Dose-Response, 7:90-103, 2009 IntemationalQQ%RE%@X&ESQCiety

Formerly Nonlinearity in Biology, Toxicology, and Medicine
Copyright © 2009 University of Massachusetts

ISSN: 1559-3258

DOI: 10.2203/dose-response.08-014.Rattan

HEAT STRESS AND HORMETIN-INDUCED HORMESIS IN HUMAN CELLS:
EFFECTS ON AGING, WOUND HEALING, ANGIOGENESIS,
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O Accumulation of molecular damage and increased molecular heterogeneity are hall-
marks of cellular aging. Mild stress-induced hormesis can be an effective way for reducing
the accumulation of molecular damage, and thus slowing down aging from within. We
have shown that repeated mild heat stress (RMHS) has anti-aging effects on growth and
various other cellular and biochemical characteristics of normal human skin fibroblasts
and keratinocytes undergoing aging in vitro. RMHS given to human cells increased the
basal levels of various chaperones, reduced the accumulation of damaged proteins, stim-
ulated proteasomal activities, increased the cellular resistance to other stresses, enhanced
the levels of various antioxidant enzymes, enhanced the activity and amounts of sodium-
potassium pump, and increased the phosphorylation-mediated activities of various stress
kinases. We have now observed novel hormetic effects of mild heat stress on improving the
wound healing capacity of skin fibroblasts and on enhancing the angiogenic ability of
endothelial cells. We have also tested potential hormetins, such as curcumin and ros-
marinic acid in bringing about their beneficial effects in human cells by inducing stress
response pathways involving heat shock proteins and heme-oxygenase HO-1. These data
further support the view that mild stress-induced hormesis can be applied for the modu-
lation, intervention and prevention of aging and age-related impairments.
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INTRODUCTION

Low levels of stress from physical, chemical and biological stressors
often, but not always, result in the functional improvement of cells, tis-
sues, organs and organisms—a phenomenon termed physiological
hormesis (Calabrese et al., 2007; Mattson, 2008a). The main hormetic
agents identified so far are irradiation, heat, hypergravity, heavy metals,
antibiotics, ethanol, pro-oxidants, exercise and food restriction
(Calabrese and Baldwin, 2001; Le Bourg and Rattan, 2008). Based on the
results obtained from a large number of studies showing the beneficial
physiological and anti-aging effects of mild stress-induced hormesis,
application of hormesis is suggested as a promising strategy to slow down
aging and to prevent or delay the onset of age-related diseases (Rattan,
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2005a; 2005b; 2008b; Le Bourg and Rattan, 2008). In this article, we pres-
ent a brief review of our previous work and include some novel results
from our ongoing studies on elucidating hormetic effects and the mode
of action of thermal stress and of other inducers of stress, such as cur-
cumin and other polyphenols, in different types of cultured human cells.

MILD HEAT STRESS HORMESIS IN HUMAN CELLS

Using a regimen of repeated mild heat shock (RMHS) at 41°C, for 1
hr twice a week, given to cultured normal human skin fibroblasts, ker-
atinocytes and telomerase-immortalised bone marrow mesenchymal stem
cells, we have reported a variety of hormetic effects. The choice of the
above RMHS regimen was based on several pilot experiments performed
for selecting conditions where 30% of the maximal HS response was
elicited without affecting cell growth and survival (Rattan, 1998; Kraft et
al., 2006). This does not imply that these are the ideal hormetic condi-
tions for these cells. Other combinations of dose and duration may well
have similar or even better effects, but that issue remains to be investi-
gated. A summary of the results obtained and published previously in a
series of papers since 1998 is as follows:

(1) Anti-aging effects in fibroblasts and keratinocytes

Various anti-aging effects of RMHS were observed in human skin
fibroblasts and keratinocytes, as determined by the established criteria of
cellular aging in vitro (Rattan, 2008a). These effects are:

® a reduction in age-related alteration in cell morphology from a thin,
long and spindle shape to irregularly enlarged and flattened shape
(Rattan, 1998; Nielsen et al., 2006);

a 10-15% increase in cellular replicative lifespan, as measured by cumu-
lative population doublings (Nielsen et al., 2006);

a 20-80% reduction in the accumulation of oxidatively damaged pro-
teins, depending on the type of damage (Verbeke et al., 2000; 2001a;
Verbeke et al., 2002); and

a 50-140% increase in intracellular antioxidative abilities including a
significant increase in resistance to high levels of ethanol, hydrogen
peroxide and UV-A irradiation (Fonager et al., 2002).

