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Abstract: Snarf-1-AM (Seminaphthorhodafluor-1-acetoxymethylester) being used as a fluorescent pH probe, confocal
laser microspectrofluorometric measurements allowed intracellular pH to be assessed within 3T3 mouse fibroblasts
in the presence or in the absence of hypericin. Cytoplasmic local pH drops of 0.4 unit have been measured in the
presence of 1µM hypericin after 90 s of exposure to 0.1µW of illumination at 514 nm. Moreover, time course
experiments clearly show that this local pH decrease is actually light dose dependent. Taking into account previously
reported results and interpretations, it is shown here that this pH decrease has to be considered as one of the possible
processes responsible for the photosensitizing properties of hypericin, involved in its virucidal and antitumor activities.

Introduction

Hypericin (Figure 1) is a natural photosensitizing polycyclic
aromatic dione, which can be extracted from plants of the
Hypericumgenus1 and corresponds to the parent chromophore
of the stentorin photoreceptor isolated fromStentor coerulus.2

It displays virucidal activity against several types of viruses,
including the Human immunodeficiency virus (HIV),3-6 as well
as antiproliferative and cytotoxic effects on tumor cells.7-9 Its
virucidal activity is enhanced more than 100-fold in the presence
of light:3,6,10this has been reported to be related to the inhibition
of reverse transcriptase activity of mature virion.11 Other
biological properties have also been described, such as potent
antidepressive activity,12 light-dependent inhibition of protein
kinase C (PKC),7,13photoinduced inhibition of epidermal growth
factor (EGF) receptor, tyrosine kinase activity,14 and photo-
sensitized inhibition of mitochondrial succinoxidase.15 Hyperi-

cin, like many other anticancer drugs, has also been reported
to induce apoptosis.9

In view of the photobiological relevancy, excited state
properties of hypericin have been widely studied, in order to
understand the role of light on its biological activity.16-21

Nevertheless its mechanism and site of action at the cellular
level still remain unclear,22 and various photophysical processes
have been proposed to account for its photosensitizing proper-
ties:
(i) An oxygen-dependent mechanism has first been reported3,6

since irradiation of hypericin with visible light leads to the
production of singlet oxygen (1O2) with a yield of≈0.35 when
embedded in DPPC (dipalmitoylphosphatidylcholine) lipo-
somes.16 The formation of singlet oxygen as a primary oxidizer
occurs via energy transfer from the excited triplet state of
hypericin towards the ground state of molecular oxygen.24,25

However, although this type II oxygen-dependent photosensi-
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Figure 1. Structure of hypericin.
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tization mechanism is the most widely reported, other observa-
tions lead to establish that oxygen is not always required for
virucidal26 and antitumoral9 activities of hypericin.
(ii) Others studies suggest that the virucidal activity may be

due to complex mechanisms involving the superoxide anion and
hypericinium ion, implicating a type I radical mechanism.27-29

(iii) Finally, a recent publication22 suggests that an alternative
origin for the photoinduced virucidal activity of hypericin may
involve its ability to produce a photogenerated pH drop through
an intramolecular proton transfer in the excited state of the
molecule, which is likely to precede solvent acidification.
Actually, a rapid (6-12 ps) proton transfer has been observed
in the excited state of hypericin from one hydroxyl group to
the adjacent carbonyl group,19-21 and a light-induced pH drop
has been recently observed inside phosphatidylcholine vesicles
during steady state illumination of a hypericin containing
solution.30 These authors suggest that a deprotonation process
might result from hypericin excited triplet state, without
excluding the possibility that the singlet excited state could
provide protons as well. This would explain the light-dependent
pH decrease which has been previously observed for the closely
related stentorin chromophore fromS. coerulus.2,31 Possible
mechanism, for the primary photoreaction, involving electron
transfer coupled with proton transfer has also been proposed to
account fort this pH decrease.32

In this study, using Snarf-1-AM as a specific fluorescent pH
probe,33 we have performed confocal laser microspectro-
fluorometric experiments in order to monitor possible intra-
cellular local pH changes induced under photoexcitation of
hypericin in single living cells.

