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Abstract

The fluorescein transport characteristics of the human intestinal epithelial Caco-2 cell line were examined in monolayer cultures. The
initial uptake rate was concentration-dependent and saturable; the Michealis constant and the maximum velocity were 0.40 mM and 1.32
nmol/min/mg protein, respectively. A protonophore, carbonyl cyanide m-chlorophenyl-hydrazone, reduced uptake significantly. The
replacement of extracellular sodium ions by lithium ions did not alter the initial uptake rate. These facts imply that the transport is driven
by a proton gradient. The initial uptake rate was strongly dependent upon extracellular pH, and the uptake was optimal at approximately
pH 5.5. Based on the protolytic constants, the main species of fluorescein in the pH range of 5.5 to 6.0 was calculated to be a monoanion,
suggesting that fluorescein was taken up by Caco-2 cells as a monocarboxylate. The following findings support this conclusion: the uptake
was inhibited significantly by monocarboxylate compounds such as salicylate and pravastatin, but not by di- or tricarboxylic acids or by
acidic amino acids. Furthermore, salicylate-preloaded cells showed remarkably enhanced uptake of fluorescein, indicating that monocar-
boxylates and fluorescein share a common transport carrier. The transporter has a wide spectrum of substrate recognition and seems likely

to be different from MCT1. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Fluorescein is an extensively used fluorescent dye, be-
cause of itslarge quantum yield and high photostability [1].
The flexibility of the many label derivatives makes this dye
useful: fluorescein derivatives such as fluorescein isothio-
cyanate and fluorescein succinimidyl ester can be attached
to macromolecules, peptides [2], or oligonucleotides co-
valently [3] and are commercially available. The molecules
labeled by fluorescein possess superior stability and com-
parable fluorescence, and are utilized to detect macromole-
cules in electrophoresis gels [4], on nitrocellulose mem-
branes [5], and in cells [6].

Conjugates of fluorescein have been used to determine
the behavior of target compounds; for example, fluorescein
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Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone;
CHC, a-cyano-4-hydroxycinnamic acid; DIDS, 4,4’-diisothiocyanostil-
bene-2,2’-disulfonic acid; MES, 2-(N-morpholino)ethanesulfonic acid; and
Tris, Tris(hydroxymethyl)-aminomethane.

conjugates to methotrexate and bile acid were used for
characterization of the folate transporter [7], multidrug re-
sistance associated protein [8], and bile salt transporter [9].
These conjugates are believed to be recognized by trans-
porters as true ligands, since fluorescein itself might be
transported across the cell membrane by passive diffusion
rather than by membrane transporters. However, it has been
reported recently that fluorescein is secreted into urine by a
classical and a specific organic anion transporter [10-12].
This implies that caution must be exercised when afluores-
cein conjugate is used as a substrate to investigate trans-
porter kinetics.

These circumstances led us to undertake a transport
study of fluorescein itself. Asfar as we know, such work on
fluorescein has not been carried out except on urinary ex-
cretion. In the present study, we determined the transport
mechanism of fluorescein in intestinal absorption using the
Caco-2 cell line. Caco-2 cells spontaneoudly differentiate in
culture into polarized cell monolayers with microvilli,
which mimic the properties of small intestinal epithelial
cells[13,14]. The Caco-2 cell lineisauseful model to study
absorption in the small intestine, since these cells retain a
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number of solute transport systems including those for
amino acids [15], sugars [16], phosphate [17], bile acids
[18], and dipeptide [19]. We showed that the uptake of
fluorescein by Caco-2 cells occurs via a proton-gradient
dependent carrier that also transports other monocarboxy-
late compounds, such as salicylate.

2. Materials and methods
2.1. Materials

CCCP, CHC, DIDS, and firefly lantern extract were
purchased from the Sigma Chemical Co. Pravastatin was
extracted from mevalotin (Sankyo Co.) and purified. Dull-
becco’'s modified Eagle's medium (DMEM), MEM non-
essential amino acids, and fetal bovine serum (FBS) were
purchased from GIBCO-BRL Life Technologies. Fluores-
cein was purchased from Molecular Probes, Inc. All other
chemicals used were of the highest purity available.

