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The aging process and its characterization in keratinocytes have not been studied in depth until now. We
have assessed the cellular and molecular characteristics of aged epidermal keratinocytes in monolayer
cultures and in skin by measuring their morphological, fluorometric and biochemical properties. Light
and electron microscopy, as well as flow cytometry, revealed increase in cell size, changes in cell shape,
alterations in mitochondrial structure and cytoplasmic content with aging. We showed that the expres-
sion of 16 biochemical markers was altered in aged cultured cells and in tissues, including caspases 1 and
3 and b-galactosidase activities, immunoreactivities of p16, Ki67, 20S proteasome and effectors of the
Fas-dependent apoptotic pathway. Aged cells diversity, and individual variability of aging markers, call
for a multifunctional assessment of the aging phenomenon, and of its modulation by drugs. As a test case,
we have measured the effects of Dead Sea minerals on keratinocyte cultures and human skin, and found
that they stimulate proliferation and mitochondrial activity, decrease the expression of some aging mark-
ers, and limit apoptotic damage after UVB irradiation.

� 2008 Published by Elsevier Inc.
1. Introduction

Replicative senescence is characterized by the limited replica-
tive lifespan of cells in culture (Hayflick, 1974). Still, this phenom-
enon also exists in vivo, and the altered phenotype of senescent
cells in proliferative tissues is believed to cause age-associated
dysfunctions (Campisi, 1998). In skin, for instance, dermal thinning
and collagen breakdown may be due to increasing amounts of
senescent fibroblasts, which overexpress collagenase and underex-
press collagenase inhibitors (West et al., 1989).

The involvement of replicative senescence in skin aging is fur-
ther suggested by the observation of parallel changes in specific
biomarkers in aged skin and in senescent keratinocytes. Thus,
senescence-associated b-galactosidase is overexpressed in epider-
mis from old donors (Dimri et al., 1995); telomere shortening, ob-
served in senescent keratinocytes (Matsui et al., 2000), is
responsible for cutaneous symptoms of normal and pathological
aging (Boukamp, 2005; Hofer et al., 2005); functional binding of
epidermal growth factor (EGF) is poorly efficient in senescent
keratinocytes (Shi and Isseroff, 2005) as in aged epidermis (Reen-
stra et al., 1996); oxidative stress is associated with both cellular
Elsevier Inc.
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senescence and skin aging (Hu et al., 2000; Kohen and Gati,
2000; Petropoulos et al., 2000); in aged skin as in senescent kerat-
inocytes, the stress-activated MAP-kinase pathway is increased,
thereby up-regulating c-Jun and matrix metalloproteinases
(MMPs) (Chung et al., 2000; Kang et al., 2003). Up-regulation of
inflammatory cytokines and activation of the inflammation-prone
transcription factor NF-jB, which are hallmarks of the aging condi-
tion (Chung et al., 2006) and possible causes of extrinsic skin aging
(Thornfeldt, 2008), also occur in senescent keratinocytes in vitro
(Bernard et al., 2004; Perera et al., 2006). Therefore skin aging
and keratinocyte senescence, although they are distinct phenom-
ena, are obviously in close relationship.

This view is further suggested by the fact that in Werner syn-
drome (WS), many of the tissues showing premature aging are
those which remain proliferative during adult life, and cell cultures
from WS patients indeed display a reduced replicative lifespan
in vitro. Hence Werner syndrome may be considered, at least in
part, as a syndrome of accelerated cellular senescence (Davis
et al., 2007).

In this work, we have addressed the characters of cellular senes-
cence in epidermal keratinocytes. Previous reports have stated that
senescent keratinocytes are irregular-shaped, enlarged and flat-
tened, with clear vacuoles in perinuclear cytoplasm (Kang et al.,
2000; Rheinwald et al., 2002). Electron microscopy data shows
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an enlargement of cytoplasm but not of nucleus, an increase in
number and size of perinuclear vacuoles, and an overall decrease
in cellular organelle density. After an initial period of exponential
growth in culture, an increasing fraction of cells stop DNA synthe-
sis and display higher b-galactosidase activity. Upon completion of
the proliferation step in most cells, terminal differentiation occurs
with the expression of cytokeratins 1 and 10 (Kang et al., 2000). A
close relationship exists between senescence and apoptosis, which
both can be induced by oxidative stress and DNA damage, and are
controlled by p53 (Vogelstein et al., 2000). Although UV-induced,
p53-dependent apoptosis is inhibited by replicative senescence
(Chaturvedi et al., 1999), p53-independent, cell surface receptor-
activated apoptosis is exacerbated in senescent cells and aged tis-
sues (DeJesus et al., 2002; Wang et al., 2004).

Using light and electron microscopy, fluorometry, flow cytome-
try and immunoblotting, we defined a panel of biomarkers of
senescence and aging in the epidermal tissue. We examined the ef-
fects of Dead Sea minerals (DSM), which are known to reduce skin
inflammatory disorders like psoriasis (Hodak et al., 2003, 2004), on
these biomarkers. We showed that DSM can limit the progression
of senescent characters in aging cells, and provide a protection
against UV-induced apoptosis. Such a multifactorial evaluation of
cell aging, and of the effects of protective agents, makes possible
an efficient and sensible evaluation of anti-aging agents through
marker profiling.
2. Materials and methods

2.1. Materials

2.1.1. Culture media
For keratinocytes from primary cultures: KGM-2 Bulletkit (Clo-

netics CC-3107); for HaCaT: DME-F12 medium completed with
2 mM glutamine, 5% fetal bovine serum and an antibiotic–antifun-
gic mixture (Biological Industries, Kibbutz Beit Haemek, Israel).

