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Abstract—Tte ability of formaldehyde and acetaldehyde to initiate transformation of a rat kidney
cell line has been studied using a newly developed two-stage in vitro cell transformation assay. The
assay is based on measurements of attachmeni-independent survival of cells in aggregates. Short
treatment with non-cytotoxic doses of formaldehyde and acetaldehyde did not affect survival of the
cells in the aggregate assay system. However, when the aldehyde treatment was followed by exposure
of the cells to the tumor promoters TPA and PDD, a considerable increase in the number of viable
cells was observed. On a molar basis, formaldehyde was about 100 times more potent than
acetaldehyde in initiation of cell transformation. The data showed that cells derived from aggregates
of cultures treated with formaldehyde or acetaldehyde followed by exposure to TPA possessed a
considerably higher ability to form colonies in soft agar than untreated control cells.

INTRODUCTION
ALDEHYDES have received increasing attention as
potential carcinogens. Formaldehyde and acetal-
dehyde are two common chemicals in the human
environment. The widespread use of thesc subst-
ances in industry has led to great interest concern-
ing their possible health hazards.

Formaldehyde is genotoxic in a variety of test
systems. It causes DNA single strand breaks [1-3],
DNA-protein cross links [1-5], inhibition of DNA
repair [6], mutations [7-13], sister chromatide
exchanges [14, 15} and chromosome aberrations
[16] as well as transformation of cells in culture
(7,8, 14, 17-21]. Formaldchyde gas has bcen
shown to induce nasal tumors in rats [22, 23] and
data has recently been reported suggesting that
formaldchyde may also cause nasal cancer in man
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[24]. Furthermore, the increased frequency of
brain tumors and leukemia in embalmers and
pathologists has been related to formaldehyde exp-
osure [25-28].

Acetaldehyde causes DNA damage in vitro [29]
and is reported to cause mutations [30-33] and to
induce sister chromatid exchanges [31, 34-38] and
chromosomal aberrations [36, 37, 39, 40]. No re-
ports have been presented on the ability of acctal-
dehyde to induce cell transformation in vitro. Re-
cently, it has been shown that acctaldehyde vapors
induce respiratory tract tumors in hamster {41]
and rat [42]. Increased prevalence of malignant
tumors has been reported among workers in a
factory producing acctaldchydc [43] and the possi-
bility is considered that the increased cancer fre-
quency among alcoholics may in part be caused by
acetaldehyde [44].

The purpose of the present communication has
been to compare the ability of formaldehyde and
acetaldehyde to induce cell transformation. In this
study, a new in vitro ccll transformation assay (45]
for cvaluation of initiators and promoters of carci-
nogenesis has been used. The assay uses a rat
kidney cell linc (HRRT?) established in our labora-
tory [46] and is based on attachment-independent
survival of cells in aggregates.



672 P. Eker and T. Sanner

MATERIALS AND METHODS

Chemicals

TPA, PDD and 40-PDD were purchased from
C.C.R. Inc. Eden Prairie, Minnesota, NCS, FCS
and Waymouth’s medium were obtained from
Gibco Biocult, Paisley, U.K. Analytical grade 35%
formaldchyde solution and acetaldehyde were
purchased from Merck, Darmstadt, FRG. Stock
solutions of the aldchydes in water were kept
ice-cold until added to the culture medium.

Cells
The HRRT cell line has been established from a

hereditary renal tumor of a 13-month-old female

rat. Electron microscopic studies indicate that the
cells are fibroblasts [46]. The cell line has been
maintained in monolayer culture for about 5 yr
and multiplies with a population doubling time of
about 24 hr. The cells were grown in Waymouth’s
medium (MAD 82/3) supplemented with 10%
NCS, penicillin (100 pg/ml) and streptomycin
(50 pg/ml). The cells are free of mycoplasma con-
taminations as tested by the method of Chen [47].

Cell treatment and aggregation assay

3 X 10° cells in 5 ml of medium were transferred
to 25 cm? culture flasks and incubated for 37°C.
After 24 hr the aldehydes were added to the
medium to the specified concentrations. After 3 hr
of incubation the cells were harvested by trypsi-
nization and suspended in medium (2.5 X 10°
cells/ml) containing 0.1 pg/ml of the phorbol ester.
Control cultures were treated in the same way,
cxcept that only the solvents were present in the
medium during the 3-hr incubation period. The
ability of the cells to survive in aggregates was
assayed using a modification of the method of
Steuer ¢! al. [48] as described in a previous report
[45]. Two millilitres of cell suspension (5 X 10°
cells) were sceded in 35-mm Petri dishes having a
solid bottom layer of agar (1% Difco Noble agar in
2 ml of growth medium containing 10% -NCS).
Dishes were incubated undisturbed at 37°C in a
humidified atmosphere of 5% COy in air. Viable
cell counts (trypan blue exclusion) were performed
in triplicate on trypsinized aggregates after 3 or 6
days incubation. The relative S.D. of cach ex-
perimental point has on the basis of all experiments
been calculated to 9.2%.

