
For Peer Review
 

 
 

 
 

 
 

Curcumin induces heme oxygenase-1 in normal human skin 
fibroblasts through redox signalling: relevance for anti-

aging intervention 
 
 

Journal: Molecular Nutrition and Food Research 

Manuscript ID: Draft 

Wiley - Manuscript type: Research Article 

Date Submitted by the 
Author: 

n/a 

Complete List of Authors: Lima, Cristovao; University of Minho, Department of Biology 

Pereira-Wilson, Cristina; University of Minho, Department of Biology 
Rattan, Suresh; Aarhus University, Department of Molecular Biology 

Keywords: 
anti-aging, antioxidant defences, curcumin, normal human skin 
fibroblasts, hormetic effects 

  
 
 

 

Wiley-VCH

Molecular Nutrition and Food Research
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Universidade do Minho: RepositoriUM

https://core.ac.uk/display/55612642?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


For Peer Review

 1 

Title: Curcumin induces heme oxygenase-1 in normal human skin fibroblasts 

through redox signalling: relevance for anti-aging intervention 

 

Authors: Cristovao F. Lima
1,*

, Cristina Pereira-Wilson
2
, Suresh I. S. Rattan

3
 

Affiliations: 
1
 CITAB – Centre for the Research and Technology of Agro-

Environmental and Biological Sciences/Department of Biology, University of Minho, 

Campus de Gualtar, 4710-057 Braga, Portugal 

2
 CBMA – Centre of Molecular and Environmental Biology/Department of Biology, 

University of Minho, Campus de Gualtar, 4710-057 Braga, Portugal 

3
 Laboratory of Cellular Ageing, Department of Molecular Biology, Aarhus 

University, Gustav Wieds Vej, DK8000 Aarhus – C, Denmark 

 

* Corresponding author: Cristovao F. Lima (lima@bio.uminho.pt) 

Department of Biology, University of Minho, Campus de Gualtar, 4710-057 Braga, 

Portugal. Tel.: +351 253604322; fax: +351 253678980 

 

List of Abbreviations: ARE: Antioxidant Response Element; GST: glutathione-S-

transferase; H2DCFDA: 2’,7’-Dichlorodihydrofluorescein diacetate; HO-1: heme oxygenase-

1; Hsp: heat shock protein; Keap1: Kelch-like ECH-associated protein 1; MARS: 

maintenance and repair systems; NAC: N-acetyl cystein; Nrf2: nuclear factor-erythroid-2-

related factor 2; ROS: reactive oxygen species; tert-BOOH: tert-butyl hydroperoxyde. 

Keywords: anti-aging, antioxidant defences; curcumin; normal human skin 

fibroblasts; hormetic effects. 

Page 1 of 44

Wiley-VCH

Molecular Nutrition and Food Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 2 

Abstract: 1 

Curcumin, a component of the spice turmeric, was tested for its potential hormetic 2 

anti-aging effects as an inducer of mild stress. Early passage young human skin 3 

fibroblasts treated with low doses of curcumin (below 20 µM) showed a time- and 4 

concentration-dependent induction of heme oxygenase-1 (HO-1), followed by 5 

compensatory increase in GST activity, GSH levels and GSH/GSSG ratio. These 6 

effects were preceded by induction of oxidative stress (increased levels of ROS and 7 

DNA damage) and impairment of cells’ redox state. Curcumin also induced Nrf2 8 

accumulation in the nuclei. The use of the antioxidant NAC prevented the induction 9 

of HO-1 by curcumin. Pharmacological inhibition of PI3K, but not other kinases, 10 

significantly prevented curcumin-induced HO-1 levels, which was corroborated by 11 

the induction of phospho-Akt levels by curcumin. Late passage senescent cells 12 

already had higher HO-1 levels, and further induction of HO-1 by curcumin was 13 

considerably impaired. The induction of stress responses by curcumin in human cells 14 

led to protective hormetic effects to further oxidant challenge. In conclusion, 15 

curcumin induces cellular stress responses in normal human skin fibroblasts through 16 

PI3K/Akt pathway and redox signalling, supporting the view that curcumin-induced 17 

hormetic stimulation of cellular antioxidant defenses can be a useful approach 18 

towards aging intervention. 19 
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1 Introduction 20 

Several dietary factors have been linked to health and longevity. Fruits and vegetables 21 

are among the dietary components for which epidemiologic studies suggest an 22 

association between their consumption and a decreased risk of premature death and 23 

mortality from certain age-related diseases [1]. Many of the phytochemicals present in 24 

plants are generally accepted as contributors towards these health positive effects. 25 

Besides other intrinsic properties of these compounds, such as being direct 26 

antioxidants, phytochemicals may also be beneficial by working as hormetins by mild 27 

stress-induced induction of pathways of protection, maintenance and repair [2, 3]. 28 

Curcumin is one such phytochemical for which several studies already exist relating 29 

its health beneficial effects, mainly as an anti-inflammatory and anti-cancer 30 

compound at relatively high doses [4]. However, little is known about the effects and 31 

molecular mechanisms of action of curcumin on normal human cells undergoing 32 

aging. 33 

Biological aging is a fundamental process where the progressive decline of 34 

organismal fitness and cellular functions represent major risk factors for the 35 

development of age-related diseases and eventual death. Substantial data support the 36 

view that the accumulation of intra- and extra-cellular molecular damage during the 37 

aging process results in part from the progressive failure of cellular maintenance and 38 

repair systems (MARS) [5]. Therefore, stimulating MARS has been increasingly 39 

recognized as an important approach for aging intervention and prevention [5, 6]. 40 

Mild stress-induced stimulation of MARS represents a promising strategy to achieve 41 

this goal. Such adaptive responses of biological systems to a low or intermittent dose 42 

of otherwise harmful condition resulting in protection against subsequent stresses is 43 

known as hormesis [2, 7]. Some potential hormetic agents (hormetins), such as 44 
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physical (radiation, temperature and exercise), chemical (hormones and pro-oxidants) 45 

and nutritional (food restriction and nutritional components) hormetins, have been 46 

tested and shown to bestow beneficial and anti-aging effects on various aging 47 

systems, including human cells [3, 8]. We have recently reported that curcumin could 48 

be a hormetin since it was able to significantly increase heme oxygenease (HO-1) 49 

expression, one cytoprotective enzyme under the influence of oxidative stress 50 

response, in normal human skin fibroblasts [9]. 51 

Curcumin (diferuloylmethane) is the active polyphenolic compound present in the 52 

rhizome of the Indian spice Curcuma longa Linn (turmeric, Zingiberaceae family), 53 

and it has been receiving increasing attention due to its ability to induce cellular stress 54 

responses as well as repair, detoxifying and antioxidant pathways. For example, 55 

curcumin was able to co-induce heat shock proteins (Hsps), in particular Hsp70, in rat 56 

cells when co-treated with various stresses, including heat shock [10]. Recently, 57 

curcumin alone was reported to induce the heat shock response in human leukemia 58 