The main mechanisms involved in bringing about the above anti-
aging effects of RMHS included an increase in and maintenance of high-
er levels of various heat shock proteins (HSP; (Fonager et al., 2002), and
a stimulation of proteasomal activities. Whereas the increased levels of
HSP may be protective against protein denaturing, an increase in the pro-
teasomal activities of RMHS-treated cells is responsible for the removal of
damaged proteins (Beedholm et al., 2004; Rattan, 2005a). We had also
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reported that the anti-aging hormetic effects of RMHS were accompa-
nied by the activation of stress kinases and an increase in the content and
activity of Na,K-ATPase sodium pump (Nielsen et al., 2006; Rattan and Alj,
2007). We are now extending these studies to find out the global changes
in transcriptome (gene expression at the level of mRNA) and proteome
(gene expression at the level of proteins), including post-translational
modifications, to elucidate further the hormetic anti-aging effects and
mechanisms of action of RMHS in human cells. The long term aim of
these studies is to find effective hormetic treatments for delaying the
onset and/or the prevention of age-related diseases related to replicative
senescence, such as thinning of the skin, neurodegenerative diseases,
immune deficiency, and muscle loss leading to sarcopenia.

(2) Enhanced differentiation in keratinocytes and bone marrow stem cells

RMHS enhanced the ability of serially passaged keratinocytes to enter
into differentiation in the presence of calcium, as measured by the levels
of differentiation markers involucrin, p38 and Hsp27 (Rattan and Ali,
2007; Berge et al., 2007; Berge et al., 2008). Another cell type in which we
have tested whether differentiation can be improved hormetically by
RMHS is the telomerase-immortalized bone marrow mesenchymal stem
cell-line, hTERT-MSC (Simonsen et al., 2002). We have reported that sin-
gle or multiple exposures to mild HS significantly enhanced the vitamin-
D-induced differentiation of hTERT-MSC into osteoblasts, as measured
by determining the levels of osteoblastic markers alkaline phosphatase
and mineralised matrix (Ngrgaard et al., 2006). Although the mechanis-
tic aspects of the hormetic effects of HS on the differentiation of human
cells are yet to be elucidated, such studies pave the way for developing
novel means for the maintenance and improvement of differentiation
abilities of various cell types and thus prevent age-related alterations lead-
ing to impairments such as thinning and excessive wrinkling of the skin,
and a loss of bone mass leading to osteoporosis.

(3) Improved wound healing in vitro

Recently, we have observed a novel effect of mild HS-induced horme-
sis, in terms of enhanced wound healing i vitro, using the method for the
wound healing assay as described earlier (Rattan et al, 2007). Briefly,
human skin fibroblasts ASF-2 (Nielsen et al., 2006; Kraft et al., 2006) were
seeded at a density of about 100,000 cells per well in a 6-well plate (growth
area per well 10 cm?), and were allowed to attach, to grow and to make a
near-confluent layer in about 24 hr. Thereafter, a “wound” or a scratch was
made in the centre of the confluent layer by using a p1000 plastic tip.
Phase-contrast photos of live cells in a selected part of the wounded area
were taken by using an inverted microscope equipped with a digital cam-
era (Zeiss-Axiovert25). Cells were then incubated at normal culturing con-
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FIGURE 1. Effect of either 1 hr mild HS (41°C) or severe HS (42.5°C) before making the wound at
different times after HS in the same set of cell cultures of mid-passage (less than 50% lifespan com-
pleted) human skin fibroblasts ASF-2.

ditions of 37°C, 5% CO, and 95% humidity. After 24 hr, photos were again
taken from exactly the same area as before and a composite image com-
posed of at least 6 overlapping pictures was generated, which represented
the wound area (about 3 mm?). The lines drawn on the pictures marked
the areas which were not occupied by migrating fibroblasts, and these
demarcations were used to quantify the extent of wound healing, by using
an image analysis program “Image]” (downloaded from: http://rsb.
info.nih.gov/ij/) (Rattan et al., 2007). The results of various combinations
and the timing of HS and culture conditions are described below.

