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Abstract. The cell response of human HepG2 cells exposed to hypother-

mia with rewarming was analyzed. Ultrastructural findings in hypothermic

stressed cells showed swollen mitochondria, dispersed chromatin, vacuoles

and ring-shape nucleolar reorganization. These changes were coupled with

significative differences in the induction of Hsp60, inducible Hsp70 and

monomeric Hsf1 in all treated samples, but not in Hsc 70 expression. Cellular

response to hypothermia could be associated with the synergistic induction of

Hsp expression.

Respuesta celular de línea de hepatoma humano (HepG2) al
estrés hipotérmico con recuperación. Inducción de la expresión
de Hsp60, Hsp70, y Hsf1.
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Resumen. En este trabajo se analizó la respuesta celular de células

HepG2 expuestas a hipotermia con posterior recuperación. Los hallazgos ul-

traestructurales en células sometidas a estrés hipotérmico incluyeron mito-

condrias edematizadas, núcleos picnóticos, vacuolas y reorganización nucleo-

lar en forma de anillo. Tales cambios están relacionados con diferencias signi-
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ficativas en la inducción de la expresión de Hsp60, Hsp70 inducible y Hsf 1

monomérico en todas las muestras tratadas, pero no de Hsc70. La respuesta

celular a la hipotermia puede ser relacionada con la inducción sinergística de

las Hsp.
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INTRODUCTION

Thermal stress stimulates a sort of

complex responses which are fundamentals

in the preservation of cell survival (1). Par-

ticularly in mammals, exposure to hypo-

thermia or hyperthermia has been related

to morphological and physiological modifi-

cations. While tissue exposure to hypother-

mia has been considered a strategy of pres-

ervation and protection (3, 4) a number of

evidences of cell damage have been de-

scribed in mammals exposed to hypo-

thermic stress as a result of the alteration

of homeostasis. Such physiological modifi-

cations (2) include losing the integrity of

plasma membrane (3), cell breakage,

edema, presence of dispersed chromatin, as

well as chromatin condensation (4, 5), de-

crease of enzymatic rate, losing calcium

and coagulation homeostasis, free radical

provoked-damage, cytoskeleton and plasma

membrane alterations, cell growth delay

and cell death (6). Besides the modifica-

tions previously described as a result of

thermal stress, cells respond by inducing

the transient expression of heat shock pro-

teins (Hsps) or stress proteins. These pro-

teins participate in numerous functions in-

cluding folding of newly synthesized pro-

teins, transport of proteins into cell com-

partments, disaggregation of protein com-

plexes and others functions (7).

The induction of the Hsps expression is

mediated by the induction of the heat

shock transcription factors (HsFs) through

binding to the heat shock element (HSE) in

the promoter region of the Hsp genes. The

member of the Hsf family, Hsf1 is involved

in the Hsps induction owed to heat shock

and other kinds of stress (8-10). The mecha-

nism of Hsf1 is regulated by phosphorylation

at the post-translational level or interaction

with other proteins. Upon a stressful condi-

tion the Hsf monomer is translocated into

the nucleus and trimerizes. The trimer is

able to bind the HSE in the promoter region

of Hsp genes (11).

In human HepG2 cells, sublethal hypo-

thermia induces an increased Hsp70 expres-

sion and accumulation. In addition its local-

ization follows a stress dependent pattern

in these cells by an unknown mechanism

(12). Although little is known about the

molecular mechanism implied in the induc-

tion of Hsps during hypothermia, the ex-

pression and accumulation of different Hsps

could be linked with a synergistic network

of mechanisms related to the stabilization

of protein homeostasis. Indeed, the induc-

tions of Hsp60 and Hsp90 in mouse adipose

tissue (13) and Hsp90 in human kera-

tinocytes have been described (4). This

work studied the expression of Hsps in a hu-

man hepatoma cell line (HepG2) treated

under hypothermic conditions, followed by

rewarming together with the possible

subcellular damage associated.

MATERIALS AND METHODS

Cell culture

Human hepatoma HepG2 cell line

kindly provided by Dr. Antonio De Maio

from the University of California, San

Diego, USA, was used in all experiments.

The cells were maintained in Dulbecco’s

Modified Eagle Medium (Invitrogen), sup-
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plemented with heat inactivated 10% fetal

bovine serum (Invitrogen), in a humidified

atmosphere of 5% CO2 at 37°C.