2.2. Cell culture

Caco-2 cells (ATCC HTB-37) at passage 28 were pur-
chased from the American Type Culture Collection. They
were passaged in 75 cm? culture flasks (FALCON, Becton
Dickinson) in culture medium consisting of DMEM supple-
mented with 1% MEM non-essential amino acids and FBS
(15%), HEPES (5 mM), and NaHCO, (2 g¢/L) without
antibiotics. The cells were maintained at 37° in an atmo-
sphere of 5% CO,,. Cells between the 30th and 40th passage
were used in this study. At approximately 80% confluence,
cells were seeded using 0.02% EDTA and 0.05% trypsin at
a density of 53,000 cells'cm? on a 60-mm plastic culture
dish. The cells were fed fresh medium every 3 days, and
were used for transport studies between days 14 and 16.

2.3. Uptake experiments in Caco-2 cell monolayers

The uptake of fluorescein was measured in cellsgrownin
plastic culture dishes. The composition of the incubation
medium was 140 mM NaCl, 3 mM KCI, 1 mM CaCl,, 1
mM MgCl,, 5 mM d-glucose, 5 mM MES (pH 6.0), or 5
mM HEPES (pH 7.4). After removal of the culture medium,
each dish was washed once with 5 mL of the incubation
medium (pH 7.4) prewarmed at 37° and incubated with 2
mL of the same medium for 10 min at 37°. After removal of
the medium, the cells were incubated with 1.5 mL of incu-
bation medium (pH 6.0) containing fluorescein in the ab-
sence or the presence of inhibitor for a designated period at
37°. Thereafter, the medium was aspirated off, and the
dishes were rinsed twice rapidly with ice-cold incubation
medium (pH 7.4). In the case of zero time, after addition of
the incubation medium (pH 7.4 or 6.0) it was immediately
aspirated off, and the dishes were rinsed with the ice-cold
medium (pH 7.4). This washing procedure was completed

in less than 20 sec. The cells were solubilized in 1 mL of 1
N NaOH and neutralized by 1 mL of 1 N HCI. The extrac-
tion solution was centrifuged at 15,000 g for 5 min at 4° in
a table-top microfuge (Hitachi). The supernatant was di-
luted with 1 M Tris buffer (pH 9.8). The fluorescence
intensity attributed to fluorescein derivatives was deter-
mined with a Hitachi F-4500 fluorometer (Hitachi) with
emission at 525 = 3 nm and excitation at 490 = 3 nm.
When the uptake of fluorescein was measured in the pres-
ence of CCCP or 10 uM oligomycin plus 50 mM 2-deoxy-
glucose, the cells were preincubated for 10 min at the same
temperature with 1.5 mL of incubation medium (pH 6.0)
containing 40 uM CCCP or 10 uM oligomycin plus 50 mM
2-deoxyglucose and then incubated for the designated pe-
riod at 37° with 1.5 mL of incubation medium (pH 6.0)
containing 40 uM CCCP or 10 uM oligomycin plus 50 mM
2-deoxyglucose. For measurement of the countertransport
effect, salicylate was preloaded into cells by exposing them
to incubation medium (pH 6.0) containing 20 mM salicylate
for 10 min at 37°. The sdicylate-containing medium was
aspirated off, and the cells were washed with 2 mL of
incubation medium (pH 6.0), and then immediately treated
for the designated time at 37° with 1.5 mL of incubation
medium (pH 6.0) containing 50 wM fluorescein. Thereafter,
the cells were treated in a manner similar to that described
above. In all uptake measurements, unless otherwise indi-
cated, values were corrected for protein content. The protein
content of the cell monolayers solubilized in 1.0 mL of 1 M
NaOH was determined using a Bio-Rad protein assay kit
(Bio-Rad Laboratories) with bovine serum albumin as the
standard.