Experimental Section

Chemicals. Hypericin was obtained from Roth Co. (Karlsruhe,
Germany). Stock solutions were prepared in DMSO and stored in the
dark at-20 °C. The pH probe Snarf-1-AM was purchased from
Molecular Probes (Eugene, OR). Valinomicin and nigericin were
purchased from Sigma Chemical Co. (St. Louis, MO).
Cell Culture. 3T3 mouse fibroblast cells were cultured as mono-

layers (25 cm2 flask) at 37°C in a humidified 5% CO2 atmosphere, in
RPMI 1640 medium supplemented with 10% foetal calf serum, 2 mM
L-glutamine, streptomycin (0.1 mg/mL), and penicillin (100 U/ml), all
from Boehringer (France). Cells were subcultured in 35 mm diameter
Petri dishes for 48 h before microspectrofluorometric analysis. Hy-
pericin (0.3 mM stock solution in DMSO) was then added to the culture
medium to a final concentration of 10-6 M (0.3% DMSO) for 1 h before
fluorescence measurements.
Microspectrofluorimetry. The experimental set-up is extensively

described in supporting information.
Intracellular pH Determination. Intracellular pH of single cells

has been monitored by the fluorescent pH indicator Snarf-1-AM.33 Its

emission spectrum exhibit two pH sensitive bands, protonated and
unprotonated forms peaking at 590 and 635 nm, respectively. Its pK
is about 7.4, which allows pH changes in the 6.3-8.6 range to be
determined from intensity ratio measurementsR) If(635)/If(590). Cells
were loaded with the fluorescent probes as follows: they were incubated
in culture medium for 20 min at 37°C, 5% CO2, with 10 µM Snarf-
1-AM from a 1 mMstock solution in DMSO. After loading, cells
were washed and suspended in culture medium supplemented with 25
mM HEPES at pH 7.4 before MSF measurements. An in vivo
calibration curve ofR versus intracellular pH was first performed
according to the method developed by Thomas.34 Briefly, after
incubation with the fluorescent probe, cells were washed and suspended
in a buffer containing 10 mM Hepes, 130 mM KCl, 20 mM NaCl, 5
mM dextrose, 1mM CaCl2, 1 mM KH2PO4, 0.5 mM MgSO4 (Hepes
saline buffer) at various pH values obtained by addition of small
amounts of 0.1 M solutions of KOH and HCl. The pH changes of the
external buffer of the cell were followed with a Tacussel Isis 20000
pH-meter. Addition of nigericin (1µg/mL) and valinomycin (5µM)
allowed an exchange of K+ for H+ which resulted in a rapid
equilibration of external and internal pH. In the pH range studied (6-
8), cell viability was not significatively affected.

Results

The fluorescent pH indicator Snarf-1-AM33 was chosen for
pH measurements since it permits the same 514.5 nm laser line
to be used for both hypericin photosensitization and probe
excitation. Thus, local pH values determined from Snarf-1
fluorescence features actually correspond to instantaneous pH
values induced by hypericin, during the time of illumination,
in the subcellular microvolume (about 1µm3) excited by the
laser beam in the confocal mode. Consequently, it can be
considered that photoinduced modifications of intracellular pH
are only weakly balanced by the high buffering capability of
the cells during measurements.
Classical fluorescence ratio imaging experiments would not

be adequate for such measurements, since the fluorescence
spectrum of hypericin strongly overlaps Snarf-1 fluorescence
spectrum. To circumvent this problem, spectral analysis of the
intracellular fluorescence may be performed by using micro-
spectrofluorometric measurements.35,36 Actual fluorescence
intensity ratiosR, needed for local pH evaluation, were
calculated after spectral decomposition of experimental signals
by using previously recorded model spectra of hypericin and
unprotonated and protonated forms of Snarf-1.
However, it has not been possible to obtain intracellular

fluorescence spectra of totally protonated and/or unprotonated
forms of Snarf-1 even after equilibration of intracellular pH with
acidic (pH< 6) or basic (pH> 8.5) external buffers. This
could be explained by the fact that a significant fraction of the
dye remains specifically bound to cellular proteins, as previously
reported.33