2.1.2. Antibodies
Mouse monoclonal anti-P21 (sc-817), rabbit polyclonal anti-Bcl

2 (sc-492) and anti-b tubulin (sc-9104) from Santa Cruz; rabbit
monoclonal anti-Ki67 (RM-9106), mouse monoclonal anti-b galac-
tosidase (MS1329) from NeoMarkers; mouse monoclonals anti-
P53 (R7154), anti-cytokeratin 10 (M7002) from Dako; mouse
monoclonal anti-P16 (K0077-3) from MBL-Clinisciences; mouse
monoclonal anti-involucrin from Sigma (I 9018); rabbit polyclonal
anti-‘‘Advanced Glycation Products” (mainly carboxymethyl-
lysine) were a gift from Dr. Hilaire Bakala.

2.2. Skin cell and organ cultures

2.2.1. Keratinocyte primary cultures
Keratinocyte primary cultures were derived from infant foreskins

or adult breast reductions, and processed as previously described
(Brégégère et al., 2003).

2.2.2. Organ cultures
Skin samples were obtained from healthy donors undergoing

plastic surgery, cut into 3 � 3 mm pieces, and incubated in culture
plates on a stainless steel grid, dermis immersed in DME-F12 med-
ium with 5% fetal bovine serum and antibiotic–antifungic mixture.
For immunodetection experiments, samples were fixed with 4%
paraformaldehyde in phosphate buffered saline (PBS) and sec-
tioned. Alternatively they were trypsinized, and keratinocytes
were suspended in PBS and analyzed by flow cytometry. All exper-
iments performed with organ cultures have been repeated with
skin from at least three independent donors.
2.3. Electron microscopy

Keratinocytes were cultivated on 0.5 � 0.5 cm polycarbonate
slides, washed in PBS, and fixed in situ 1 h at room temperature with
4% paraformamide, 2.5% glutaraldehyde, 0.2 M cacodylate buffer
(pH 7.4). They were stained with 1% OsO4/1.5% potassium ferricya-
nide in 0.2 M cacodylate buffer, gradually dehydrated by ethanol,
and submitted to epon infiltration as described (Feinstein et al.,
1998). Polymerization was allowed to proceed for 48 h at 60 �C,
and ultrathin sections were cut using a LKB Ultrotome III. Pictures
were captured on a Technai-12 electron microscope equipped with
a MegaView II CCD camera. For each passage, 6 different cultures
and 24 different samples were processed and analyzed.

2.4. Measurements of keratinocyte fluorescence

Keratinocytes were suspended by trypsin, washed and resus-
pended in PBS. Cell suspensions were analyzed in a Perkin-Elmer
LS 50B fluorescence reader. To obtain differential spectra, the two
profiles were normalized for optimal coincidence, and then com-
pared. These experiments have been repeated using keratinocyte
cultures from at least three independent primary isolates.

2.5. Flow cytometric analysis

2.5.1. Cell suspensions
Keratinocytes were detached from culture plates by trypsin

digestion and resuspended in PBS at a density of 106 cells/ml. Sus-
pensions were analyzed in a Becton Dickinson flow cytometer with
488 nm incident wavelength.

2.5.2. Autofluorescence analysis
The cell suspensions were analyzed directly for emission at

560 nm.

2.5.3. Total protein content determination
Cells were fixed in two steps: (1) 15 min incubation in PBS, 3%

paraformaldehyde (PFA), at 30 �C; (2) addition of two volumes of
methanol and incubation for 1 h at 4 �C. After two washes in PBS,
5 � 105 cells were resuspended in 400 ll of PBS, 0.1 lM fluorescein
iso-thio-cyanate (FITC), and incubated 1 h at 30 �C. Cells were
washed in PBS and analyzed at 530 nm emission wavelength.

2.5.4. Immunodetection of cellular proteins
Cell suspensions were fixed in 2% PFA, 15 min at 30 �C, and fixed

in methanol as above. After two washes in PBS, 5 � 105 cells were
resuspended in 400 ll of PBS containing a specific antibody, 2 h at
30 �C. Cells were washed again in PBS and incubated with a FITC-
conjugated, secondary antibody, 1 h at 30 �C. Cells were washed,
resuspended in PBS, and analyzed at 488 nm/530 nm.

2.5.5. Intracellular b-galactosidase assay
Intracellular b-galactosidase assay was adapted from Fiering

et al. (1991). Fifty microlitre of a keratinocyte suspension in PBS
at 107 cells/ml were pre-warmed at 37 �C, and mixed with 50 ll
of pre-warmed, 2 mM fluorescein di-b galactoside (FDG). After
2 min at 37 �C, the reaction was stopped with 0.5 ml of ice-cold
PBS, and cells were analyzed at 488 nm/530 nm excitation/emis-
sion wavelengths.

2.6. Cell adherence assay (adapted from Goldman and Bar-Shavit,
1979)

Cells grown in multi-well culture plates were washed in PBS,
fixed with 3% PFA 10 min at room temperature, washed with
0.01 M borate buffer (pH 8.5) 5 min at 37 �C, and stained with 1%
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methylene blue in the same conditions. Excess dye was removed
by three washes in 0.01 M borate buffer. Remaining, fixed dye
was extracted by 0.1 N HCl, 20 min at 37 �C, and measured by
absorption spectrophotometry at 590 nm.