2.4. Measurement of intracellular ATP level

Célls grown on plastic culture dishes were incubated in
the absence or presence of 10 uM oligomycin plus 50 mM
2-deoxyglucose (pH 7.4) during a 10-min period. After a
preincubation period, cells were incubated for 10 min at 37°
in the absence or presence of 10 uM oligomycin plus 50
mM 2-deoxyglucose (pH 6.0). Thereafter, the medium was
aspirated off, and the dishes were rapidly rinsed twice with
an ice-cold incubation medium (pH 7.4). The cells were
treated immediately with 500 uL of 5% perchloric acid.
After neutralization with 1 M KOH and centrifugation for 1
min at 15,000 g and 4° in the table-top microfuge, the
supernatant was used for the determination of ATP with a
JA—7441 Chem-Glow Photometer (American Instrument)
utilizing firefly lantern extract [20].

2.5. Kinetic analysis of fluorescein uptake

The fluorescein uptake data were fitted to a Michaelis—
Menten type equation with a saturable component and a
nonsaturable component by the iterative nonlinear least-
sguares method in Origin (MicroCal):
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monoanion
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Fig. 1. lonization equilibria of fluorescein. A systematic study by Zanker
and Peter [21] demonstrated that there are three molecular species: the
neutral, monoanion, and dianion forms of fluorescein.

Vo = Vinax[Sl/(Kim +[S]) +K4[S] (1)

where V, represents the initial uptake rate of fluorescein;
Ve the maximum uptake velocity; [S], the initial concen-
tration of Gly-Sar; K,,,, the Michaelis constant; and K, the
coefficient of passive diffusion.

2.6. Absorption spectra of fluorescein

The absorption spectra of fluorescein at various pH lev-
els were determined utilizing a V-560 spectrophotometer
(Nihonbunko, Ltd. Co.). Zanker and Peter [21] were the first
to perform systematic studies of ion species. Lindquist [22]
partially identified the individual absorption spectra of the
neutral (N), monoanion (MA), and dianion (DA) forms of
fluorescein (Fig. 1). His study clearly showed that the main
molecular speciesat pH 10.0 and 3.0 are dianion and neutral
species of fluorescein, respectively. According to the re-
sults, the absorption spectra at any pH were expressed asthe
following equation:

AbS(\) = V(1+10PHPRay 1 0PPH-(PKatPK2))
AbS(A)3 o+ 10PHPKar/(1+10PM Pl

+ 102pH'(pKa1+pKaZ))Abs()\)MA

4 102pH-(PKa1+pKaz)/(1+10pH-pKa1

+ 107PH(PRarPRDYARg()) 1.0 (2)

where AbS(A)pn, AbS(A)z0 and Abs(A)g4, and Abs(A)ya
stand for the absorption spectra at any pH, pH = 3.0 and
10.0, and absorption spectra of the MA form of fluorescein,
respectively, and pK,, and pK,, stand for the protolytic
constants of carboxylic and phenol functional groups within
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Fig. 2. Time courses of fluorescein uptake at various concentrations by
Caco-2 cells. Panels A and B show the typical data of fluorescein uptake
at low and high concentrations, respectively. The uptake of fluorescein was
measured in incubation medium (pH 6.0). Three to four experiments were
performed at various concentrations.

fluorescein, respectively. The absorption spectra were fitted
simultaneously to Eq. (2) by the iterative nonlinear least-
sguares method in Origin, and the values for Abs(A)ya,
pK .., and pK,, were estimated. The molar ratios of fluo-
rescein species at any pH were calculated based on the
following equations:

Ry = 1/(1 + 10P™PKa 4 1g?PH-(PRapia)) (3)
Rua = 10PMPKat/(1410PHPRa 41 07PH-(PKatpKa2))
Rpa = 107PH-(PKatPia)j(q 4 10PH-PRa (4)

+ 10?PH-(PLaPKa ®)

where Ry, Rya, and Rp, represent the molar ratios of
neutral, monoanion, and dianion species for fluorescein,
respectively.