Thermal treatment

The cells were incubated at 4°C during

40 min, 1 or 2 hours to assess the hypo-

thermic stress condition. Then cells were

transferred back to a 37°C incubator during

1 for rewarming while control cells were

maintained at 37°C.

Ultrastructure methods

Cell samples exposed to 4°C during 1h

and recovered at 37°C 1h, where the high-

est induction of Hsp70 and Hsp60 was ob-

served, were analyzed by transmission elec-

tron microscopy. The cells were washed

with Millonig buffer and centrifuged at

1200 rpm during 5 minutes, fixed in

Karnovsky (320 mosmol, pH 7.4, 2 h, 4°C)

and post-fixed in presence of osmium

tetroxide (2% osmium tetroxide in

Milloning buffer 0.12 M, 320 mosmol, pH

7.4, 2 h, 4°C). The samples were subse-

quently dehydrated by incubation in in-

creasing concentrations of acetone (50%,

70%+uranyl, 80%, 95%, 100%) during 20

minutes and embedded in Araldyte epoxic

resin and, before polymerization, at 60°

during 48h. Thin sections of 100 mm were

cut in a Reichert Om U3 ultramicrotome

and counterstained with uranyl acetate

(45 min, 60°C) and lead citrate (3 min,

25°C). The sections were analyzed in a

transmission electron microscope Hitachi

H-300, 75 kV.

Western blot analysis

Control and thermally stressed cells

were lysed in a buffer containing 10 mM

Tris-HCl pH 7.4, 0.1M EDTA, 2 mM PMSF,

10mM NaCl and 0.5% Triton X-100 at 4°C.

The lysate was clarified by centrifugation at

14000 r.p.m. for 10 min at 4°C. Equal

amounts of proteins (8.3 µg), determined

by Bradford microassay using albumin as a

standard, were boiled in SDS sample buffer

(10mM Tris-HCl, pH 6.8, 2% SDS, 10%

2-�mercaptoethanol, 10% glycerol and

bromephenol blue) during 5 min. Samples

of equal protein loading were separated by

SDS-PAGE (Laemmli, 1970) in duplicated

gels using a Bio-Rad mini-gel system, one

of them was stained with Coomassie Bril-

liant Blue G-250 (Bio-Rad Laboratories)

while the second gel was blotted onto a

nitrocellulose membrane (0.45µm, Bio-Rad

Laboratories) and stained with Ponceau

Red before inmunoblotting. Nonspecific

protein binding sites were blocked by incu-

bation in PBS pH 7.4; 0.1% Tween 20 and

5% skimmed milk. To examine Hsps ex-

pression the samples were incubated with

the following antibodies (1:5000) Anti-

Actin (rabbit polyclonal, Sigma, St. Louis,

USA), anti-Hsp70 (rabbit polyclonal,

Stressgen Bioreagents, Ann Arbor, USA),

anti-Hsc 70 (rabbit polyclonal, Stressgen

Bioreagents, Ann Arbor, USA) anti-Hsp60

(mouse monoclonal, Sigma, St. Louis,

USA) and anti-monomeric Hsf1 (rabbit

polyclonal anti-mouse, Laboratorio de Bio-

química de Parásitos-IMT-UCV, Caracas,

Venezuela). Actin was used as a loading

control. After washing several times with

PBS-0.1% Tween 20, the membrane was in-

cubated with 1:5000 horseradish per-

oxidase-conjugated rabbit anti-mouse IgG

Peroxidase (Sigma, St. Louis, USA) or goat

Anti-rabbit IgG (Pierce, Rockford, USA).

Immunoreactive bands were detected by an

enhanced chemiluminescence detection

kit (Pierce) and exposed to Kodak X-ray

film for 10 s. Protein immunoblots were

scanned by GS-800 Bio-Rad Densitometer

using the Multi-Analyst program (Bio-

Rad).

Statistical analysis

Relative optical density values of each

protein compared to actin from Western
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blot analysis are expressed as mean ± SEM

of three independent experiments. The sta-

tistical significance of the differences be-

tween values was assessed by one-way Analy-

sis of Variance (ANOVA) followed by

Duncan multiple comparison post hoc test.

A P<0.05 was considered to be statistically

significant. Statistical analysis was per-

formed using Statistica V.6.0 (StatSoft,

Tulsa, USA).

RESULTS

A variety of morphological changes are

provoked by hypothermia.