2.7. Thymidine incorporation assay

Pieces of human skin (0.5 � 0.5 cm) were incubated 20 h at
37 �C in Dulbecco’s modified Eagle’s medium (DMEM) with
4 lCi/ml of [methyl-3H] thymidine. Medium was removed, and
samples were washed with 5 mM thymidine in PBS. Skin was
heated 2 min at 65 �C in PBS; the epidermal sheet was separated
from the dermis, and washed in 70% methanol containing 5 mM
thymidine. Epidermal samples were weighted, and [methyl-3H]
thymidine incorporation was measured by scintillation counting.

2.8. Measurements of mitochondrial activity

2.8.1. Keratinocyte cultures
Cells were grown in 24-well plates to about 200,000 cells/well,

washed with PBS, and incubated 1 h at 37 �C in PBS with 0.5 mg/ml
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; Calbiochem # 475989). Substrate was removed by PBS
washes, and cells were incubated in isopropanol 30 min at room
temperature with shaking, to dissolve formazan crystals thor-
oughly. Optical densities of supernatants were read at 570 nm in
96-well plates, and normalized to the actual number of cells esti-
mated by methylene blue staining.

2.8.2. Organ cultures
Skin samples were washed with PBS, heated for 1 min at 56 �C,

and the epidermis was peeled off. Epidermis fragments were
weighted, transferred into sterile wells containing 200 ll of
0.5 mg/ml MTT in PBS, and incubated 1 h at 37 �C. Following oper-
ations were performed as above.

2.9. Immunoblots

2.9.1. Western blots
Cells scraped from culture plates, or skin fragments, were boiled

5 min in 0.25 M Tris-HCl pH 6.8, 5% glycerol, 5% b-mercap-
toethanol, 1% sodium dodecyl sulphate (SDS), and processed as
previously described (Wang et al., 2004). Densitometric evalua-
tions were performed using the Image Gauge program.

2.9.2. Dot blots
Skin samples from punch biopsies were processed as above, and

protein contents were estimated by staining 3 ll samples with
Coomassie blue on Whatman 3MM paper, in parallel with a bovine
serum albumin (BSA) scale. Then 1 lg samples were deposited in
quadruplicate on a 3MM filter, heat-dried, washed with PBS and
stained with Ponceau red to check protein amounts using the Im-
age Gauge program. The filter was washed in PBS and incubated in
blocking buffer (10% milk, 0.2% Tween 20 in PBS) 1 h at room tem-
perature, then with a specific antibody overnight at 4 �C in the
same buffer. Following operations were performed as above. Spe-
cific immunoreactivities were calculated for each dot.

3. Results

3.1. Morphology of senescent human keratinocyte

Human keratinocytes from primary cultures were cultivated in
Clonetics KGM-2 defined medium at low Ca2+ concentration. In
these conditions, lifespan was found limited to 22 population dou-
blings (PDs) on average, independently of donor age, as reported by
Kang et al. (2000). After initial plating of epidermal cells, a prolif-
eration-proficient population attached to the plate and began to di-
vide. The actual size of this population could vary between
experiments, and the number of PDs during this primary growth
was not known. In subsequent passages, cells were collected at
80% confluence, and seeding density was chosen so as to obtain 3
PDs at early passages (1–2), and 2 PDs at late passages (4–5), when
plating efficiency and growth rate were reduced.

At early passages, relatively homogenous monolayers of small
(10-20 lm in diameter) polygonal cells were observed, whereas
at late passages, cells became irregular in size and in shape, finally
reaching up to 50 lm in diameter (Fig. 1a). The enlargement of
senescent cells in culture was accompanied by differentiation,
leaving dead cells on the top of the culture (arrows). Other cells
with apoptotic aspect swelled out and detached from the plate
(not shown), as expected from previous evidence from our lab
and from others, that the apoptotic pathway is activated in senes-
cent keratinocytes (Min et al., 1999; Wang et al., 2004).

Morphological changes were also illustrated by flow-cytometric
analysis of keratinocyte populations. Flow cytometric diagrams
(light scattering) show that in young cultures, 95% of the cells re-
mained in sector I (low scattering values), while with serial passages,
a massive shift is observed toward elevated values of forward and
side scattering, corresponding to major changes in cell shape, and
in cytoplasmic optical properties (Fig. 1b). The percentages of dots
mapping within the oval marker of the figure progressively increase
from 6 to 20% of the total cell number, and visibly underestimate the
actual proportion of cells with altered scattering properties.

Ultrastructural changes in cells between early and late passages
were examined by electron microscopy. Fig. 1c shows a keratino-
cyte at first passage (P1), where a large spheric nucleus displays
a nucleolus (nl) surrounded by homogenous chromatin, and is
enveloped by a regular membrane (nm). The cytoplasm contains
highly dense mitochondria (mt) with classical divisions of internal
cristea (crests). Some cellular vacuoles, containing dispersed gran-
ules, may be lysosomes (ly) harboring protein complexes and occa-
sional aggregates. Keratin fibers were not seen, as expected since
proliferating keratinocytes cultivated in low calcium, serum-free
medium display few features of differentiation, and a less devel-
oped tonofilament system (Pillai et al., 1988).