3. Results and discussion

3.1. Accumulation of fluorescein by Caco-2 cells

We measured the accumulation of fluorescein by Caco-2
cells. Figure 2 shows the time course for the uptake of
various concentrations of fluorescein (25 uM-3 mM) by the
cells. The uptake was linear with time, up to 15 min, for
each concentration. The uptake rates were calculated from
the slope of the lines, using linear regression analysis. The
value at zero time increased linearly when the fluorescein
concentration increased (Fig. 3). This value was almost the
same as that at 4° and remained unchanged irrespective of
various inhibitors. Thus, this value was considered to mean
the rapid adsorption to the cellular surface.

The relationship between the initial uptake and concen-
tration of fluorescein is depicted in Fig. 4. It indicates that
the uptake process is comprised of a saturable process at
low concentration and a nonsaturable process at high con-



84 K. Kuwayama et al. / Biochemical Pharmacology 63 (2002) 81-88

70

60

50

30

20p

Adsorption (nmol/mg protein)

10

0 1 1 1 1 [l 1

0 0.5 1 1.5 2 2.5 3 3.5
Fluorescein concentration (mM)

Fig. 3. Adsorption of fluorescein to the cell surface. The adsorption of
fluorescein to the cell surface was estimated from the time-zero value of the
time-course study. Each point is the mean = SEM of three to four
experiments.

centration. The inset in Fig. 4 shows an Eadie-Hofstee plot
in which the line bends toward the horizontal axis at large
velocity, revealing the existence of two processes. The ki-
netic parameters were calculated by fitting data to Eq. (1),
and we estimated that K, Ve @d Ky were 0.40 = 0.05
mM (= SD), 1.32 = 0.10 nmol/min/mg protein (= SD), and
0.41 = 0.03 pL/min/mg protein (£ SD), respectively. The
uptake rate at 4° was much lower than that at 37°; the uptake
rate at 50 uM, 4° was 0.022 = 0.001 nmol/min/mg protein.

V (nmol/min/mg protein)

0 0.5 1 1.5 2 2.5 3 3.5
Concentration (mM)

Fig. 4. Concentration-dependence of fluorescein uptake by Caco-2 cells.
Initial uptake rates were determined by linear regression analysis of the
linear portion of the fluorescein uptake plot. The inset shows an Eadie-
Hofstee plot of fluorescein uptake. Both saturable and nonsaturable pro-
cesses exist. Each point is the mean = SEM of three to four experiments.
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Fig. 5. Absorption spectra of fluorescein at various pH levels. The absorp-
tion spectra were simultaneously fitted to Eq. (2) by an iterative nonlinear
least-squares method, and the values for pK,, and pK, were estimated to
be 4.36 and 6.38, respectively.

3.2. What is the ionic species of fluorescein
to be transported?

As illustrated in Fig. 1, fluorescein exhibits multiple
pH-dependent ionic equilibria among dianion, monoanion,
and neutral species [22]. Above pH 9, protons of both the
phenolic and carboxylic acid groups dissociate completely
to form a dianion. Acidification of the dianion first leads to
the protonation of the phenol group and yields a monoanion,
followed by the protonation of the carboxyl group to yield
aneutral form [22]. To determine the pK, values, we mea-
sured the absorption spectrain the pH range of 3-10; results
are shown in Fig. 5 where acidification induced the blue-
shift of absorption maxima with decreased absorptivity.
Simultaneous fitting of these spectra to Eq. (2) successfully
determined that pK ,; = 4.36 and pK , = 6.38. These values
are consistent with those reported by others [23].

The ionic species of fluorescein at various pH levels
were calculated using Egs. (3-5) and are depicted in Fig. 6.
The pH-profile of the initial uptake rate by Caco-2 cellsis
overlaid in the figure. The concentration of the fluorescein
used was 50 uM, where the amounts transported by the
saturable component were about 85% of the total uptake at
pH 6.0 based on Eq. (1). As the pH increased, the fraction
of the neutral form decreased, which decreased the rate of
the non-saturable component (the passive transport). The
uptake rates shown in this figure, therefore, indicate the pH
dependence of the amounts of fluorescein transported by a
transporter. The uptake rate was optimal at approximately
pH 5.5, which is the same pH where the fraction of the
monoanion species is at maximum (Fig. 6). This figure also
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Fig. 6. Calculated molar ratios of the neutral, monoanion, and dianion
forms of fluorescein. The molar ratios were predicted according to Egs.
(3-5). The uptake rate of fluorescein at 50 uM is aso plotted in thisfigure.
Good agreement exists between the molar ratio of the monoanion and the
uptake of fluorescein.

reveals good agreement between the fraction of monoanion
and the uptake rate at pH 8 to 5.0. These facts suggest that
the monoanion species of fluorescein is transported by a
transporter.