cells, in particular causing the nuclear translocation of the heat shock transcription 59 

factor and increasing the expression of Hsp70 at transcriptional and translational 60 

levels [11]. From a biphasic dose response hormetic view, curcumin at low 61 

concentrations was able to stimulate proteasome activity, but was inhibitory at high 62 

concentrations [12]. Several studies also report the ability of curcumin to induce 63 

protective proteins such as HO-1, phase II enzymes and glutamate cysteine ligase 64 

under the Antioxidant Response Element (ARE) [13-19]. Some of these studies 65 

showed that the induction of these enzymes conferred further protection against 66 

oxidative stress in endothelial [14], neuronal [13] and vascular smooth muscle [16] 67 

cells, corroborating curcumin’s hormetic effects.  68 
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Several reports have shown that the induction of many of these detoxifying and 69 

antioxidant cytoprotective enzymes by curcumin are mediated by the transcription 70 

factor nuclear factor-erythroid-2-related factor 2 (Nrf2) through activation of the cis-71 

acting element ARE [16, 20]. Also in vivo, oral administration of curcumin resulted in 72 

the induction of Nrf2-dependent genes in the liver and small intestine of rodents [21-73 

23]. In unstressed cells, Nrf2 controls basal expression of its target genes and is 74 

constantly targeted by the Kelch-like ECH-associated protein 1 (Keap1) for 75 

degradation catalyzed by the 26 S proteasome via the ubiquitin-dependent pathway 76 

[24]. Reactive chemical stresses or other ARE-inducers lead to Nrf2 accumulation in 77 

the nucleus that results in increasing transcription of many cytoprotective enzymes. 78 

Many studies showed that curcumin is able to stabilize Nrf2 leading to its 79 

accumulation in the nucleus. Inactivation of Keap1 through modifications of its 80 

cysteine thiols, and/or phosphorylation of serine or threonine residues of Nrf2 by 81 

different kinases has been suggested as possible molecular mechanisms behind Nrf2 82 

stabilization by curcumin [25]. 83 

Therefore, the fact that the induction of HO-1 by curcumin is indicative of its 84 

potential hormetic ability, we have undertaken studies to elucidate the effects of 85 

curcumin in normal human skin fibroblasts undergoing aging in vitro. Normal diploid 86 

human cells that undergo progressive aging during serial passaging in vitro and 87 

eventually become replicatively senescent have been used extensively to study the 88 

molecular basis of cellular aging [8]. In addition, this same model has been used to 89 

test the hormetic effects of different stressors at the level of various cellular functions 90 

[8]. 91 

 92 
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2 Materials and Methods 93 

2.1 Chemicals and antibodies 94 

Curcumin (1,7-bis[4-hydroxy-3-methoxyphenyl]-1,6-heptadiene- 3,5-dione), DMEM, 95 

antibiotic/antimycotic solution, kinase inhibitors PD98059, SB203580, SP600125, 96 

LY294002, RO320432 and staurosporine, tert-butyl hydroperoxyde (tert-BOOH), 97 

anti-β-actin antibody as well as all other reagents were from Sigma-Aldrich (St. 98 

Louis, MO, USA), unless otherwise specified. Fetal bovine serum (FBS) was bought 99 

from Lonza (Verviers, Belgium). 2’,7’-Dichlorodihydrofluorescein diacetate 100 

(H2DCFDA) was purchased from Molecular Probes (Eugene, OR, USA). Antibodies 101 

against HO-1, Hsp27, Hsp70 and Hsp90 were obtained from Stressgen (Victoria, 102 

British Columbia, Canada). Anti-Nrf2, anti-phospho-ERK1/2, anti-JNK, anti-103 

phospho-JNK and anti-p38 antibodies was purchased from Santa Cruz Biotechnology 104 

(Santa Cruz, CA, USA). Antibodies against phospho-Akt (Ser473), total Akt, p44/42 105 

MAPK (ERK1/2) and phospho-p38 MAPK (Thr180/Tyr182) were purchased from 106 

Cell Signaling (Danvers, MA, USA). Secondary antibodies HRP donkey anti-rabbit 107 

and sheep anti-mouse were purchased from GE Healthcare (Bucks, UK). 108 

 109 

2.2 Cell culture 110 

Normal diploid adult human skin fibroblasts (ASF-2 cells) isolated from a breast 111 

biopsy specimen of a consenting young healthy Danish woman (aged 28 years) [26] 112 

were used. ASF-2 cells were maintained at 37ºC in a humidified 5% CO2 atmosphere 113 

grown in DMEM supplemented with 10% FBS, 10 mM Hepes and 1% 114 

antibiotic/antimycotic solution. Cell cultures were split in the ratio 1:2 or 1:4 after 115 
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they became confluent. All experiments were performed with ASF-2 cells with 116 

cumulative populations doublings between 15 and 25 (25-45% of replicative lifespan 117 

completed) at a density of 100,000 cells per well in a 6-well plate, unless otherwise 118 

specified. Some experiments were also performed with late passage senescent ASF-2 119 

cells with cumulative populations doublings around 45 (~90% of replicative lifespan 120 

completed) at a density of 50,000 cells per well in a 6-well plate. All experiments 121 

were performed 24 h after seeding using complete medium. Curcumin and kinase 122 

inhibitors were added to culture medium dissolved in DMSO (final concentration in 123 

the assays were 0.5% (v/v)); controls received vehicle only. 124 

 125 

2.3 Cell viability and growth 126 

Necrosis induced by curcumin to human skin fibroblasts was evaluated visually under 127 

a phase contrast light microscope by severe morphological changes with appearance 128 

of blebs in the cytoplasmic membrane. 129 

The effects of curcumin on cell viability and growth was evaluated by the MTT assay 130 

in 96-well culture plates as previously described [27] with some modifications. 131 

Briefly, 2 h before the end of the treatment period, cells were incubated with MTT to 132 

a final concentration of 0.5 mg/ml. Then, the medium was removed, and the formazan 133 

crystals formed by the cell’s capacity to reduce MTT were dissolved with a 50:50 134 

(v/v) DMSO:ethanol solution, and absorbance measured at 570 nm (with background 135 

subtraction at 690 nm). The results were expressed as percentage relative to the 136 

control (cells without any test compound). MTT reduction at the beginning of 137 

incubation period (t = 0 h) was performed and represented in the graph as a line. Since 138 

the effects of the compounds were studied after 72 h of incubation and cells grew 139 
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significantly within this time period, the point at the beginning of the incubation (line 140 

in the graph) allows to distinguish between cell death (values below line) and 141 

inhibition of proliferation (values between line and 100%). 142 

In the experiment where the hormetic potential of curcumin was tested, ASF-2 cells 143 

were incubated for 2 h with 10 µM curcumin, and then the medium was removed and 144 

replaced with fresh medium. After 16 h of recovery, cells were incubated with 200 145 