From the third passage (P3) and onward (Fig. 1d), cell popula-
tions become more heterogenous, displaying enlarged cytoplasm
with ultrastructural alterations. Although nuclei do not change in
size, they have irregular shapes and are often split. Organelles
are concentrated in the perinuclear zone, virtually absent from dis-
tal portions of the cytoplasm. Mitochondrial density in most cases
increases with the passages, and structural alterations are clearly
visible. The cytoplasm of senescent cells can display different as-
pects, like local increase of organelle concentrations, continuous
fields of keratin tonofilaments extending from the nucleus to the
plasma membrane, or large areas devoid of organelles.

The nature of the organelles appearing in aged cells is shown by
EM at higher magnification. Fig. 2a–d shows different aspects of
early senescence in the perinuclear cytoplasm of P3 cells. In
Fig. 2a, crests are seen distributed regularly in most mitochondria
(‘‘mt”) although not in parallel mode, and some organelles are seen
devoid of typical crests. Piles of membranes that look like Golgi
sacks (‘‘go”) are also visible, as well as relatively empty lysosome-
like vacuoles (‘‘ly”). In Fig. 2b, one can see mitochondrial crests
irregularly distributed in longitudinal sections, sometimes lacking
in semi-transversal sections (‘‘*”). Dotted membranes are still seen
in the cells at this stage, indicating rough reticulum (‘‘rr”). Only rare,
nascent fibers (likely keratin tonofilaments) are present in some
places (‘‘kf”). In Fig. 2c, regular mitochondrial structures are seen
alternating with swelled portions without crests. In Fig. 2d, long-



Fig. 1. Microscopic and flow-cytometric characterization of senescent phenotype in human keratinocytes. (a) Human keratinocytes derived from primary cultures were
cultivated by serial passaging in low-calcium medium, and passages 2–5 were analyzed in parallel by phase-contrast microscopy and flow cytometry. (b) Flow-cytometric
analysis of successive passages: the abundance of dots in upper sectors (III and IV) correspond to larger, phenotypically senescent cells with higher cytoplasmic granularity;
as an indication of the progressive shift of aging cells to this senescent phenotype, the proportion of dots mapping within the oval marker increased from 6% at P2 and P3 to
12% at P4, and 20% at P5. SSC, side scattering; FSC, forward scattering. (c and d) EM views of human keratinocytes grown in low-calcium, serum-free medium, at P2 and P4,
respectively. kf, keratine fibers; ly, lysosome-like vacuole; mt, mitochondria; nl, nucleolus; nm, nuclear membrane. Magnification 4000�.
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shaped, less dense mitochondria are seen, and the enrichment in
keratin bundles is apparent, consistently with previous data show-
ing induction of keratin expression upon growth arrest in low cal-
cium medium (Kang et al., 2000). Fig. 2e–f represents an
advanced senescent stage of P4 cells. In Fig. 2e, representing aged
cells at passage 5, irregular mitochondrial patterns are seen, as well
as lysosome-like vesicles (‘‘ly”) filled up with unidentified, dense,
granules, possibly lipofuscin (Brunk and Terman, 2002). Fig. 2f
clearly shows advanced alteration of mitochondrial structures and
thinning of the nuclear membrane (‘‘nm”).

3.2. Age-associated changes in skin fluorescence

It was shown by Stamatas et al. (2006) that skin fluorescence
changes go together with aging: a decrease at 295/340 nm (excita-
tion/emission, respectively), contributed mainly by tryptophan, is
associated with cell proliferation; increases at 340/390 nm and
360/420 nm are associated with collagen cross-links, and an
increase at 375/500 nm is associated with elastin cross-links. Here,
it can be seen from the excitation spectrum shown in Fig. 3a that
295/340 nm fluorescence in keratinocyte cultures decreases in late,
compared with early, passages. Therefore we conclude that auto-
fluorescence may be a valid marker for both skin aging in vivo
and cellular senescence in vitro.

Lipofuscin is an insoluble, final product of protein oxidation
composed of denatured polypeptides bound to oxidized lipids, that
accumulates as deposits in lysosomes of aging tissues (Brunk and
Terman, 2002) and strongly fluoresces at 600–620 nm (Sparrow
and Boulton, 2005). When keratinocyte suspensions from late
and early passages were compared, we indeed observed a fluores-
cence increase at 480/620 nm in senescent cultures, as shown in
the emission spectrum of Fig. 3b. This indication of lipofuscin accu-
mulation fits nicely with the EM data above, which display dense
electron-opaque material accumulating in lysosome-like vacuoles
of senescent keratinocytes (Fig. 2e).

3.3. Flow-cytometric analysis of epidermal senescence

We submitted keratinocyte cultures to flow-cytometric analysis
at early (P1–P2) or late (P4–P5) passages, using different labeling