3.3. Specificity of the transporter for fluorescein

We performed an inhibition experiment using various
substances. As shown in Fig. 7, the monocarboxylates sa-
lycilate, benzoate, and pravastatin were inhibitory, whereas
di-or tricarboxylic acids and acidic amino acids did not
reduce the uptake rate of fluorescein. The anion exchanger
inhibitor DIDS, the organic anion transporter substrate p-
aminohyppurate [24,25], and the bile acid transporter sub-
strate taurocholic acid [26] have no effect on fluorescein
uptake. These findings imply that fluorescein uptake by
Caco-2 cells involves a monocarboxylate transporter. Such
a monocarboxylate transporter was first documented by
Tsuji, Tamai, and colleagues [27-30], who demonstrated
using brush border membrane vesicles (BBMVs) and
Caco-2 monolayers that the intestinal absorption of several
monocarboxylates involves this transporter.

3.4. Trans-stimulation of fluorescein uptake
by preloaded salicylate

To determine whether fluorescein is taken up through the
monocarboxylate transporter, a trans-stimulation experi-
ment was performed using cells preloaded with salicylate.
As shown in Fig. 8, by preloading with 20 mM salicylate,
the uptakes of fluorescein at 3 and 5 min were enhanced

significantly. In contrast, the uptake by Caco-2 cells loaded
with 20 mM citric acid remained unchanged (data not
shown). These data clearly reveal that fluorescein and sa-
licylate are transported through a common monocarboxylate
transporter.

3.5. Monocarboxylate transporters in small intestine
and colon

Tamai, Tsuji, and their colleagues extensively demon-
strated, using BBMV's and Caco-2 cells, that monocarboxy-
lates with bulky groups such as benzoate [29], nicotinate
[27], sdicylate [28], and pravastatin [30] are taken up by a
common carrier that is driven by an inwardly directed H*
gradient. On the other hand, Takagi et al. [31] proposed a
mechanism by which salicylate is taken up via a passive
diffusion process according to the pH-partition theory. They
demonstrated using liposomes consisting of egg yolk phos-
phatidylcholine that in the presence of an inward H* gra-
dient, salicylate was taken up rapidly by liposomes showing
overshoot, saturation, and competitive inhibition phe-
nomena. The present observations (a) that the substrate
transported is monoanionic in nature, and (b) that it is
trans-stimulated by salicylate cannot be explained by the
pH-partition theory, but, rather, confirm carrier transport. Of
course, we cannot dispute that salicylate or fluorescein are
not also taken up by passive diffusion, because Fig. 4 shows
the existence of the passive diffusion.

Various animal cells take up monocarboxylates through
transporters present in these cells [32,33]. To date, nine
isoforms of proton-linked monocarboxylate transporters
(MCTs) have been identified in mammals, each having a
different tissue distribution [32,33]. Direct demonstration of
the proton-linked transport of monocarboxylate has been
done for MCT1-MCT4 [34-39]. Our present system of
fluorescein uptake (50 uM at pH 6.0) is aso proton-linked
since: replacement of extracellular Na*™ with Li ™ or addition
of an anion exchanger inhibitor, DIDS at 1 mM, did not
change the uptake rate [105 = 10% (N = 5)] compared with
the controls [92 = 3 (N = 5)]; 40 uM CCCP reduced the
uptake rate to 2 = 3%; 10 uM oligomycin plus 50 mM
2-deoxyglucose changed the uptake rate dlightly (93 =
12%), athough 10 uM oligomycin plus 50 mM 2-deoxy-
glucose remarkably reduced it to 20.8 + 2.3% of the control
(i.e. a normal intracellular ATP levels: 13 = 1.4 nmol/mg
protein) (Fig. 9).