Exposure of human fibroblasts to a 1 hr mild or severe HS at 41°C
and 42.5°C, respectively, followed by wounding at various times after HS
(0, 3, 6, 9, and 12 hr) did not show any beneficial hormetic effects in
terms of enhanced wound healing (Fig. 1). Rather, there was about 40%
reduced wound healing in the following 24 hr if the wound was made up
to 6 hr after HS, after which the extent of healing reached similar to the
controls without HS (Fig. 1). The reason for this apparently opposite
effect than that expected may be the fact that HS is known to induce pref-
erentially the synthesis of new HSP, which is accompanied by the inhibi-
tion of most other metabolic processes in the cell for several hours
(Verbeke et al., 2001b; Bakkenist and Kastan, 2004; Park et al., 2005). That
is why the act of wounding, while the response of cells to the first stress of
HS is not completely over, is a kind of additional stress that overshadows
any beneficial effects that may be accrued from the synthesis of HSP dur-
ing that period. Therefore, we undertook further studies by giving HS to
one set of cells and using their medium after various times after HS to test
for the effects of HS-induced HSP on wound healing.
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FIGURE 2. Effect of complete culture medium containing 10% serum collected at different times
from cells exposed to either 1 hr mild HS (41°C) or severe HS (42.5°C) on the extent of wound heal-
ing in a separate set of cell cultures of mid-passage (less than 50% lifespan completed) human skin
fibroblasts ASF-2.

Fig. 2 shows that when the complete culture medium (containing
10% serum) was collected after various times from human fibroblasts
exposed to 1 hr mild HS (41°C) or severe HS (42.5°C), and was given to
a separate set of freshly wounded cells, there was some (17%) increase in
the extent of wound healing in those cells receiving HS-conditioned
medium (HSCM) collected after 6 hr. Furthermore, these stimulatory
effects of HS on wound healing were best observed for mild HS as com-
pared with the severe HS, thus meeting the non-linear dose response cri-
terion for being hormetic.

Since the presence of fetal calf serum in the culture medium can
mask the effects of stress-induced secretory proteins (see for example, (Li
et al., 2007), we undertook further studies by collecting HSCM in serum-
free (SF) conditions. Fig. 3 shows that whereas SF conditioned medium
(SFCM) without HS supported wound healing to about 60% of the levels
reached by controls with serum, SF-HSCM for 6 and 12 hrs supported
38% additional wound healing in the following 24 hr period.

Other observations that we have made with respect to the effects of
HS conditioned medium on enhanced wound healing are summarized as
follows (complete data not given):

¢ Enhanced wound healing was not due to an induction of cell prolifera-
tion in HSCM-treated cells, as determined by bromo-deoxyuridine
(BrdU) labelling and autoradiography method.

® There was 68% increase in mobility and migration of HSCM-treated
cells from the edge of the wound towards the wounded area, as deter-
mined by the colloidal gold particle assay (Albrecht-Buehler, 1977).
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FIGURE 3. Effect of serum free culture medium (SFCM) collected at different times from unstressed
cells, and from cells exposed to 1 hr mild HS at 41°C (HSCM) on the extent of wound healing in a
separate set of cell cultures of mid-passage (less than 50% lifespan completed) human skin fibrob-
lasts ASF-2. Student’s t-test was applied for determining the statistical significance (p < 0.005)

* Increased migration of cells during wound healing was accompanied
by about 54% elongation of cells in HSCM-treated cells, which was
almost 5 times higher than elongation in SFCM-treated cells, measured
by using the image analysis program.

e HSCM alleviated almost completely (more than 95%) the negative
effects of 0.25 mM and 0.5 mM glyoxal on wound healing reported pre-
viously (Rattan et al., 2007).

* HSCM could also stimulate wound healing in late passage senescent
cells, but it was about 50% less than that in early passage or middle-aged
cells. However, it must be pointed out that late passage senescent cells
had their wound healing capacity already reduced significantly due to
aging, but could still get some benefits from mild HS-induced horme-
sis.

The above studies indicate that mild HS induces the synthesis of one
or more gene-products which are secreted by the cells in the culture medi-
um. Furthermore, these molecules can stimulate wound healing either as
direct stimulants or as inhibitors of the negative modulators of wound
healing, such as the plasminogen activator inhibitor PAI-1 (Kortlever and
Bernards, 2006). However, the full range of secreted proteins, including
HSP (Li et al., 2007), which may be responsible for enhanced wound heal-
ing and other biological effects are yet to be identified.

(4) Enhanced angiogenesis by mild HS

Angiogenesis is a physiological process involving the growth of new
blood vessels from pre-existing vessels, by the active participation of vas-
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cular and microvascular endothelial cells. Since there is an age-related
decrease in angiogenesis (Ashcroft et al., 2002), we have initiated studies
to determine the effects of mild and severe stress on angiogenesis in vitro,
using normal human umbilical vein endothelial cells (HUVEC) under-
going aging, and an immortal SV40-transformed human dermal
microvascular cell line, HMEC-1.