The decomposition process can easily be performed by using
any two distinct intracellular spectra of Snarf-1 (i.e.,Fsn1, Fsn2),
which present differentR ratios. Thus any of the experimental
spectra (Fexp) can be expressed as a linear combination of three
model spectra:

Fhyp being the pure intracellular fluorescence model spectrum
of hypericin.
The actual ratioR ) If(635)/If(590) is then calculated from

theaFsn1+ bFsn2 component. Validity of the spectral decom-
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position procedure is confirmed by comparison of experimental
and recalculated spectra (trace of the residual weight shown on
Figure 2 actually corresponds to their difference).
The relative contribution of the two emission bands of Snarf-1

obtained for hypericin treated cells after 90 s of 0.1µW
irradiation (Figure 2b, curves 3 and 4) is different from that
observed after 1 s of irradiation under same power (Figure 2a).
Figure 4a presents a typical time evolution of the fluorescence

intensity ratio R of these two bands, obtained on single cells,
as a function of the time of irradiation of control and hypericin
treated cells. WhileRappears to be practically independent of
the time of irradiation for the control cell (R) 0.62( 0.010),
it decreases from an initial value of 0.615( 0.010 to a final
value of 0.555( 0.010 for a cell incubated with hypericin.
According to the calibration curve (Figure 3) these ratios
correspond to an intracellular pH of 7.3( 0.05 for the control
cell (in agreement with previously reported data37 ) and to an
intracellular pH value going from 7.23( 0.05 to 6.98( 0.02
for hypericin treated cell. Moreover, along with this pH
decrease, a simultaneous linear photodegradation process of
hypericin has been observed, as shown by the time evolution
of its intracellular fluorescence intensity (Figure 4b).
Distributions of the intracellular pH values obtained in 3T3

cell populations after 90 s of irradiation with 0.1µW of
illumination are presented in Figure 5. Mean intracellular pH
values of 7.25( 0.2 and 6.85( 0.2 were respectively obtained
for control and hypericin treated cells (Figure 5a,b, respectively),
external pH being of 7.4( 0.05.

Discussion

Hypericin is a powerfull photosensitizer that displays potential
pharmacological applications including virucidal activity3,6,38and
antitumor properties.8,9 The relative importance of singlet
oxygen in the toxicity of hypericin toward HIV and related

viruses has been recently questioned,19,26and the production of
a photogenerated pH drop has been suggested as an alternative
origin for its photoinduced virucidal activity.22

In the present work, confocal laser microspectrofluorometric
analysis has been used to monitor intracellular pH during
photosensitization of cells by hypericin. A mean pH decrease
of 0.4 unit has been observed in the laser irradiated subcellular

(37) Seksek, O.; Bolard, J.J. Cell Science1996, 109, 257-262.
(38) Lopez-Bazzocchi, I.; Hudson, J. B.; Towers, G. H. N.Photochem.

Photobiol.1991, 54, 95-98.

Figure 2. Resolution of experimental intracellular spectra (1), recorded
after 1 s (a) and 90 s (b) of irradiation, by using model spectra of
hypericin (2) and Snarf-1 at two distinct pHs (3, 4). Curve 5 present
the residual weight obtained after subtraction of the calculated spectrum
to the experimental spectrum.λexc) 514.5 nm, laser power) 0.1µW,
acquisition time) 1s/spectrum.

Figure 3. Microspectrofluorometric analysis of Snarf-1-AM loaded
3T3 cells. (a) Fluorescence emission spectra for various intracellular
pH (calibration of intracellular pH was obtained as described in
materials and methods). (b)R ) (fluorescence emission intensity at
635 nm)/(fluorescence emission intensity at 590 nm) plotted versus
pH. For each pH values, number of cells) 20. Ri, pHi andRf, pHf

correspond to initial (1 s) and final (90 s) values ofRand corresponding
pH, respectively, on illumination of hypericin-treated cells (see Figure
4).

Figure 4. Typical time evolution of the intracellular pH (a) and of
the intracellular fluorescence intensity of hypericin (b) under continuous
laser irradiation: (O) control cells, (b) cells after 30 min of incubation
in 1µM hypericin. Error bars represent the accuracy of determination
of R and corresponding pH values.