The ultrastructural findings included

controls resembling normal appearance

(Fig. 1a,b). In thermally treated samples

(4°C,1h and 37°C, 1h; Fig. 1 c-f) lipid drops

were not observed. In contrast, generalized

edema (c-f) dispersed chromatin (c,f), swol-

len mitochondria (c-f) and autophagic vacu-

oles (e) were distinguished giving the ap-

pearance of necrotic cells, particularly in d

and e. Ring-shape reorganization was ob-

served (d,f) in the nucleolus of the thermal

treated samples.

Hypothermia induces Hsp60, the in-

ducible Hsp70 and monomeric Hsf1 but not

Hsc 70 expression. Western blot analysis

(Fig. 2) and semiquantitative densitometry

(Fig. 3) showed that Hsp60, Hsp70 and

Hsf1 expression was increased in all treated

samples, in contrast to control group. The

cells treated hypothermically during 1h

with 1h of recovery, showed the higher in-

crease of Hsp60 and Hsp70. In the case of

Hsf1, the denser band belonged to the

group treated during 2h with 1h of recov-

ery. The lower levels of expression were ob-

served in Hsc70, while Hsp70 and Hsf1 were

the most induced. As ANOVA showed, no

significative changes in Hsc70 were ob-

served between treatments. In the case of

Hsp60, Hsp70 and Hsf1 the relative D.O.

difference was significative to each treated

sample compared to the control group

(P<0.05).

DISCUSSION

This paper reports for the first time

monomeric Hsf1 and Hsp60 induction un-

der hypothermic stress in HepG2 cells, and

corroborates the accumulation of

monomeric Hsf1, as has been reported in

mice (14). Moreover, Hsp60 has also been

reported in rat brown adipose tissue under

whole body hypothermia (13)

The increased expression of the heat

shock proteins is possibly a natural protec-

tive and homeostatic response of the cell to

the deleterious effects of the hypothermic

stress. This response has been associated

with the decrease in the rates of enzymatic

processes, enhancement of free radical pro-

duction and protein unfolding and mis-

folding promoted by hypothermia (15). The

differential accumulation of Hsp60 and the

inducible form of Hsp70 in all the stress

conditions studied could be related to the

assistant in the appropriate folding of dena-

tured or newly synthesized peptides (16).

Likewise, it has been suggested that

Hsps could be involved in tumorigenesis

and to be essential in the survival of differ-

ent cancer cells, possibly by the modulation

of the activity of proteins involved in cell cy-

cle and apoptosis (17, 18), as these pro-

teins are frequently up-regulated in that

kind of cells, as in hepatocellular carci-

noma, (19). In this regard, Hsf1 itself is in-

volved in overriding cell-cycle checkpoints

and enhanced metastasis not dependent on

Hsps (20, 21), as well downstream products

of Hsf1, including Hsp70 and 27, are re-

lated to the increase of the invasive and/or

metastatic capacity of tumors (22). Hsp90

has been involved in maintaining the qual-

ity of proteins in breast and prostate cancer

(23). Cooperative promotion as a coordi-

nated response of Hsp expression might
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Fig. 1. Transmission electron micrographs of human HepG2 cells. Control (a, b) and hypothermically

stressed cells with recovery (c-f). There are evident lipids drops (L) and abundant mitochon-

dria in the perinuclear region (M). The typical nucleolus structure with the fibrillar dense

(CF) and the granular (G) components is easily distinguished in b. In the cells under hypo-

thermia 4°C during 1h and recovered at 37°C 1h some changes are evident: generalized

edema (c-f), picnotic), swollen mitochondria (SM, c-f), as well as autophagic vacuoles (e, ar-

row and insert) are distinguished. Picnotic nucleus (c,f) were present and in the nucleolus of

the thermal treated samples the ring-shape reorganization was observed (d, f). Bar=0, 5µm.



represent one of the mechanisms involved

in the protective effect of hypothermia

widely used in medical strategies and pres-

ervation of biological samples (24), possibly

due to thermotolerance.