Fig. 2. Ultrastructural changes in aging keratinocytes. EM views of human keratinocytes cultures in low calcium, KGM-2 Bulletkit medium, taken at P3 (a–d) and P4 (e–f). go,
Golgi apparatus; kf, keratine fibers; ly, lysosome-like vacuole; mt, mitochondria; *, irregular mitochondrial patterns; nl, nucleolus; nm, nuclear membrane; rr, rough
endoplasmic reticulum. Magnifications: (a), 14,000�; (b and c), 12,000�; (d), 15,000�; (e and f), 30,000�.
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methods. An overall increase of autofluorescence at 488/560 nm
appeared with passaging, that followed a bimodal distribution pro-
file in the cell population (Fig. 4 top, left panels). This is consistent
with the increase observed in direct fluorescence at 480/620 nm,
and likely to correspond to lipofuscin accumulation. A bimodal
pattern was observed in senescent cultures also with the prolifer-
ation marker Ki67, detected by quantitative immunolabeling. An
overall decrease in Ki67 was observed, in a context where total
protein amounts per cell increased (Fig. 4 bottom, center and left
panels). Thus, a subpopulation of senescent cells, rich in lipofuscin
and poor in Ki67, seems to develop at late passages, while other
cells retain a seemingly normal (i.e. non-senescent) phenotype.
Asymmetrical flow cytograms were also generated for total protein
contents (non-specifically labelled with FITC), or with ‘‘advanced
glycated endproducts” (AGEs), reflecting the oxidative modifica-
tion of proteins by glycation adducts (Petropoulos et al., 2000).
The distribution modes followed by these markers reveal a large
heterogeneity of keratinocyte populations at late passages, reflect-
ing the actual variability of the senescent phenotype in these cells.
By contrast, the replicative senescence marker p16 displayed a 2.5-
fold increase while keeping a monomodal distribution in late pas-
sages, thus showing that it varies to the same extent in all kinds of
senescing cells. Some epidermal samples of different ages were ob-
tained from surgery, dissociated by trypsin and analyzed by flow
cytometry. Age-associated changes were found in senescence bio-
markers, consistently with those observed in keratinocyte cultures
(data not shown).

Fas receptor is known to increase in amounts in aged kerati-
nocytes, while the relevant apoptotic pathway is upregulated
(Wang et al., 2004). Here, flow cytometric results showed a glo-
bal increase in Fas receptor at late passages, with a complex dis-
tribution corresponding to phenotype variability. The senescence
marker p16 was increased with passages and fitted a monomo-
dal distribution, apparently being a good indicator of replicative
age, rather than labeling a senescent subpopulation (Fig. 4 top,
center panels).



Fig. 3. Senescence-associated changes in keratinocyte autofluorescence. Fluorescence spectra were measured in parallel in suspensions of late (P5) and intermediate-early
(P3) keratinocytes. (a) Excitation spectrum, emission set up at 340 nm; (b) emission spectrum, excitation set up at 480 nm. Differential spectra between late and early appear
in dashed lines. Maximum absorption of tryptophan (295 nm), and maximum emission of lipofuscin (620 nm), are marked by vertical lines. DF (early–late), difference in
fluorescence measured between late- and early-passage cells (normalized).

Fig. 4. Biomarkers of senescence in epidermal cells. Cell suspensions were obtained and processed from keratinocyte cultures as described in the Methods section. Flow
cytograms represent fluorescent signals resulting from autofluorescence, non-specific FITC binding in cells (total protein contents), or FITC-conjugated antibody binding to
specific antigens, as marked in each window. Numbers between square brackets correspond to average fluorescence in the overall cell population normalized to 10,000 cells.
‘‘Early” and ‘‘late” correspond to P2 and P4 cultures, respectively.
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3.4. Effects of Dead Sea minerals on epidermal cell viability and
senescence

Bathing in Dead Sea was known to be beneficial for skin by
improving skin barrier function, increasing stratum corneum
hydration, reducing skin roughness and inflammation (Proksch
et al., 2005), and dramatically reducing the inflammation in psori-
asis (Hodak et al., 2004). Because all these processes are, at various
extents, relevant to the aged condition of skin, we addressed the
effects of mild osmotic stress induced by DSM preparations in
keratinocyte cultures.

Dilutions of ‘‘Osmoter”, a commercial preparation of DSM
(Table 1), were tested for toxicity on HaCaT cells, a spontaneously
immortalized line of human keratinocytes that retained the ability
to differentiate in vitro (Boukamp et al., 1988). Osmoter was added
to the growth medium of dividing or confluent cultures for 48 h;
dead cells spontaneously detached from the plate, and adherent,
living cells were stained with methylene blue. Fig. 5a shows that
viability and proliferation were minutely affected by Osmoter at
concentrations lower than 0.5% (v/v). The LD50 of Osmoter on Ha-
CaT cells was reached with an effective concentration of 1%, which
corresponds approximatively to a 0.15 N (i.e. 2-fold) increase of
osmolarity in the culture medium. Osmoter effects on cell death
and proliferation were found similar in HaCaT cells and in normal
human keratinocytes (not shown). At subtoxic doses, Osmoter was
found to increase mitochondrial activity monitored by MTT assay,
and cell proliferation measured by thymidine incorporation
(Fig. 5a).

When similar experiments were performed in skin organ cul-
tures, these two ‘‘vitality” parameters were even further stimu-
lated. Western blots revealed that the levels of Ki67 were
increased, and those of p16 consistently decreased. Surprisingly,
b-galactosidase activity was not significantly altered by this treat-
ment of the skin (Fig. 5b).