A standardized tube-formation assay involving the growth of cells on
commercially available basement membrane extract (Matrigel Matrix MM;
BD Biosciences, USA) was employed to analyse the kinetics and extent of
new blood vessel formation (Rattan et al., 2007). Pre-exposure of HMEC
and HUVEC to 1 hr HS at 41°C or 42.5°C, followed by different periods of
recovery at 37°C had hormetic effects with respect to angiogenesis.
Interestingly, whereas the general extent and quality of the tubes formed
by cells pre-exposed to 41°C was better than that in the controls, a pre-
exposure at 42.5°C resulted in a relative worsening of tube structures
(Rattan et al., 2007), indicating that only mild stress has hormetic effects.
We now aim to elucidate whether the extent of hormetic effects of mild
HS on angiogenesis are related to the levels of various HSP synthesised
during this period, and what other pathways are involved in this. For exam-
ple, there is some evidence that HSP90 stimulates tube formation by
HUVEC via its role in enhancing the expression of nitric oxide synthase
(NOS) gene and the production of nitric oxide (Sun and Liao, 2004).

HORMETINS AS MODULATORS OF AGING, DIFFERENTIATION AND
WOUND HEALING

Various natural or synthetic compounds which can bring about bio-
logically beneficial hormetic effects by activating one or more pathways of
stress response, are termed as hormetins (Ali and Rattan, 2006; Rattan,
2008b). Accordingly, several dietary components, such as resveratrol, vita-
mins, and trace elements and minerals including iron, iodine, fluorine,
selenium and copper and zinc are potential hormetins (Lamming et al.,
2004; Putics et al., 2008; Hayes, 2007, Mattson, 2008b). Other potential
hormetins are the so-called antioxidants such as alpha lipoic acid and
coenzyme Q10 which, owing to their pro-oxidant activities in producing
hydrogen peroxide, induce antioxidative defensive responses and ulti-
mately may bring about beneficial effects (Linnane and Eastwood, 2006;
Linnane et al., 2007). Another hormetin is a plant growth factor kinetin,
which is known to have several anti-aging effects in human skin cells
(Rattan and Clark, 1994), and promotes the differentiation of keratinocytes
by inducing stress response pathways (Berge et al., 2006; 2008). Similarly,
certain synthetic mimetics of superoxide dimutase/catalase, shown to
have anti-aging effects, also appear to work as hormetins by inducing
oxidative stress response (Melov et al., 2000; Melov et al., 2001; Liu et al.,
2003). A DNA damage product, thymidine-dimer, is claimed to have pro-
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FIGURE 4. Western blots showing the effect of curcumin on the induction of the stress response mark-
er heme-oxygenase-1 (HO-1) in mid-passage (less than 50% lifespan completed) human skin fibrob-
lasts ASF-2. The antibody used was a commercially purchased mouse monoclonal antibody anti-HO1
(0sall0 from Nordic Biosite, Sweden), diluted 1:5000 in PBS containing 1% bovine serum albumin.

tective effects in the skin by inducing DNA repair pathways (Goukassian
and Gilchrest, 2004), and may be considered as a hormetin.

Similarly, some components of certain medicinal plants used fre-
quently in the traditional Chinese medicine and in the Indian Ayurvedic
system of medicine are claimed to have anti-aging effects, which appear
to be achieved through hormetic pathways. For example, celasterols and
paeoniflorin present in some medicinal herbs have cytoprotective effects
and induce HSP in human cells (Westerheide et al., 2004; Yan et al., 2004).
Leaf extracts of Ashwagandha (Withania somnifera) also induce HSP syn-
thesis in mammalian cells (G. Kaur and A. Nagpal, personal communication),
which may be one of the reasons for its observed beneficial medicinal
effects (Winters, 2006).

Curcumin

Another potential hormetin being tested for its biological effects is
curcumin or diferuloylmethane. It is the active component in the com-
monly used food spice turmeric, and is derived from the roots of Curcuma
longa. Curcumin is a co-inducer of HSP and has wide ranging biological
effects depending on its dosage (Bala et al., 2006; Deorukhkar et al., 2007;
Kunnumakkara et al., 2008). We have undertaken studies to check the
hormetic effects of curcumin on human keratinocytes and fibroblasts. We
have previously reported that at lower doses (0.3 and 1 uM) curcumin
stimulates proteasome activity, enhances HSP induction after HS, and
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FIGURE 5. Effect of curcumin on the extent of wound healing in mid-passage (P21-23, about 50%
lifespan completed) and late-passage (P41-43, more than 90% lifespan completed) human skin
fibroblasts ASF-2.

stimulates sodium pump activity (Ali and Rattan, 2006; Rattan and Alj,
2007). Since curcumin is not a direct inducer of HSP, we have tested
whether it can induce any other stress response pathways in human cells.
Fig. 4 shows the results of our recent observations that curcumin rapidly
induces the synthesis of heme-oxygenease-1 (HO-1) in human skin
fibroblasts in a dose response manner. HO-1 is a well known marker of
intracellular stress (Schipper, 2000; Patriarca et al, 2007), and so the
direct induction of HO-1 and co-induction of HSP by curcumin makes it
a potential hormetin.