µM tert-BOOH for 3 h and cell viability measured by the LDH leakage method as 146 

previously described [28]. 147 

 148 

2.4 ROS levels 149 

The levels of reactive oxygen species (ROS) in ASF-2 cells treated with curcumin 150 

were measured using the H2DCFDA probe following manufacturer’s instructions. 151 

H2DCFDA in the presence of ROS is oxidized to highly fluorescent DCF and can be 152 

monitored by fluorometry. In brief, 12,000 cells/well were seeded in a cell culture-153 

treated black 96-well plate. One day after seeding, cells were washed with HBSS and 154 

then loaded with 10 µM H2DCFDA (or vehicle for controls) for 30 min. Afterwards, 155 

cells were washed again with HBSS and incubated with different concentrations of 156 

curcumin for 30 min (100 µM tert-BOOH was used as positive control). Then, after 157 

washing cells with HBSS, the fluorescence of DCF was detected in a microplate 158 

reader fluorometer POLARstar OPTIMA (BMG Labtech, Offenburg, Germany) and 159 

the results expressed as the DCF fluorescence increase relative to the control 160 

situation. 161 

 162 
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2.5 Comet assay 163 

The potential of curcumin to induce DNA damage to ASF-2 cells was evaluated by 164 

the alkaline version of the comet assay as previously described [29]. Briefly, after 165 

treating cells for 1 h with different concentrations of curcumin (100 µM tert-BOOH 166 

was used as a positive control), cells were resuspended using trypsin solution, 167 

embedded in 0.5% (w/v) low melting agarose and spread onto agarose coated slides. 168 

Cells were then lysed to expose DNA, and the nucleoids electrophoresed for 20 min at 169 

0.8 V/cm, 300 mA, in a cold room (4 °C). After neutralization, comet images were 170 

analyzed by visual scoring under a fluorescent microscope and 100 nucleoids per slide 171 

counted. 172 

 173 

2.6 GSH content 174 

Protein from cell scrapes were pelleted in 5% (w/v) 5-sulfosalicilic acid and the 175 

glutathione levels determined in the supernatant by the DTNB–GSSG reductase 176 

recycling assay as previously described [30]. The results were expressed as nmol 177 

GSH/mg of protein. 178 

 179 

2.7 GST activity 180 

For measurement of glutathione-S-transferase (GST) activity, cell homogenates were 181 

centrifuged at 10,000 ×g for 10 min at 4 °C and the supernatant collected. The activity 182 

of GST were measured spectrophotometrically at 37 °C as previously described [28], 183 

and the results expressed as percentage from control. 184 
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 185 

2.8 Protein extraction and western blotting 186 

To determine the level of proteins of interest, ASF-2 cells were treated with different 187 

concentrations of curcumin for the indicated times, cell monolayers were washed 188 

twice with PBS and then lysed in ice cold lysis buffer (50 mM Tris-HCl, pH 8, 150 189 

mM NaCl, 0.5% (v/v) NP-40, 0.1% (v/v) SDS, 0.1% (v/v) deoxycholate, 1 mM 190 

EDTA, 1 mM EGTA) containing 1 mM PMSF, 1 × complete protease inhibitor 191 

cocktail (Roche, Mannheim, Germany) and phosphatases inhibitors (20 mM NaF, 20 192 

mM Na2V3O4). When kinase inhibitors, NAC and other antioxidants were used, they 193 

were pre-incubated for 30 min before addition of curcumin. 194 

For preparation of nuclear extracts, cells were washed twice with PBS and nuclear 195 

fractions prepared as described elsewhere [13]. In brief, cells were incubated with ice 196 

cold hypotonic buffer (10 mM Hepes, pH 7.9, 10 mM KCl, 1.5 mM MgCl2) 197 

containing 0.5 mM DTT, 1 mM PMSF and 1 × complete protease inhibitor cocktail 198 

(Roche) for 15 min to allow cell swelling. Then, 10% (v/v) NP-40 were added to a 199 

final concentration 0.7% (v/v) and the microtube vortexed for 15 sec vigorously. The 200 

homogenate was centrifuged at 10,000 ×g for 5 min at 4ºC, cytosolic supernatant 201 

harvested and the nuclear pellet was resuspended in ice cold nuclear buffer (20 mM 202 

Hepes, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA) containing 0.5 mM DTT, 1 203 

mM PMSF and 1 × complete protease inhibitor cocktail. The nuclear fraction was 204 

then incubated on ice for 15 min and vortexed for 15 sec each 2 min. Then, the 205 

nuclear extract was centrifuged at 18,000 ×g for 5 min at 4ºC and the supernatant 206 

containing the nuclear proteins harvested. 207 

Page 10 of 44

Wiley-VCH

Molecular Nutrition and Food Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 11 

Protein concentration was quantified using the Bio-Rad DC protein assay (Bio-Rad 208 

Laboratories, Inc., Hercules, CA, USA) and BSA used as protein standard. 209 

For western blot, 20 µg of protein were resolved in SDS-polyacrylamide gel and then 210 

electroblotted to a Hybond-P polyvinylidene difluoride membrane (GE Healthcare). 211 

Membranes were blocked in TPBS (PBS with 0.05% Tween-20) containing 5% (w/v) 212 

non-fat dry milk, washed in TPBS and then incubated with primary antibody. After 213 

washing, membranes were incubated with secondary antibody conjugated with IgG 214 

horseradish peroxidase and immunoreactive bands were detected using the Immobilon 215 

solutions (Millipore, Billerica, MA, USA) under a chemiluminescence detection 216 

system, the Chemi Doc XRS (Bio-Rad Laboratories, Inc.). Band area intensity was 217 

quantified using the Quantity One software from Bio-Rad. β-actin was used as 218 

loading control. 219 

 220 

2.9 Immunofluorescence 221 

ASF-2 cells were treated with curcumin 10 µM for the indicated time, washed with 222 

HBSS and then fixed with 4% paraformaldehyde in PBS (pH 7.4) at room 223 

temperature for 5 min. After washing cells three times with PBS, they were 224 

permeabilized with 0.2% Triton X-100 in PBS for 5 min, washed two more times with 225 

PBS, and blocked with 1% BSA in TPBS for 30 min. Cells were then incubated with 226 

mouse anti-HO-1 antibody (1:500) for 1 h at room temperature in a humid 227 

atmosphere. After cell washing, incubation with secondary anti-mouse IgG antibody 228 

conjugated with FITC (Dako, Glostrup, Denmark) was performed for 45 min at room 229 

temperature in a dark humid atmosphere. The cells were then washed two times with 230 

TPBS, mounted with VECTASHIELD containing DAPI (Vector Laboratories, 231 
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Burlingame, CA, USA) and observed under a confocal microscope (LSM 510 META, 232 

Zeiss, Gottingen, Germany). 233 

 234 

2.10 Statistical analysis 235 

Data were presented as mean ± SEM. Statistical differences among data groups were 236 

analyzed by one-way ANOVA followed by the Student-Newman-Keuls multiple 237 

comparison test, or analyzed by the Student’s t-test when appropriate, using GraphPad 238 