3.5. Effects of Dead Sea minerals on senescence markers in
keratinocyte cultures

For further investigation of DSM effects on the senescent phe-
notype, we analyzed Osmoter-induced changes in senescence
markers in intermediate (P3) and in late (P5) keratinocyte cultures.
After a 48-h incubation, cellular extracts were prepared and ana-
lyzed by SDS–PAGE and Western blotting. In the absence of treat-
ment, senescing P5 keratinocytes displayed an increase in p16 and
involucrin expression, and a decrease in apoptosis inhibitor Bcl 2,
Table 1
Composition of ‘‘Mineral Skin Osmoter”

Salt normality (N) Salt normality (N)

Na 0.118 (2.720 g/l) Rb 3.5 � 10�6 (<3 � 10�4 g/l)
K 0.054 (2.100 g/l) Sb <1.6 � 10�7 (<2 � 10�5 g/l)
Ca 0.873 (35.000 g/l) Sr 7.6 � 10�3 (0.670 g/l)
Mg 3.815 (92.700 g/l) V <7.9 � 10�5 (<0.004 g/l)
Ba 6.6 � 10�5 (0.009 g/l) Th <8.6 � 10�8 (<2 � 10�5 g/l)
Cd <1.8 � 10�7 (<2 � 10�5 g/l) U <8.4 � 10�8 (<2 � 10�5 g/l)
Co <3.4 � 10�5 (<0.002 g/l) Zn <3.06 � 10�5 (<0.002 g/l)
Cu <3.15 � 10�5 (<0.004 g/l)
Cr <3.85 � 10�4 (<0.02 g/l) Cl 9.75 (346 g/l)
Fe <3.58 � 10�5 (<0.002 g/l) Br 0.175 (14 g/l)
Li 5.76 � 10�3 (0.040 g/l) B 0.011 (0.120 g/l)
Mn 1.82 � 10�4 (0.010 g/l) As 2.7 � 10�5 (0.002 g/l)
Mo <1.04 � 10�6 (<10�4 g/l) I 6.30 � 10�7 (8 � 10�8 g/l)
Ni <3.4 � 10�5 (<0.002 g/l) SiO2 <3.33 � 10�4 (<0.02 g/l)
Pb <9.6 � 10�8 (<2 � 10�5) SiO4 <2.2 � 10�3 (<0.2 g/l)

Underlined: major constituents.
Source: Geological Survey – Ministry of National Infrastructures, State of Israel,
especially for Ahava-Dead Sea Laboratories.
when compared with less senescent, P3 cells. Osmoter treatment
produced little change in P3 cells, but in P5 cultures, enriched in
senescent cells, it notably reduced p16 and involucrin signals,
and increased Bcl 2, so that these three markers ‘‘returned” to their
values in non-senescent cells (Fig. 6a). These effects were maxi-
mized at a dilution of 0.25% (v/v), corresponding to an increase
in medium osmolarity by 0.037 N (approximately +25%). We con-
clude that, at least in keratinocyte cultures, DSM can modulate
senescence markers, and hence may curb cellular aging.

3.6. Effects of Dead Sea minerals on senescence markers in skin

A similar analysis was applied to human skin in vivo: 2% Osmot-
er, formulated in water/oil emulsion, and void emulsion as a pla-
cebo control, were applied on the inner fore-arms of 10
volunteers of both sexes and various ages (from 24 to 48 yr, aver-
age 37 yr), twice a day for 4 weeks. Then skin samples were col-
lected by punch biopsies, analyzed by dot immunoblots, and
specific signals were quantified by densitometry. It can be seen
in Fig. 6b that p16 decreased significantly, like it did in keratino-
cyte cultures. p21, another marker of senescence pertaining to
the p53-dependent pathway, also tended to decrease, albeit
slightly. Interestingly, Fas receptor was increased, indicating that
the extrinsic apoptotic pathway may be stimulated by Osmoter.
b-galactosidase did not show a significant change, like in cell
cultures.

3.7. Interference of Dead Sea minerals with UVB-induced apoptosis

Moderate sun exposure can induce stress response and prema-
ture aging, while higher doses induce apoptosis and sunburn cells
(Yaar and Gilchrest, 2001). We investigated UVB-induced apoptotic
cells by flow cytometry, in HaCaT keratinocytes (Boukamp et al.,
1988), using double fluorescent labeling by FITC-conjugated an-
nexin V and propidium iodide. Indeed, apoptotic cells were accu-
mulating in irradiated cultures (see circles in Fig. 7a). We
observed also that apoptosis takes place a few hours after UVB
exposure and further develops for 20 h after irradiation (not
shown). Fig. 7b summarizes a series of experiments in which cells
were submitted to different UVB doses, and demonstrates that a
48-h pretreatment by Osmoter curbs down the number of apopto-
tic cells in a dose-dependent manner. This shows that DSM can ex-
ert a protective effect against UV-induced damage in keratinocytes,
consistent with their effect on aging biomarkers in cultured kerat-
inocytes and in skin.
4. Discussion

Increasing frequencies of senescent cells are a hallmark of aging
in mammalian tissues, in particular in human skin (Dimri et al.,
1995). Consistently, biomarkers of replicative senescence are asso-
ciated with in vivo aging, as stated above. Therefore we have ad-
dressed the senescent phenotype of epidermal keratinocytes as
means to evaluate skin biological aging, and its control by active
compounds.

4.1. Complexity of the senescent phenotype in epidermal cells

As early as on second passage, cultured keratinocytes begin to
increase in size, and to diversify into subpopulations displaying
senescent and differentiated characters. Senescent cells display
dramatic changes in cytoplasm size and perinuclear organelle
contents. Some sectors of the cytoplasm are entirely filled with
tonofilaments, presumably keratin, in agreement with previous
observations that oral keratinocytes differentiate in low-calcium



Fig. 5. Effects of Dead Sea minerals on cell survival and proliferation, mitochondrial activity and senescence biomarker p16. HaCaT line keratinocytes (a), and skin organ
cultures (b), were incubated 48 h with Osmoter on culture plates. Densities of adherent (living) cells were determined by methylene blue; mitochondrial activities were
measured in situ by MTT oxidation; [methyl-3H] thymidine incorporation in DNA and its measurement were performed as described in Section 2.7; b-galactosidase and p16
were monitored by Western blotting and immunoreactivity, followed by densitometry. ‘‘Relative values” refer to untreated controls as 100%.

