cytoplasm of acinar cells was occupied by more enlarged acini
with expanded cytoplasm in the vehicle group than that in the
normal group. Acinar cell density was significantly lower in the
vehicle than the normal value under dry eye conditions. MBE
maintained the acinar cell density at the same level as the
normal value, and this value was significantly higher than that
of the vehicle (Fig. 2B).

VAMP8 was primary localized near the lumen in the normal
state, and was distributed diffusely in the entire cytoplasm of

Fig. 1 – Suppressive effect on ROS generation and decrease in tear secretion by three common edible berries. A: ROS
generation in the lacrimal gland, B: ROS generation in the cornea (n = 6–8 LG or cornea). C: Effects on tear secretion in a rat
blink-suppressed dry eye model. MBE, BBE, and BCE were orally administrated at 40 mg/kg, respectively (n = 5 rats). All data
represent the mean ± SD. *P < 0.05, versus the vehicle.
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acinar cells in the vehicle group. VAMP8 was localized to the
proximity of the lumen in the MBE group and its distribution
was identical to that found in the normal state. These results
suggested that acinar cells were enlarged by the accumula-
tion of secretory vesicles and returned to the normal state with
the intake of MBE in this dry eye model.

The formation of ROS in the LG was significantly
higher in the vehicle group than in the normal group.
The intake of MBE significantly suppressed the increase in
ROS formation in the vehicle group (Fig. 3B). Mitochondrial
content was significantly lower in the vehicle group than in
the normal group. Mitochondrial content was restored
significantly more in the MBE group than in the vehicle group
(Fig. 3C).

3.4. Delphinidin 3,5-O-diglucoside suppressed ROS
formation in the LG due to its high incorporation rate

Figure 4A shows the effects of anthocyanin aglicones and their
glycosides on ROS formation in the LG. Delphinidin 3-O-
sambubioside-5-O-glucoside and D3G5G are major anthocy-
anins in MBE, but are not contained in either BBE or BCE
(Escribano Bailon et al., 2006; Tanaka et al., 2013). Delphinidin
3-O-glucoside is the main anthocyanin in BBE, while D3R is spe-
cific to BCE. Other anthocyanins are contained in MBE, BBE, or/
and BCE. All anthocyanins suppressed the formation of ROS
more in the LG than the control. Delphinidin 3,5-O-diglucoside
significantly inhibited the formation of ROS in the LG more than
all other anthocyanins.

Fig. 2 – MBE restored tear secretion and corneal staining in a rat blink-suppressed dry eye model. A: Changes in body
weight. B: Changes in tear secretion (n = 6 rats). C: Effects of MBE on corneal surface damage. Changes in the grading score
(n = 6 rats). All data represent the mean ± SD. *P < 0.05 versus the vehicle. D: Typical tear secretion patterns measured by a
cotton thread (upper) and corneal staining (lower). Punctate staining appeared in the whole corneal surface with the vehicle
treatment. The arrow shows the wetted length by tear secretion. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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The incorporation rate of D3G5G into the LG was
10-fold higher than that of D3S5G, D3G, and D3R
(Fig. 4B).

Due to their scarcity, it is difficult to evaluate the
effects of purified anthocyanins on tear secretion in the rat
model. Therefore, we used mouse stress induced dry eye
model to confirm the relationship between the incor-
poration rate and the effect on tear secretion capacity of
D3G5G. In this mouse model, tear secretion was significantly
lower in the vehicle group than the initial value after the
1 day treatment. Orally applied D3G5G preserved tear secre-
tion to the same value as the initial value. The prevention of
a reduction in tear secretion was significantly stronger
with D3G5G than with D3S5G or/and D3G (Supplementary
Fig. S2).

4. Discussion

We previously reported a positive relationship between the du-
ration of working on computer and the decrease in tear se-
cretion in an epidemiological study on office workers (Nakamura
et al., 2010). A mode of a computer worker is characterized by
a lack of blinking, low humidity occupational environment, and
sustained static postures during repetitive tasks (Smith, 1997).
The rat blink-suppressed dry eye model used in this study was
created to simulate a mode with excess computer users by re-
peatedly exposing rats to stressful conditions; persistent strain
by swing board settlement in combination with exposure to
an evaporative environment. Consistent with the findings of
the epidemiological study on office workers, this rat model

Fig. 3 – Effects of MBE on lacrimal gland function in a rat blink-suppressed dry eye model. A: Histopathological changes in
the LG. HE staining (upper). VAMP8 immunostaining (lower). Scale bar, 100 µm (HE) or 10 µm (VAMP8). B: Acinar cell size
(n = 6 LG). C: ROS formation in the LG, D: Mitochondria content. All data represent the mean ± SD. *P < 0.05 versus the
vehicle.
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showed persistent decreases in tear secretion that depended
on strain duration. The usefulness of this model has already
been demonstrated by us to be a good model for studying ef-
fective treatments to avoid the progression of decreases in tear
secretion due to lacrimal hypofunction (Nakamura et al., 2010).
The present study showed that MBE had a more potent re-
storative effect on tear secretion capacity than the common
edible berries in which ophthalmic activity has been docu-
mented. In addition, consistent with the effects of MBE on tear
secretion capacity, the corneal staining score, a hallmark of
ocular surface damage in dry eye, was apparently reduced by
the application of MBE. This effect on the cornea was consid-
ered to be a consequence of providing a proper environment
for corneal cells due to the restoration of an abundant tear fluid
status by the intake of MBE. Thus, these findings suggest that
the daily intake of MBE has the potential to be an effective in-
tervention to preventing dry eye.