Prism 4.0 software (San Diego, CA, USA). Differences between groups were 239 

considered significant when P-values ≤ 0.05. 240 

 241 

3 Results 242 

3.1 Curcumin Affects Cell Viability and Growth 243 

Fig. 1 shows that exposure of normal adult human skin fibroblasts ASF-2 to 5-20 µM 244 

curcumin for up to 3 days inhibited cell proliferation in a concentration dependent 245 

manner, as determined by the cell’s capacity to reduce MTT (Fig. 1 A), and by 246 

counting the cell numbers (Fig. 1 B). The extent of cell growth inhibition by curcumin 247 

was statistically significant only at 10 µM (36% in the MTT assay and 65% in cell 248 

counting) and above (~87% inhibition at 20 µM). Treatment with 30 µM curcumin for 249 

24 h resulted in significant cell death by necrosis as evident from severe 250 

morphological changes and the appearance of blebs in the cytoplasmic membranes 251 

(data not shown). 252 

 253 
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3.2 Curcumin Induces HO-1 Levels in Human Skin Fibroblasts 254 

The effects of curcumin on the expression of different Hsps and HO-1 in normal 255 

diploid human skin fibroblasts were studied by western blot. As shown in Fig. 2 A, 256 

treatment with 10 µM curcumin for 24 h remarkably induced the expression of HO-1 257 

in ASF-2 cells, but did not change significantly the expression of Hsp27, Hsp70 and 258 

Hsp90. Curcumin was also unable to co-induce the expression of these Hsps after a 259 

heat shock treatment of 1 h at 41ºC (Fig. 2 A). On the other hand, curcumin induced 260 

in a concentration- and time-dependent manner the expression of HO-1 in ASF-2 cells 261 

(Fig. 2 B & C).  262 

 263 

3.3 Curcumin Increases ROS and Induces DNA Damage 264 

In view of the induction of HO-1 stress protein by curcumin, we next asked whether 265 

this would be the result of oxidative stress imposed on the cells. Incubation of ASF-2 266 

cells with curcumin for 30 min resulted in a concentration-dependent significant 267 

increase in ROS levels, as measured by the DCF probe (Fig. 3 A). Curcumin  268 

(10 µM)-induced ROS levels were significantly decreased (about 17%) when cells 269 

were co-incubated with the antioxidant NAC. In addition, using the alkaline version 270 

of the comet assay, curcumin showed induction of DNA damage in a concentration-271 

dependent manner after 1 h of incubation (Fig. 3 B). When incubated with 20 µM 272 

curcumin, almost 100% cells showed mild or moderate DNA damage (Fig. 3 C). 273 

Therefore, in the short term curcumin seems to induce oxidative stress to the cells, 274 

which may explain the further induction of HO-1. 275 

 276 
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3.4 Oxidative Stress is Involved in Curcumin-Induced HO-1 Expression 277 

To explore whether oxidative stress is involved in the expression of HO-1 induced by 278 

curcumin, a co-incubation with the well-known antioxidant NAC was performed. As 279 

shown in Fig. 4, NAC remarkably prevented the curcumin-induced increase of HO-1 280 

(by about 60-80%), as shown both by western blot and immunofluorescence. 281 

However, other antioxidants of reference, such as trolox (a water-soluble vitamin E 282 

derivative) and α-tocopherol (an absorbable vitamin E form), were unable to inhibit 283 

the induction of HO-1 by curcumin. This indicates that NAC’s capacity to restore cell 284 

redox state may be the basis of its preventive effect, rather than its direct ROS-285 

scavenging ability. 286 

 287 

3.5 Cells’ Redox State and Signalling are Modulated by Curcumin 288 

To determine if curcumin affects the redox state of ASF-2 cells, the glutathione levels 289 

in cells treated with curcumin were determined. As shown in Fig. 5 A, after 1 h of 290 

incubation with 10 µM curcumin, a significant 10% decrease in GSH levels was 291 

observed, which continued to decrease until 4 h of incubation. However, after 16 h 292 

and 24 h of curcumin incubation, GSH levels increased to more than double (Fig. 5 293 

A). GSSG accompanied this increase (Fig. 5 B) but to a lower extent, which resulted 294 

after 24 h of incubation with a more than 50% increase in the GSH/GSSG ratio (Fig. 5 295 

C), the most common redox couple used to estimate the cells’ redox state. Due to the 296 

decrease of GSH levels in the first hours of curcumin incubation, GSH/GSSG ratio 297 

also progressively decreased until 4 h before the significant increase by the end of 298 

incubation period. This indicates that curcumin affects negatively the cells’ redox 299 

state at first, and then cells respond by increasing glutathione synthesis to restore and 300 
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increase the cells’ redox state, a typical biphasic response observed in adaptive stress 301 

responses. The impairment of redox state in the first hours of curcumin incubation 302 

may influence redox signalling. In fact, the enzyme glutamate cysteine ligase 303 

involved in GSH synthesis, HO-1 and GST (a phase II enzyme, whose activity was 304 

also significantly increased by curcumin treatment in a concentration-dependent 305 

manner - Fig. 5 D) are all part of a set of protective enzymes that are under the 306 

influence of a redox-sensitive transcription factor – Nrf2 [25, 31]. The nuclear levels 307 

of Nrf2 was measured by western blot, and as shown in Fig. 5 E, curcumin induced a 308 

remarkable increase of this transcription factor in the nuclear fraction after 2 h and 8 h 309 

of incubation. Therefore, the decrease in the redox state by curcumin in the first hours 310 

of incubation seems to be involved in the increase of HO-1 expression and GST 311 

activity as well as in the increase of GSH content. 312 

 313 

3.6 PI3K/Ak Pathway is Involved in Curcumin-Induced HO-1 Expression 314 

Many kinases such as PI3K, PKC, JNK, ERK and p38 may interfere with the 315 

phosphorylation of Nrf2 that is assumed to facilitate its accumulation in the nucleus to 316 

stimulate gene expression [25, 32]. ASF-2 cells were, therefore, incubated with 317 

curcumin in the presence of different kinase inhibitors for 8 h and the expression of 318 

HO-1 measured by western blot. As shown in Fig. 6 A, only the PI3K inhibitor LY 319 

decreased significantly the expression of HO-1 induced by curcumin. The inhibitors 320 

of MAPKK (in MAPK/ERK pathway), JNK and p38 MAPK (PD, SP and SB, 321 

respectively) did not modify the effect of curcumin on HO-1 levels. The same 322 

happened with RO, an inhibitor of PKC. Staurosporine was also used to inhibit PKC, 323 

and a decrease in HO-1 expression was observed (Fig. 6 A), but associated with cell 324 
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death. To confirm the involvement of PI3K/Akt pathway in the induction of HO-1 by 325 

curcumin, the expression of phosphorylated (active) form of Akt was measured. 326 

Contrary to what had happened with phospho (p)-ERK, p-JNK and p-p38 where no 327 

effect was observed, cells incubated with curcumin (for 8 h) increased the expression 328 

of p-Akt (Fig. 6 B) corroborating the previous results. 329 

To explore if there was some dependence on the duration of curcumin exposure on p-330 