Fig. 6. Effects of Dead Sea minerals on senescence biomarkers in keratinocyte cultures and skin in vivo. (a) Keratinocyte cultures at passages 3 and 5 were incubated 48 h with
Osmoter, harvested and lysed in sample buffer. Extracts were analyzed by SDS–PAGE and Western immunoblotting. (b) Two percent Osmoter in water–oil emulsion, and void
emulsion as a control, were applied twice a day on the inner forearms of 10 donors, for 4 weeks. Punch biopsies were taken (2 � 4 mm) and extracted in 1% SDS as described
in Section 2.9. Then biomarkers were assayed in the extracts by dot immunoblots, and their relative abundance measured by densitometry. Variations observed between
treated and untreated skin areas are plotted in a bar diagram.
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growth medium upon senescent growth arrest (Kang et al., 2000).
Other sectors show large, transparent vacuoles like in apoptotic
cells (Min et al., 1999). Others accumulate lysosome-like vacuoles
filled with granules, likely proteolysis-resistant bodies and lipofus-
cin (see below).

Senescent features have also been characterized at biophysical
and biochemical levels. Thus, 295/340 nm autofluorescence was
found to decrease at late passages in keratinocyte cultures, as it
does in aging skin in vivo (Stamatas et al., 2006). This further sug-
gests that replicative senescence is linked to aging state. At 480/
620 nm, the fluorescent signal increased with passages, probably
reflecting lipofuscin accumulation. Therefore, direct fluorometry
can be used to evaluate the senescent status of epidermal cells
in vitro, and of aging skin in vivo. If fluorescent parameters can
be correlated with specific pathways of biological aging, they
might provide a basis for a non-invasive and safe evaluation of
aging characteristics in skin in situ.

Lipofuscin accumulation was also assessed by flow cytometry:
in late-passage keratinocytes, 488/560 nm fluorescence increased
and followed a bimodal distribution, indicating the presence of at
least two distinct phenotypes in senescent cultures. This fits with
the observation that senescent and non-senescent cells indeed
co-exist in keratinocyte populations (Kang et al., 2000; Rheinwald
et al., 2002). We found quantitative changes and bimodal or asym-
metrical distribution also for other markers like AGEs, total protein
content, Fas receptor, and Ki67, reflecting a phenotype heterogene-
ity for these markers in senescent cultures. Only p16 kept a mono-
modal distribution after a 2.5-fold increase, thereby exhibiting
features of an indicator of replicative age (see Fig. 4).

Table 2 summarizes the results contributed by our laboratory to
describe the aged keratinocyte phenotype. As a whole, it comes out
that a variety of pathways are associated with keratinocyte senes-
cence and skin aging, among which cell cycle and proliferation,
protein metabolism, lysosomal enzymes, apoptosis, differentiation
and hormone signaling. All these pathways co-operate to define
the senescent phenotype of skin cells and tissue as a multi-facto-
rial, multi-functional phenomenon, and a biological basis of func-
tional changes in aged skin.



Fig. 7. DSM effects on UV-induced apoptosis in keratinocyte cultures. HaCaT cultures were exposed to UV doses of 50–200 mJ/cm2, double-labeled with FITC-conjugated
annexin V (green fluorescence) and propidium iodide (PI, red fluorescence), and analyzed by flow cytometry as previously described (Wang et al., 2004). (a) Fluorescent
signals were dot-plotted according the intensities of green (annexin V) versus red (PI) fluorescence, so as to define different cell populations in different areas: viable cells
(low annexin V, low PI), apoptotic cells (high annexin V, low PI, marked with a circle) and dead cells (high annexin V, high PI); occurence of apoptosis in UV-irradiated cells is
immediately visible by comparison of the two plots. (b) Cells were pre-incubated 48 h with Osmoter, and the proportions of apoptotic cells were plotted versus UV doses,
using different salt concentrations (see inset).

Y. Soroka et al. / Experimental Gerontology 43 (2008) 947–957 955
4.2. Comprehensive approach of senescence and biological aging in
epidermis

The multifunctional character of senescence and aging in skin
cells and tissue has been addressed previously by transcriptome
analysis, using the cDNA microarray methodology (Kang et al.,
2003; Yoon et al., 2004; Lener et al., 2006; Perera et al., 2006).
All these experiments indeed provided evidence for the occurrence
of multiple changes in gene expression related to cell growth,
apoptosis, transcription factors, cytokines, extracellular matrix
proteins and more, thereby establishing the multifaced nature of
cellular senescence and skin aging.

Although transcriptome data have a rich informative content,
the actual aged condition depends directly on expressed proteins
and their activities, and only indirectly on gene transcription.
Therefore, a phenotypic profile of skin aging should be deduced
essentially from protein analysis, and include markers of replica-
tive senescence, oxidative stress, protein modification, inflamma-
tory cytokine secretion, apoptosis, differentiation, and more.
Interestingly, some of these biomarkers may be optionally associ-
ated with senescence and aging and define keratinocyte subpopu-
lations, or types of aging skin, with specific trends. As an example,
functions involved in circadian rhythms have been described as
variable aging markers in humans some years ago (Duffy and Feu-
ers, 1991). And indeed, pathways like oxidative stress response,
apoptosis, selective proteolysis, inflammatory response or differen-
tiation can contribute to senescence to variable extents, depending
on individual parameters and conditions. Accordingly, a multifunc-
tional approach of the senescent phenotype can address the issue
of biological variability, too often ignored in molecular analysis
of functions and diseases.