Detailed characterizations of only two isoforms, MCT1
and MCT2, with regard to substrates and inhibitor kinetics
have been achieved using a heterol ogous expression system.
It was demonstrated recently that at least three isoforms of
MCT (MCT4, MCT5, and MCT8) are present in the small
intestine and colon [32,33]. MCTL1 is believed to play an
important role in the uptake of lactate, pyruvate, and short-
chain fatty acids such as butylate and propionate from the
intestinal lumen into the blood [32,40]. On the other hand,
monocarboxylates with longer branched aiphatic or aro-
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Fig. 7. Inhibitory effect of various compounds on the transport of fluorescein. The uptake rate of 50 wM fluorescein was measured in the absence or presence
of various compounds. Panels (A) and (B) represent time courses of fluorescein uptake under inhibitory and non-inhibitory conditions, respectively. The
concentration of monocarboxylates used was 20 mM. Initial uptake rates were determined using linear regression analysis of the linear portion of the
fluorescein uptake plot (0, 5, 10, 15 min). Uptake rates were normalized for the absence of compounds. Panel (C) represents the effects of various compounds
on the uptake rates of fluorescein. Each value is the mean = SEM of four experiments. Statistical analysis was done by Student’s t-test. Key: (**) P < 0.01

vs control.

matic side chains bind to MCT1, but are not transported
because they are not readily released following transoca
tion [32,41]. As shown in Fig. 7, L-lactate, a good substrate
for MCT1-MCT4 [32], did not inhibit the uptake rate of
fluorescein. A specific inhibitor, CHC, also had no effect on
the fluorescein uptake. The fluorescein uptake rate was not
atered by acetate or nicotinate, although its adsorption to
the cell surface was reduced by them. Considering the fact
that the present transporter can transport fluorescein and
sdlicylate, both of which have bulky aromatic rings, but not
a small monocarboxylate such as lactate and acetate (Fig.

7), we can infer that MCT1-MCT4 are not involved in
fluorescein transport. Identification of the fluorescein trans-
porter and its direct demonstration using a heterologous
expression system such as Xenopus oocytes will have to
await further investigation(s).

3.6. Concluding remarks
The transport of fluorescein by Caco-2 cells has been

demonstrated to occur through a proton-linked transporter
common with that for the monocarboxylic compounds sa-
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Fig. 8. Trans-stimulation of fluorescein uptake by preloaded salycilate. The
cell monolayers were preloaded by incubation with 20 mM salycilate for
10 min at 37° (pH 6.0). The uptake of fluorescein was measured after
incubation for a designated time at 37° (pH 6.0). Open and closed columns
represent control and preloaded conditions, respectively. Each column
represents the mean = SEM of four experiments. Statistical analysis was
done by Student’s t-test. Key: (**) P < 0.01 vs control.

licylate, pravastatin, and nicotinate. We can infer that the
transporter is not MCT1. It is worthwhile noting the diver-
sity of substrates, but molecular interpretation requires fur-
ther study. In addition, this diversity may provide good
ideas for the development of new compounds useful in drug

3.5

Uptake (nmol/mg protein)

o 1 1 L
0 5 10 15 20
Time (min)

Fig. 9. Effect of intracellular ATP on the transport of fluorescein. The
uptake rate of 50 uM fluorescein was measured in the absence (O) or
presence of 10 uM oligomycin plus 50 mM 2-deoxyglucose (e ). Initial
uptake rates were determined using linear regression analysis of the linear
portion of the fluorescein uptake plot (0, 5, 10, 15 min). The uptake rate
was normalized for the absence of compounds. Although 10 wM oligomy-
cin plus 50 mM 2-deoxyglucose remarkably reduced intracellular ATP to
20.8 = 2.3% of control (intracellular ATP level under normal conditions:
13.0 + 1.4 nmol/mg protein), theinitial uptake rate of fluorescein remained
unchanged. Each point represents the mean = SEM of four experiments.

delivery. Attachment of a monocarboxylic acid group to
poorly absorbed drugs might increase absorption from the
small intestine.
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