Akt levels, incubations in the presence of either LY or NAC for 2 and 8 h was 331 

performed. As shown in Fig. 6 C, the expression of p-Akt was remarkably higher after 332 

2 h of incubation than after 8 h of incubation, even in the absence of curcumin. As 333 

expected LY decreased significantly p-Akt levels. NAC did not affect p-Akt levels 334 

after 2 h of curcumin incubation, but surprisingly decreased it after 8 h (Fig. 6 C). 335 

Considering the effect of time on p-Akt levels, its expression along the time was 336 

determined in the absence and presence of curcumin. As shown in Fig. 6 D, when 337 

medium was replaced by fresh medium containing curcumin or vehicle, p-Akt levels 338 

increased remarkably in the first hour and then began to decrease continuously in the 339 

following hours. The p-Akt level attained after 1 h was higher in the presence of 340 

curcumin, and the subsequent decrease on p-Akt levels was slowed down when 341 

curcumin was present (Fig. 6 D). 342 

Since an inhibition of PI3K/Akt pathway decreases HO-1 induction by curcumin and 343 

changing cells’ medium induces this pathway (observed by the increase of p-Akt 344 

levels), we next asked if the effects of curcumin on HO-1 expression was dependent 345 

on medium change. For that, curcumin was added to the cells in the same medium 346 

they were in previously, and the expression of HO-1 and p-Akt measured. As 347 

observed in Fig. 6 E (left panel), curcumin added to cells without medium change also 348 

induced HO-1, although to a smaller extent than with medium change. This happened 349 
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without an increase in p-Akt at 1 h (data not shown) and 2 h of curcumin incubation 350 

(Fig. 6 E); only at 8 h of incubation a slight increase of p-Akt was observed. To 351 

determine the medium component that is responsible for the initial increase of p-Akt 352 

after medium change, medium of ASF-2 cells were replaced by fresh complete culture 353 

medium, by culture medium without serum or by Krebs buffer containing 25 mM 354 

glucose. As shown in Fig. 6 E (right panel), glucose and other components of the 355 

culture medium are not involved in the activation of PI3K/Akt pathway in ASF-2 356 

cells, which happens only in the presence of serum. 357 

 358 

3.7 Curcumin Increases Stress Tolerance in ASF-2 cells 359 

Considering the stress response elicited by curcumin in ASF-2 cells, we next tested 360 

whether this effect would condition cells for a following oxidant challenge. For that, 361 

cells were incubated with curcumin for 2 h, followed by a recovery period of 16 h 362 

where medium was removed and replaced by fresh one, and then exposed to the 363 

oxidant tert-BOOH. This pulse incubation with curcumin induced significantly HO-1 364 

expression with maximal levels attained 4 h after the beginning of the recovery 365 

period, but decreasing after 16 h (Fig. 7 A). The pulse treatment also induced 366 

significantly GSH levels after the 16 h recovery period, without significant changes in 367 

GSH/GSSG ratio and GSSG levels (Fig. 7 B). As shown in Fig. 7 C, the stress 368 

response induced by curcumin incubation for 2 h afforded 16 h later a significant 369 

protection against tert-BOOH-induced cell death, dependent on curcumin 370 

concentration, demonstrating its hormetic effects via a further oxidant challenge. 371 

 372 
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3.8 Effects of Curcumin on Senescent ASF-2 cells 373 

To test if curcumin also induces HO-1 expression in late passage senescent cells, 374 

ASF-2 cells with ~90% replicative lifespan completed were used. As shown in Fig. 8, 375 

senescent cells had already high expression levels of HO-1 in the control condition. 376 

Curcumin induced HO-1 expression in a concentration and time-dependent manner in 377 

senescent cells (Fig. 8 B & C, respectively) but to a smaller extent than in young cells 378 

(Fig. 8 A), which possess a higher proliferating rate. Medium change at the time of 379 

curcumin addition to the cells also induced the expression of p-Akt. Curcumin 380 

extended the high levels of p-Akt for a longer time (until 8 h; Fig. 8 C), also to a 381 

higher extent than that observed in young cells. As in young cells, NAC and LY 382 

inhibited the curcumin-induced HO-1 expression (Fig. 8 D). LY inhibited p-Akt 383 

levels from the beginning of the incubation, and NAC did the same but only after 8 h 384 

of incubation. Interestingly, LY in the presence of curcumin decreased the HO-1 385 

expression levels below the control values after 24 h of incubation (Fig. 8 D). 386 

 387 

4 Discussion 388 

Phytochemicals, such as phenolic compounds, are considered to contribute to the 389 

positive health benefits of fruits, vegetables and spice consumption [1, 33], and are 390 

proposed to be a good source of hormetic compounds, termed hormetins [34]. Here, 391 

we have tested the effects of curcumin in normal diploid human skin fibroblasts 392 

undergoing aging in vitro. We showed that curcumin worked as an hormetin by 393 

inducing mild oxidative stress as shown by increased levels of ROS, DNA damage 394 

and decrease of GSH content followed by enhanced antioxidant defences, such as 395 

HO-1 levels, GST activity, GSH levels and GSH/GSSG ratio. The use of the 396 
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antioxidant NAC prevented the induction of HO-1 by curcumin. This, together with 397 

the decrease of GSH content and increased accumulation of Nrf2 in nuclei in the first 398 

hours, suggests that a cellular redox state disturbance causes the induction of a stress 399 

response by curcumin, rather than a sole increase of ROS levels. The stress response 400 

elicited by curcumin in human skin fibroblasts led to hormetic effects via a further 401 

oxidant challenge with tert-BOOH, which can be beneficial in the process of aging 402 

where the cell’s own pathways of protection, removal, maintenance and repair are 403 

impaired. In fact, an ever-increasing body of evidence shows that low doses of 404 

stressors (mild stress) at young age can increase longevity and delay aging or protect 405 

from severe stress at old age [3, 35]. As individuals age, there is a gradual decline of 406 

cellular antioxidant defences and a reduced ability of these systems to be induced by 407 

different stimuli [36]. The decreased ability of senescent fibroblasts to induce HO-1 408 

levels upon stimulation with curcumin is a sign that aged and senescent cells are also 409 

impaired in their pathways of cellular stress responses, specially with respect to HO-1 410 

induction, which is in accordance with reports of studies in rodents where aging 411 

affected its stimulation by different stimuli [37-40]. 412 

The antioxidant, phase II and protective enzymes that are induced by curcumin 413 

treatment have been shown to be under the influence of the cis-acting element ARE, 414 

which are regulated by the redox-sensitive transcription factor Nrf2 [24, 25]. Several 415 

studies both in vivo and in vitro have shown that, in fact, curcumin activates Nrf2 416 

signalling [16, 20-23]. In human skin fibroblasts, we also observed an accumulation 417 

of Nrf2 in the nuclear fraction, suggesting that the induction of HO-1 and GST by 418 

curcumin was also through increased Nrf2 signaling. The increase of GSH levels and 419 