4.3. Multifunctional assessment of drug efficacy: the case of Dead Sea
minerals

Adapting therapeutic strategies to biological diversity would
bring a major breakthrough in current medicine, as stated for car-
diovascular (Siest et al., 2005) and anticancer drugs (Garcia-Fonci-
llas et al., 2006). For each pathology, a set of relevant biomarkers
can be defined, and used to test the effects of each possible drug
in an experimental model. Then, systematic analysis of these mark-
ers in each patient can help to define the best therapeutic fitting
between drug action and patient profile. In such an approach of
skin aging control, we have checked the effects of DSM on a set
of senescence-associated protein markers.

We found that proliferation and survival of keratinocyte cul-
tures were significantly decreased by Osmoter only at concentra-
tions above 0.5%, corresponding to salt concentrations of 19 mM
Mg2+, 4.4 mM Ca2+, 0.6 mM Na+, 0.038 mM Sr2+, 0.029 mM Li+,
and to a 50% increase in overall salt concentration in the culture
medium. This contrasts with an earlier report, stating that prolifer-
ation of dermal fibroblasts in culture was inhibited by two compo-
nents of DSM, MgCl2 and MgBr2 (Levi-Schaffer et al., 1996). In that
work, however, each salt was applied separately, at concentrations
(50 and 75 mM) that can be reached with Osmoter only under con-
ditions of toxicity. Remarkably, it was found that Osmoter restored



Table 2
Biomarker variations in aging epidermal cells

Increase factors for: Cell cultures Skin extracts

Flow cytometry Extracts

Protein/cell (FITC, Bradford) 2.0 ± 0.7a 4.7 ± 2.6c –
Autofluorescence (488/530 nm) 1.5 ± 0.3a – –
Autofluorescence (488/560 nm) 1.9 ± 0.4a – –
Ki 67 (IR) 0.65 ± 0.15a – –
b-Galactosidase (activ) 2.5 ± 1.0a 2.8 ± 0.7b 3.8 ± 0.5b

Caspase 1 (activ) – – 1.8 ± 1.0d

Caspase 3 (activ) – – 1.8 ± 1.0d

20S proteasome (IR) – 0.53 ± 0.2b 0.41 ± 0.2b

Carbonyls (Oxyblots) – �1.8b �3b

HNE adducts (IR) – �6.2b �8b

p16 (IR) 2.3 ± 0.7a �2.3a –
Fas R (IR) 1.8 ± 0.5a,d �5.1d �3.8d

Fas L (IR) – – � 8d,f

FADD (IR) – – �4.5d

Bcl2 (IR) 0.47 ± 0.7a,d 0.5 ± 0.15a,d 0.15 ± 0.05d

Involucrin (IR) 0.95 ± 0.25a �2.8a –
Estrogen receptor (IR) – 1.4e 3.2e

Sumo (IR) – 0.4e 0.5e

Cell size (Microscopy) 3 ± 1.5a – –

Keratinocytes were compared between early (1–2) and late (4–5) culture passages,
and skin between young (less than 40 years) and old (more than 50 years) indi-
viduals. For each kind of measurement, old-versus-young ratios are given. Standard
deviation was calculated for flow cytometric, ELISA and colorimetric assays. Den-
sitometric evaluations of band intensity in Western blots are presented with an
approximation symbol. Values derived from microarray data by computational
analysis stand in italic. activ, enzymatic activity; FITC, non-specific FITC labeling; IR,
immunoreactivity.

a This work.
b Petropoulos et al. (2000).
c Brégégère et al. (2003).
d Wang et al. (2004).
e Ma’or and Milner, unpublished.
f Assayed in membranal and microsomal pellets.
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in aged cells the marker levels found in young cells, promoting the
expression of p16 and involucrin, and reducing that of Bcl-2.
Immunoblots also revealed a decrease in p16 in Osmoter-treated
skin in vivo, and a similar trend in p21. An interesting possibility
would be that Osmoter rejuvenates the keratinocyte population
by eliminating poorly proliferative, differentiation-prone cells,
rather than changing the phenotypic expression in all cells. This
is not suggested by our results, however, since the in vitro effects
of Osmoter on keratinocyte cultures have been measured in a
low-calcium growth medium that prevents differentiation until
senescent growth arrest (Kang et al., 2000).

Osmoter dramatically reduced the number of apoptotic cells
following exposure to UVB in keratinocyte cultures. Yet, topical
application of Osmoter increased the expression of Fas, the head
of a death receptor pathway of apoptosis (Nagata, 1999) upregu-
lated in senescent keratinocytes (Wang et al., 2004). This recalls
the overexpression of Fas in senescent keratinocytes and dermal
fibroblasts, which are sensitized to death receptor-mediated apop-
tosis (DeJesus et al., 2002; Wang et al., 2004) although they are
resistant to ‘‘intrinsic” apoptosis (Wang, 1995; Qin et al., 2002).
Fas expression is turned off in actinic keratosis and carcinomas
(Filipowicz et al., 2002), suggesting that Fas may antagonize
tumoral proliferation in senescent keratinocytes. Therefore DSM,
which reduces the expression of several senescence markers and
enhances Fas receptor, may altogether antagonize the aging pro-
cess and help to limit pathogenic proliferation, as already estab-
lished for psoriasis.
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