Many studies have demonstrated that exposure to stress-
ful stimuli can induce a disruption in homeostasis and an un-
balanced antioxidant status in several organs (Atif, Yousuf, &
Agrawal, 2008; Fontella et al., 2005; Lee et al., 2006). In this dry
eye model, a decrease in tear secretion was accompanied by
an increase in the formation of ROS in the LG of immobilized
rats on a swing board continuously exposed to a desiccated
air blower. Several studies have shown that the accumula-
tion of oxidative damage causes the functional decline of the
tear secretion capacity of the lacrimal gland. Deficiency of
Cu,Zn-superoxide dismutase-1, a well-known enzyme in the
antioxidant defense systems, in mice leads to the decreased
production of tears, and a decline in total protein secretion from
the LG (Kojima et al., 2012). Mice with a mitochondrial respi-
ratory chain dysfunction that induced the overproduction of
ROS exhibit a corneal epithelial disorder accompanied by de-
crease in tear secretory function (Uchino et al., 2012). The for-
mation of tear fluid by the LG is achieved by a process of
secretory vesicle-mediated exocytosis in acinar cells, and in-
creased intracellular ROS is known to inhibit this process

(Keating, 2008). We also previously showed that the charac-
teristic feature of morphological changes in the LG in this model
was the enlargement of acinar cells accompanied by filling with
secretory vesicles that indicate functional disorder in the se-
cretory system of the LG (Nakamura et al., 2010). Based on the
finding of these studies, a decrease in tear secretion in our dry
eye model can be explained by an impairment in the LG se-
cretory system due to the excessive formation of ROS during
stressful treatment that simulated the condition of a com-
puter worker.

We found that the treatment with MBE, which restored tear
secretion, was accompanied by the suppressed accumulation
of secretory vesicles and formation of ROS in the LG. Further-
more, consistent with changes in tear secretion capacity, our
in vitro results revealed that the suppressive effects of MBE on
ROS production in the LG, not in the cornea, were more potent
than BBE or BCE.Taken together, these results suggest that sup-
pression of ROS production by MBE in the LG under stressful
condition was involved in the tear secretion capacity of LG.

Berry fruits, including MBE, are a rich source of dietary an-
thocyanins (Seeram, 2008). Most natural anthocyanins are
present in the pulp or coat as derivatives of pelargonidin, cy-
anidin, delphinidin, and their glycosides, and each of these ex-
hibits potent antioxidant properties (Galvano et al., 2007;
Kahkonen & Heinonen, 2003). In this study, we showed that
D3G5G, an anthocyanin specifically contained in MBE (Escribano
Bailon et al., 2006; Tanaka et al., 2013), suppressed the forma-
tion of ROS from LG tissue and restoration of tear secretion
was more potent than other anthocyanins naturally con-
tained in MBE, BBE, or BCE. In spite of the large number of
studies conducted, the correlation between antioxidant activ-
ity and chemical structure is not yet fully understood and
D3G5G has not yet been examined in detail (Galvano et al., 2007;
Kahkonen & Heinonen, 2003). We previously reported that
D3G5G and D3S5G, the main anthocyanins in MBE, protected
against light-induced retinal photoreceptor death by modu-
lating ROS production; however, the reason why these

Fig. 4 – Delphinidin 3,5-O-diglucoside suppressed lacrimal gland ROS formation in the LG due to its high incorporation rate.
A: Effects of anthocyanins and their glycosides on ROS formation in the LG (n = 8 LG), B: Incorporation rate of MBE
anthocyanins into the LG (n = 6 LG). All data represent the mean ± SD. *P < 0.05 versus the control and other anthocyanins.
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delphinidin glycosides, but not other anthocyanin aglicons po-
tently protected against this form of cell death has not been
identified (Tanaka et al., 2013). Most intra-cellular ROS are gen-
erated due to the electron leakage from mitochondria (Starkov,
2008). Therefore, cellular uptake level of anthocyanins may be
a critical determinant for the potential antioxidant effects of
anthocyanins. As expected, the uptake of D3G5G into the LG
was markedly higher than that of the other major maqui berry
anthocyanins. Orally administered berries’ anthocyanins have
been shown to be absorbed through the intestinal tract and
rapidly appear in the plasma and the ocular tissue (Kalt et al.,
2008; Matsumoto et al., 2001; McGhie et al., 2003); high trans-
port rate of D3G5G by the LG via plasma is the mechanism by
which MBE restores tear secretion capacity. Further investi-
gations on the transcellular transport pathways and molecu-
lar antioxidant mechanisms of D3G5G are needed to clearly
elucidate the availability of MBE.

In conclusion, this study is the first to demonstrate that
orally administered MBE restored tear secretion capacity in dry
eye. This effect was associated with the modulation of the LG
secretory system stimulated by MBE containing the anthocy-
anin D3G5G. Since the health benefits of maqui berries, apart
from the ophthalmic uses, have been well established, further
clinical studies on the prevention or treatment of dry eye by
MBE and, with a focus on information technology-associated
dry eye, will contribute to the establishment of new therapeu-
tic interventions for this disease.
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