GSH/GSSG ratio observed after 24 h incubation was also attained probably through 420 

curcumin-induced increased Nrf2/ARE signaling, since the rate-limiting enzyme in 421 
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glutathione synthesis glutamate cysteine ligase (formerly known as γ-422 

glutamylcysteine synthetase) is also under the influence of this redox-sensitive 423 

signaling pathway [31, 41]. It is known that Keap1 controls Nrf2 stability, which 424 

under non-stressing conditions constantly targets Nrf2 for degradation, representing 425 

an attractive target for controlling Nrf2 signaling [24]. Keap1 contains cysteine 426 

residues that are thought to regulate its association with Nrf2. Since curcumin is 427 

chemically reactive and able to act as Michael reaction acceptor, its ability to increase 428 

the cellular levels of ROS or its direct potential to oxidize cysteine groups on Keap1, 429 

and thus inhibiting it, is argued as the possible mechanisms that lead to Nrf2 430 

stabilization [17, 25, 42, 43]. 431 

A decrease in the levels and transcriptional activity of Nrf2 with age has been 432 

reported by different authors [44-46] and may explain the decrease in the levels of 433 

several antioxidant and protective enzymes and the age-related loss of GSH synthesis 434 

[44]. Experiments in human skin fibroblasts [47], and measurements in different 435 

organs of rats and mice [48-50] showed that cellular GSH/GSSG ratio declines during 436 

the aging process, due to a decrease in GSH and/or an increase in GSSG levels. Other 437 

studies also showed a decrease of antioxidant enzymes in mice astrocytes [45] and rat 438 

livers [46]. Therefore, the ability of curcumin to induce antioxidant and protective 439 

enzymes as well as GSH levels through Nrf2 signaling, besides protecting against 440 

oxidative stressors, may also delay the aging process or prevent the appearance of 441 

age-related abnormalities or diseases. In agreement with this, feeding mice with 442 

tetrahydrocurcumin (one of the major metabolites of curcumin) significantly 443 

increased their average and maximal lifespan [51]. In addition, rats fed with curcumin 444 

also present several anti-aging effects in neural tissue with increased activity of 445 

antioxidant enzymes and decreased content of lipid peroxides and lipofuscin [52]. 446 
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Therefore, it would be interesting to further test the potential of regular hormetic 447 

exposure of normal human skin fibroblasts to curcumin in order to increase cellular 448 

stress response in old cells and to afford anti-aging properties. However, care should 449 

be taken in that approach, mainly with respect to the dose and time of exposure with 450 

curcumin, since aberrant induction of oxidative stress and Akt signaling may induce 451 

premature senescence [53, 54]. Nevertheless, increased Nrf2 signaling in Drosophila 452 

has shown to increase significantly their oxidative stress tolerance, as well as their 453 

lifespan [55]. Thus, if induction of Nrf2 signaling can be achieved by curcumin 454 

without significant changes on Akt signaling and ROS levels, anti-aging properties 455 

may be attainted by curcumin treatment. 456 

Basal HO-1 expression levels in senescent fibroblasts were, however, much higher 457 

than in young cells. This is in accordance with in vivo data in liver and brain of 458 

rodents [37-39, 56] as well as in brain of humans [57], where HO-1 expression 459 

increases with age. That may be explained because HO-1 gene is under the influence 460 

of the activity of other transcription factors that may respond differently to aging as 461 

compared with Nrf2. Actually, it was previously reported that the DNA binding 462 

activity of the hypoxia inducible factor-1 (HIF-1) increases during aging along with 463 

the increase of the expression of HIF-1-dependent genes, including HO-1 [37]. 464 

Interestingly, inhibiting phosphatidylinositol 3-kinase (PI3K) with LY for 24 h in 465 

senescent cells decreased HO-1 expression below the basal levels found in control 466 

condition. This agrees with different studies that report that PI3K/Akt pathway is 467 

involved in HIF-1 signalling [58, 59].  468 

Another mechanism reported to be involved in Nrf2 stabilization is the 469 

phosphorylation of serine or threonine residues of the transcription factor by different 470 

kinases, such as PI3K, stress-induced MAPK and PKC [24, 25]. Different studies 471 
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reported that curcumin stabilizes Nrf2 and/or induced HO-1 or other protective 472 

enzymes through some of these kinases [15-17, 20, 60]. The implications of kinase(s) 473 

among those studies are, however, not consistent, probably because cancer cell lines 474 

and tissues/cells from different mammalian species were used. Therefore, the use of 475 

normal human skin fibroblasts in the present study will facilitate the association of 476 

our results with human aging and the prevention of age-related diseases. In ASF-2 477 

cells, induction of HO-1 seems to be through PI3K/Akt pathway, since p-Akt levels 478 

are increased by curcumin and inhibiting PI3K almost totally prevented curcumin-479 

induced HO-1 expression. Interestingly, NAC that also inhibited the increase of HO-1 480 

levels, probably by preventing the generation of oxidative stress and redox cycling by 481 

curcumin, also decreased p-Akt expression levels when compared with related 482 

controls. It seems, therefore, there is some crosstalk between redox state and 483 

PI3K/Akt pathway, which may further help to modulate Nrf2 signaling by curcumin. 484 

In fact, it is known that ROS may impact on MAPK/ERK and PI3K/Akt pathways by 485 

facilitating activation of kinase cascades and/or by inhibiting the activity of 486 

phosphatases such as PTEN [61, 62]. The protein Kras was shown to be directly 487 

activated by S-glutathionylation of a reactive thiol group due to increased levels of 488 

oxidants and trigger downstream signaling through phosphorylation of ERK and Akt 489 

[63, 64]. That may have happened with curcumin treatment as well as the inhibition of 490 

the phosphatase PTEN (a negative regulator of Akt activity), inducing Akt activity. In 491 

fact, it was also previously shown that the capacity of curcumin to induce HO-1 was 492 

accompanied by a decrease of phosphatase activities [17]. 493 

The induction of p-Akt levels was, however, largely dependent on serum stimulation 494 

during curcumin incubation. Mitogenic signals, present in the serum, stimulate the 495 

activation of receptor tyrosine kinases that results in a downstream activation of class 496 
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I PI3K [58, 61]. PI3K activation results in phosphorylation (activation) of Akt, a 497 

reaction that can be reversed by the PIP3 phosphatase PTEN, which than modulates 498 

its cellular targets involved in cell survival, growth, proliferation and metabolism 499 