Even though cold exposure without

rewarming is related with decreased expres-

sion of several Hsps (25), the cytoprotective

function of Hsp70 is associated with its

anti-apoptotic effect at the rewarming, in-

stead of during stress (26). Indeed, it is

also understood that a general mechanism

still unknown is involved in the regulation

of Hsf1 activity during rewarming in re-

sponse to cold stress in various species (11,

14). This mechanism could take place to-

wards the activation of several transcription

factors without its phosphorylation, while in

hyperthermia occurs by the unique activa-

tion of Hsf1 preceded by its hyperphos-

phorylation (14). Additionally, in response

to heat or cold stress an alternative splicing

of the Hsf pre-mRNA has been identified

(11). These observations suggest that the

differences in Hsps expression in hypother-

mia or hyperthermia conditions are possibly

related with the induction mechanisms.

The response to hypothermic stress

has also been studied in HepG2 cells by

Ohsaka et al. (26, 27). These have identi-

fied the induction of mitogen and stress ac-

tivated protein kinases, which are closely

related with the mechanisms of signaling

implicated in cell repair and survival. It has

been also suggested that the increasing of

activity of antioxidants mechanisms such as

the synthesis of catalase, superoxide

dismutase and hemo-oxigenase 1 are in-

volved in the response to hypothermia (28),

together with the synthesis of other

glycine-rich polypeptides of unknown func-

tion (27).

The possible explanation of the mor-

phological changes has been related with

the effect of the temperature in the mole-

cules and changes in the rates of metabolic
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Fig. 2. Hsc70, Hsp70, Hsp60, Hsf1 and actin expression of hypothermically stressed and recovered

human HepG2 cells. Western blot analysis of cells maintained at 37°C (1,2); hypothermically

treated 4°C, 40 min (3), 1h (4), 2h (5). Thermal stressed cells were exposed to 37°C, 1h after

treatment to rewarming. Relative molecular mass is indicated on the right. Actin was used as

a loading control.



processes. The distribution of cell material

is consistent with the changes in the cyto-

skeleton provoked by the hypothermia (3)

revealed in the retraction of the material of

the nucleus and nucleolar reorganization.

The proteins of the nuclear matrix has been

recognized as the most thermal labile pro-

teins in the cell (29).

The aggregation of the material

around the nucleus in hepatocytes exposed

to hypothermia has been described in non

tumoral hepatic cells (5). The retraction of

material to the nucleus and the ring-shape

nucleolar reorganization, and associated se-

vere cell damage has been recognized in

different pathologies in a variety of biologi-

cal systems (30). In hypothermia, it has

been also possible the recognition of nucle-

olar components segregation in the ring-

shape structure. In depth this has been in-

terpreted as a consequence of the disen-

gagement between transcription and pro-

tein processing. Hsp70 is associated with

transcription stabilization (31), its detec-

tion in the nucleolus could be related with

those processes (30).

The production of oxygen radicals, ATP

depletion and the increased Ca2+concentra-
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Fig. 3. Densitometric analysis of the bands of Hsp60, Hsc70, Hsp70 and Hsf1 in human HepG2 cells

hypothermically treated at 4°C during different times as indicated, with one hour of recovery

at 37°C. Relative optical density values of each protein compared to actin from Western blot

analysis are expressed as mean ± SEM of three independent experiments. The statistical sig-

nificance of the differences between values was assessed by (ANOVA) followed by Duncan mul-

tiple comparison post hoc test. A P<0.05 was considered to be statistically significant. The

O.D. showed that Hsp60, Hsp70 and Hsf1 expression was increased in all treated samples, in

contrast to control group. The higher increase of Hsp60, Hsp70 was observed in cells

hypothermically treated during 1h. To Hsf1 the denser band belonged to the group treated

during 2h. The lower levels of expression were observed in Hsc70, while Hsp70 and Hsf1 were

the most induced. ANOVA showed no significative changes in Hsc70 between treatments. In

the case of Hsp60, Hsp70 and Hsf1 the relative O.D. difference was significative to each

treated sample compared to the control group (P<0.05).



tion are among the mechanisms associated

with the hypothermia-induced morphologi-

cal changes in the mitochondria after re-

warming (32, 33). The swollen and round-

shaped appearance of the mitochondria

showed here, has been also described in

proximal tubular cells (33), together with

the generalized cell swelling in glial cells

(34).

Synergistic promotion as a coordi-

nated response of Hsp expression might

represent one of the mechanisms involved

in the protective effect of hypothermia

widely used in medical strategies and pres-

ervation of biological samples. Cold stress

could be an alternative to thermal stress,

capable of inducting Hsp expression, by an

unknown mechanism that needs to be de-

termined.
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