We are now testing the effects of curcumin on wound healing in vitro,
using the wound healing assay as described above. Fig. 5 shows that cur-
cumin has a hormetic dose response effect on the extent of wound heal-
ing, especially in late passage human fibroblasts ASF-2 (more than 95%
lifespan completed). Whereas concentrations above 5 uM were inhibito-
ry for cell migration and wound healing — a result similar to the one
reported by other authors studying the growth inhibitory and anti-cancer
effects of curcumin (Joe et al., 2004; Deorukhkar et al., 2007), our results
show that at lower concentrations (0.25 to 5 uM) can promote wound
healing in late passage cells (Fig. 5). In comparison, the middle aged cells
(about 50% lifespan completed) showed either no effect or even inhibito-
ry effects of curcumin on wound healing. The molecular explanation for
this differentiated effect of curcumin between old and young cells
requires further investigation. We are now extending these studies to find
out long term effects of curcumin treatment on cellular aging, differen-
tiation and angiogenesis.
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FIGURE 6. Induction of stress proteins Hsp27 and HO-1 in mid-passage (less than 50% lifespan com-
pleted) human skin fibroblasts ASF-2 treated with 20 uM rosmarinic acid (RA) for 72 hr. The anti-
bodies used in Western blots were commercially purchased mouse monoclonal antibody osall0 anti-
HO1, and spa800 for Hsp27 (Nordic Biosite, Sweden), diluted 1:5000 in PBS containing 1% bovine
serum albumin.

Rosmarinic acid

Another potential hormetin that we are testing is the rosmarinic acid
(RA), which is a phenolic compound present in several medicinal plants
such as those from the Labiatae family, for example Salvia officinalis (com-
mon sage) and Rosmarinus officinalis (Lima et al., 2007). Fig. 6 shows that
human skin fibroblasts ASF-2 treated for 24 hr with 20 uM and 50 uM had
2 to 3 fold higher levels of stress proteins HSP27 and HO-1. We are now
in the process of testing further the short term and the long terms effects
of the hormetin RA on aging, wound healing, angiogenesis and differen-
tiation of human cells. Our preliminary results show that human skin
fibroblast cultures grown continuously in the presence of 20 uM RA for
50 days have a significant (33%) reduction in the number of cells show-
ing senescence-specific -galactosidase marker (Dimri et al., 1995) (Fig.
7A). Furthermore, there was 50% reduction in the proportion of
enlarged cell population with high levels of green autofluorescence in
RA-treated cultures, as measured by flow cytometery (Fig. 7B).

CONCLUSIONS

Using human fibroblasts, keratinocytes, endothelial cells and bone
marrow mesenchymal stem cells we have provided evidence in support
of the view that hormesis can be applied successfully to aging research
and intervention. This includes the effects of mild HS on various param-
eters of cellular aging and other functional characteristics, such as dif-
ferentiation, wound healing and angiogenesis. At the mechanistic level,
the induction of HSP as mediators of hormetic effects is only a partial
explanation and cannot account for the wide ranging and long lasting
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FIGURE 7. Effect of 20 uM rosmarinic acid (RA) treatment for 50 days on senescence markers in
late-passage human skin fibroblasts, ASF-2. (A) Light microscopic pictures of ASF2 cells stained for
senescence-specific f-galactosidase (microscopic magnification 20x); (B) The proportion of ASF2
cells showing green autofluorescence in FL1 channel.

biological effects (Vermeulen and Loeschcke, 2007). The same may
apply to other stresses, such as mechanical stress, irradiation, intermit-
tent fasting, and hormetins. Therefore, it is important to determine how
various components of the homeodynamic machinery respond and
interact during stress-induced hormesis, and how relatively small indi-
vidual hormetic effects lead to a significant biological amplification that
results in an overall improvement of the living system (Rattan, 2006;
2008b; Rattan, 2008c). Such understanding will be essential for develop-
ing effective means of slowing down aging and preventing the onset of
age-related diseases.
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