[58]. With curcumin incubation, p-Akt levels in serum-stimulated cells were increased 500 

and persisted with time. Curcumin incubation without serum stimulation did not 501 

change significantly p-Akt levels but induced the expression of HO-1, albeit to a 502 

smaller extent. This indicates that the PI3K is important in the upregulation of HO-1 503 

expression by curcumin, but is not totally dependent on it. Therefore, the induction of 504 

a stress response by curcumin may be elevated in cells under mitogenic signaling, and 505 

in cells with potential to proliferate, such as fibroblasts. For example, during wound 506 

healing proliferation of skin fibroblasts is induced, and cells are subject to stress 507 

elicited by inflammation triggered by toxic free heme released by hemolysis, resulting 508 

in the induction of HO-1 in the injured tissue [65]. Therefore, an increased stress 509 

response in this situation elicited by curcumin may be beneficial by increasing the 510 

expression of HO-1, important in the detoxification of heme groups and in the process 511 

of wound healing [65]. In fact, it has been shown previously that curcumin enhanced 512 

the process of wound healing in cultured cells and in rats [9, 66]. 513 

In conclusion, in this report we have shown that curcumin induces cellular stress 514 

responses in normal human skin fibroblasts through generation of ROS and a decrease 515 

in cellular redox state. This curcumin-induced oxidative stress leads to a strong 516 

induction of HO-1 and other antioxidant enzymes as well as an increase in cellular 517 

GSH levels, most probably through Nrf2 signaling. This hormetic induction of stress 518 

response elicited by the hormetin curcumin led to increased protection against a 519 

further oxidant challenge, supporting the view that mild stress-induced hormesis can 520 

be applied for the modulation of aging and for improving the cellular functionality. 521 
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Figure Legends 721 

 722 

Figure 1. Effects of curcumin for 3 days in ASF-2 cells’ viability/proliferation as 723 

measured by the MTT assay (A) or by counting the cells’ number (B). Line in graphs 724 

represents the MTT reduction activity (MTT assay) or cell number (Cell counting) in 725 

the beginning of the incubation time (t = 0 h). Values are mean ± SEM of at least 3 726 

independent experiments. * P≤0.05; ** P≤0.01 when compared with control by the 727 

one-way ANOVA. 728 

 729 

Figure 2. Effect of curcumin on the levels of HO-1 in ASF-2 cells, at different 730 

concentrations for 24 h (B), or with 10 µM curcumin for different incubation times 731 

(C). Blots are representative of 3 independent experiments. β-Actin was used as 732 

loading control. In (A) are shown no effect of curcumin in the expression of Hsps 733 

when incubated alone for 24 h, or not even co-induction of Hsps when curcumin is 734 

present during mild heat shock (HS) of 41ºC for 1h. 735 

 736 

Figure 3. Curcumin increases ROS levels and DNA damage in ASF-2 cells. 737 

(A) Effect of different concentrations of curcumin for 30 min in ROS levels as 738 

measured by fluorometry using the DCF probe; t-BOOH 100 µM was used as a 739 

positive control. (B) Effect of different concentrations of curcumin for 1 h on DNA 740 

damage measured by the alkaline version of the comet assay. (C) Representative 741 

images of the comet assay in the control and 20 µM curcumin conditions. (A & B) 742 

Values are mean ± SEM of at least 3 independent experiments. * P≤0.05; ** P≤0.01 743 

when compared with control by the one-way ANOVA. *** P≤0.001 when compared 744 
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with control by the Student’s t-test. 
+
 P≤0.05 when compared with each other by the 745 

Student’s t-test. 746 

 747 

Figure 4. Curcumin-induced HO-1 levels in ASF-2 cells is prevented by NAC. 748 

(A & B) Cells were incubated with 10 µM curcumin with or without the antioxidants 749 

NAC, trolox or α-tocopherol for 8 h, and the levels of HO-1 measured by Western 750 

Blot. Blots are representative of 2 independent experiments. β-Actin was used as 751 

loading control. (C) Effect of NAC on the levels of HO-1 (green fluorescence) 752 

induced by curcumin for 18 h, analysed by immunofluorescence using a confocal 753 

microscope. 754 

 755 

Figure 5. Effects of curcumin on ASF-2 cells’ redox state and signalling. 756 

(A, B & C) Cells were incubated with 10 µM curcumin for different times and GSH 757 

and GSSG levels measured. Values are mean ± SEM of at least 3 independent 758 

experiments. * P≤0.05; ** P≤0.01; *** P≤0.001 when compared with each other by 759 

the Student’s t-test. NS: Not significant (P>0.05) when compared with each other by 760 

the Student’s t-test. Letter notations: Groups with the same letter notation within the 761 

curcumin-treated samples are not significantly different from each other (P>0.05) 762 

when analysed by the one-way ANOVA. (D) Cells were incubated with curcumin at 763 

different concentrations for 24 h and the activity of GST measured. Values are mean 764 

± SEM of at least 3 independent experiments. ** P≤0.01 when compared with control 765 

by the one-way ANOVA. (E) Cells in 60 mm-dishes (4.5 ml) were incubated with  766 

10 µM curcumin for different times, nuclear extracts isolated and Nrf2 expression 767 

measured by western blot. Blot is representative of 2 independent experiments. 768 

 769 
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Figure 6. Involvement of kinases in curcumin-induced HO-1 expression in ASF-2 770 

cells. Cells were incubated with 10 µM curcumin in the presence of different 771 

inhibitors, and after the time specified in the figures protein was extracted for western 772 

blot. Inhibitors were added 30 min before curcumin. Blots are representative of at 773 

least 2 independent experiments. β-Actin was used as loading control. (A) Effect of 774 

different kinase inhibitors on curcumin-induced HO-1 expression: PD: PD98059 50 775 

µM; SP: SP600125 10 µM; SB: SB203580 10 µM; LY: LY294002 50 µM, STS: 776 

staurosporine 50 nM; and RO: RO320432 1.25 µM. Inhibitors alone did not induce 777 

HO-1 expression (data not shown). (B) Effect of curcumin for 8 h on the active 778 

(phosphorylated) form of different kinases. (C) Effect of curcumin in the presence of 779 

NAC or LY in the expression of phospho (p)-Akt after 2 and 8 h of incubation. (D) 780 

Phospho-Akt expression along the time after medium change in the absence or 781 

presence of 10 µM curcumin. (E) Left panel: Effect of medium change and curcumin 782 

on the levels of phospho-Akt and HO-1; Right panel: Effect of different components 783 

of the medium on p-Akt levels 2 h after replacing the medium. 784 

 785 

Figure 7. Hormetic effects of curcumin in ASF-2 cells. (A) Cells were incubated with 786 

10 µM curcumin for 2 h, followed by a recovery period for different times with fresh 787 

medium, and the expression of HO-1 measured by western blot. Blots are 788 

representative of 2 independent experiments. β-Actin was used as loading control. (B) 789 

Cells were incubated with 10 µM curcumin for 2 h, followed by a recovery period of 790 

16 h with fresh medium, and GSH and GSSG levels measured as described under 791 

Materials and Methods. Values are mean ± SEM of 3 independent experiments. ** 792 

P≤0.01 when compared with the respective control by the Student’s t-test. (C) Cells 793 

were incubated with 10 or 20 µM curcumin for 2 h, followed by a recovery period of 794 
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16 h with fresh medium. Then, cells were incubated with 200 µM t-BOOH for 3 h and 795 

cell viability measured by the LDH leakage method. Values are mean ± SEM of at 796 

least 4 independent experiments. *** P≤0.001 when compared with control by the 797 