9486 J. Am. Chem. Soc., Vol. 118, No. 40, 1996 Sureau et al.



microvolume (a few micrometers3) as shown in Figure 5.
However, under 0.1µW of excitation power this pH decrease
is not linear as a function of the time of exposure (Figure 4a).
The sigmoidal shape of the kinetic profile is assumed to result
from two competitive processes: (i) acidification through proton
release,30 and (ii) neutralization of this acidification due to the
high buffering capability of the cells which was previously
reported to beca. 40 mM for mammalian cells.39 Apparently
the 0.4 pH unit decrease observed under this laser irradiation
would imply a very high intracellular concentration of hypericin,
unless each of these molecules is producing hundreds of protons.
Taking into account that (i) intracellular concentration of Snarf-1
has previously been calculated as high as 200( 50 mM under
same experimental staining conditions33 and (ii) the efficiencies
of emission detection of both molecules, estimated from the
ε514* Φf product of extinction coefficients and fluorescence
quantum yields (ε514≈ 26 000 and 6 000,Φf ≈ 0.05 and 0.25
for Snarf-140 and hypericin,18 respectively), are roughly the
same, it is possible that hypericin, which is not soluble in water,
is also highly concentrated in cells, i.e.,ca.200µM, as suggested
by its fluorescence intensity which is of the same order of
magnitude as that of Snarf-1 (Figure 2).
Moreover, the regulation of the intracellular pH through the

Na+/H+ antiport41 of the plasma membrane might be inactivated
since hypericin is a potent inhibitor of PKC7,13which is involved
in the regulation of the Na+/H+ activity.
Finally, the same range of pH drop can be observed either

after 1 s of irradiation with 1µW (data not shown) or after 90
s irradiation with 0.1µW (Figure 4a): thus the intracellar

hypericin induced pH modification clearly appears to be light-
dose dependent.
A possible artifact involving an energy transfer between

hypericin and Snarf-1 can be discarded since (i) a reabsorbtion
of hypericin fluorescence emission, which overlaps the absorp-
tion band of the unprotonated form of Snarf-1 (not shown),
would result in an increase of theR ratio and (ii) a reabsorbtion
of the fluorescence component arising from protonated Snarf-1
form, which overlaps the absorption spectrum of hypericin (not
shown), would also result in an increase of theR ratio.
Finally, during the time course of intracellular acidification,

a decrease of the overall fluorescence emission of hypericin has
been observed (Figure 4b). To interpret this, one has to recall
previous studies showing that protonation of one or both of the
carbonyl groups of hypericin, achieved through an intramo-
lecular proton transfer in its excited state, is required to promote
its fluorescence emission.20,21 Consequently, a non-reversible
proton release from the excited state of the chromophore to the
bulk progressively precludes the fluorescence emission and can
be considered as the first step of formation of a non fluorescent
photoproduct of the molecule.

Conclusions

Intracellular pH changes, as large as 0.4 pH unit, can be
considered as a possible mechanism responsible for the pho-
tosensitizing properties of hypericin. Several investigations have
demonstrated the critical role of pH in the replication cycle of
certain enveloped viruses by regulating uncoating.42,43 Intra-
celullar acidification down to 6.8 has also been reported to
precede apoptosis in various cell lines44-47 and can be involved
in the hypericin induced apoptosis observed in glioma cell lines.9

This intracellular acidification can also be directly involved in
the photoinduced antitumoral activity of hypericin which has
been previously observed on EMT6 mouse mammary car-
cinoma25 or human glioma9 cell lines. This assumption is
supported by other studies on same EMT6 and glioma cell lines,
which have shown that a decrease of intracellular pH constitutes
a potent alternative for antitumor therapy.48-50

Present results support the assumption that, besides the
classical type-I and type-II photosensitization mechanisms,
photoinduced pH variations have to be considered to account
for some of the pharmacological properties of hypericin, in
particular those which were reported not to be oxygen-
dependent.
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Figure 5. Distributions of intracellular pH values in 3T3 cells in Hepes
saline buffer (pH 7.4) determined after 90 s of irradiation: (a) untreated
control cells (n ) 77) and (b) hypericin treated cells (n ) 93). λexc )
514.5 nm, excitation power) 0.1µW, acquisition time) 1 s/spectrum.
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