Student’s t-test. 
+
 P≤0.05, 

++
 P≤0.01 when compared with t-BOOH alone by the one-798 

way ANOVA. 799 

 800 

Figure 8. Effects of curcumin on the levels of HO-1 in senescent ASF-2 cells.  801 

(A) Effect of curcumin on HO-1 levels in young and senescent cells. Senescent cells 802 

were incubated with curcumin at different concentrations for 24 h (B), or with 10 µM 803 

curcumin for different incubation times (C), and the expression of HO-1 and p-Akt 804 

measured by western blot. (D) Effects of curcumin in the presence of NAC or LY on 805 

the levels of p-Akt and HO-1 after 2, 8 and 24 h of incubation. Blots are 806 

representative of 2 independent experiments. β-Actin was used as loading control. 807 

 808 
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Figure 1. Effects of curcumin for 3 days in ASF-2 cells’ viability/proliferation as measured by the 
MTT assay (A) or by counting the cells’ number (B). Line in graphs represents the MTT reduction 

activity (MTT assay) or cell number (Cell counting) in the beginning of the incubation time (t = 0 h). 
Values are mean ± SEM of at least 3 independent experiments. * P≤0.05; ** P≤0.01 when 

compared with control by the one-way ANOVA.  
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Figure 2. Effect of curcumin on the levels of HO-1 in ASF-2 cells, at different concentrations for 24 h 
(B), or with 10 µM curcumin for different incubation times (C). Blots are representative of 3 
independent experiments. β-Actin was used as loading control. In (A) are shown no effect of 

curcumin in the expression of Hsps when incubated alone for 24 h, or not even co-induction of Hsps 
when curcumin is present during mild heat shock (HS) of 41ºC for 1h.  
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Figure 3. Curcumin increases ROS levels and DNA damage in ASF-2 cells. 
(A) Effect of different concentrations of curcumin for 30 min in ROS levels as measured by 

fluorometry using the DCF probe; t-BOOH 100 µM was used as a positive control. (B) Effect of 
different concentrations of curcumin for 1 h on DNA damage measured by the alkaline version of the 

comet assay. (C) Representative images of the comet assay in the control and 20 µM curcumin 
conditions. (A & B) Values are mean ± SEM of at least 3 independent experiments. * P≤0.05; ** 
P≤0.01 when compared with control by the one-way ANOVA. *** P≤0.001 when compared with 

control by the Student’s t-test. + P≤0.05 when compared with each other by the Student’s t-test.  
147x43mm (600 x 600 DPI)  
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Figure 4. Curcumin-induced HO-1 levels in ASF-2 cells is prevented by NAC. 
(A & B) Cells were incubated with 10 µM curcumin with or without the antioxidants NAC, trolox or α-

tocopherol for 8 h, and the levels of HO-1 measured by Western Blot. Blots are representative of 2 
independent experiments. β-Actin was used as loading control. (C) Effect of NAC on the levels of 

HO-1 (green fluorescence) induced by curcumin for 18 h, analysed by immunofluorescence using a 
confocal microscope.  
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Figure 5. Effects of curcumin on ASF-2 cells’ redox state and signalling. 
(A, B & C) Cells were incubated with 10 µM curcumin for different times and GSH and GSSG levels 
measured. Values are mean ± SEM of at least 3 independent experiments. * P≤0.05; ** P≤0.01; 

*** P≤0.001 when compared with each other by the Student’s t-test. NS: Not significant (P>0.05) 
when compared with each other by the Student’s t-test. Letter notations: Groups with the same 

letter notation within the curcumin-treated samples are not significantly different from each other 
(P>0.05) when analysed by the one-way ANOVA. (D) Cells were incubated with curcumin at 

different concentrations for 24 h and the activity of GST measured. Values are mean ± SEM of at 
least 3 independent experiments. ** P≤0.01 when compared with control by the one-way ANOVA. 

(E) Cells in 60 mm-dishes (4.5 ml) were incubated with  
10 µM curcumin for different times, nuclear extracts isolated and Nrf2 expression measured by 

western blot. Blot is representative of 2 independent experiments.  
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Figure 6. Involvement of kinases in curcumin-induced HO-1 expression in ASF-2 cells. Cells were 
incubated with 10 µM curcumin in the presence of different inhibitors, and after the time specified in 
the figures protein was extracted for western blot. Inhibitors were added 30 min before curcumin. 

Blots are representative of at least 2 independent experiments. β-Actin was used as loading control. 
(A) Effect of different kinase inhibitors on curcumin-induced HO-1 expression: PD: PD98059 50 µM; 
SP: SP600125 10 µM; SB: SB203580 10 µM; LY: LY294002 50 µM, STS: staurosporine 50 nM; and 

RO: RO320432 1.25 µM. Inhibitors alone did not induce HO-1 expression (data not shown). (B) 

Effect of curcumin for 8 h on the active (phosphorylated) form of different kinases. (C) Effect of 
curcumin in the presence of NAC or LY in the expression of phospho (p)-Akt after 2 and 8 h of 
incubation. (D) Phospho-Akt expression along the time after medium change in the absence or 

presence of 10 µM curcumin. (E) Left panel: Effect of medium change and curcumin on the levels of 
phospho-Akt and HO-1; Right panel: Effect of different components of the medium on p-Akt levels 2 

h after replacing the medium.  
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Figure 7. Hormetic effects of curcumin in ASF-2 cells. (A) Cells were incubated with 10 µM curcumin 
for 2 h, followed by a recovery period for different times with fresh medium, and the expression of 
HO-1 measured by western blot. Blots are representative of 2 independent experiments. β-Actin 
was used as loading control. (B) Cells were incubated with 10 µM curcumin for 2 h, followed by a 

recovery period of 16 h with fresh medium, and GSH and GSSG levels measured as described under 
Materials and Methods. Values are mean ± SEM of 3 independent experiments. ** P≤0.01 when 

compared with the respective control by the Student’s t-test. (C) Cells were incubated with 10 or 20 
µM curcumin for 2 h, followed by a recovery period of 16 h with fresh medium. Then, cells were 
incubated with 200 µM t-BOOH for 3 h and cell viability measured by the LDH leakage method. 

Values are mean ± SEM of at least 4 independent experiments. *** P≤0.001 when compared with 

control by the Student’s t-test. + P≤0.05, ++ P≤0.01 when compared with t-BOOH alone by the 
one-way ANOVA.  
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Figure 8. Effects of curcumin on the levels of HO-1 in senescent ASF-2 cells.  
(A) Effect of curcumin on HO-1 levels in young and senescent cells. Senescent cells were incubated 

with curcumin at different concentrations for 24 h (B), or with 10 µM curcumin for different 
incubation times (C), and the expression of HO-1 and p-Akt measured by western blot. (D) Effects 

of curcumin in the presence of NAC or LY on the levels of p-Akt and HO-1 after 2, 8 and 24 h of 
incubation. Blots are representative of 2 independent experiments. β-Actin was used as loading 

control.  
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