Colony formation in soft agar

1 X 10° cclls were suspended in 1.5 ml of
medium containing 10% calf scrum and 0.3%
Difco Noble agar and laid over 7ml of a 0.5%
agar-medium basal layer in 50 mm Petri dishes.
After 14 days of incubation at 37°C in an atmos-
phere of 5% CO, in air, colonics (> 0.2 mm) were
scored in an inverted phasc microscope.

RESULTS

The cytotoxicity of formaldehyde and acetal-
dehyde were established in preliminary experi-
ments. It was found that the growth of HRRT cells
was not affected by 3 hr treatment with concentra-
tions of formaldchydec and acetaldehyde up to 107*
M and' 3 X 1073 M, respectively. In the trans-
formation assay, the cells were treated with the
aldehydes for 3 hr in monolayer culture. After
removal of the aldehydes, the cells were incubated
in the aggregation assay system in the presence of
the promoter substances for up to 6 days. From
Fig. 1A it is seen that trcatment with formaldchyde
alone or 6 days exposurc to 0.1 pg/ml of TPA did
not affect the ability of the cells to survive in the
aggregate form. On the other hand, if the formal-
dehyde treatment was followed by subsequent exp-
osure of the cells to TPA, a marked increasc in the
survival was observed. Thus, after 6 days of in-
cubation in the presence of the promoter, the
number of viable cells derived from trypsinized
aggregates was nearly two times higher in the
formaldehyde — promoter treated cultures than in
the controls. It appears from Fig. 1B that treat-
ment with formaldehyde at concentrations as low
as 107® M induced a significant increase in ccll
viability. No further increase in survival occurred
when the formaldehyde concentration was raised
above 107> M.

In separate experiments (data not presented) it
was found that up to 6 days exposure of the cells to
TPA (0.1 pg/ml) prior to treatment with the
aldehydcs in the aggregation assay system did not
induce any enhancement of cell viability. Thus,
only addition of the promoter after treatment with
the aldehydes induces cell transformation as
judged by increased cell survival in the aggregate
form.

In Fig. 2A is shown the effect of acetaldehyde
and TPA treatment on viability of HRRT cells in
the aggregate assay system. Exposure to the high-
est non-cytotoxic concentration of the aldehyde,
3 X 1073 M, had no cffect on cell survival. Similar
to that found with formaldehyde, acetaldehyde
treatment followed by exposure to the tumor prom-
oter TPA induced a considerable increase in the
number of viable cells. The results in Fig. 2B show
the effect of various concentrations of acetaldehyde
on cell survival in the aggregation assay system. A
significant incrcasc was obtained with 107° M
acetaldchyde.

The effects of different phorbol esters on cells
initiated by formaldehyde or acctaldchyde have
been compared. After treatment of the cultures
with formaldchyde or acctaldehyde for 3 hr, the
carcinogen was removed and the cells exposed to
the phorbol csters for 6 days. The number of viable
cells was then counted and compared to that found
with cells not cxposed to aldehydes or phorbol



Initiation by Aldehydes

T T - T T T
5 L) A 1 E B Y
Formaidehyde ® 120F ./ i
L +TPA -
- -4
o . £
] 8 - 100 -
31 controt &
ﬁ o
- TPA e
w Q
o Formaldehyde £ d
= g0l .
w 2r 7
" 9
[10] =
g ‘ 8
>
w 60
-
m
g
1 ] 1 > ] 1 1
3 6 10°%  10°  10%

DAYS FORMALDEHYDE CONC. (M)

Fig. 1. Effect of formaldehyde and TPA on viability of HRRT cells in the aggregation assay system. Monolayer cultures were

exposed to various concentrations of formaldehyde for 3 hr, followed by a continuous treatment with TPA as described in Materials

and Methods. The number of viable cells was determined after 3 and 6 days. A. Viability afler treatment of the cells with

Sformaldehyde (0.1 mM) for 3 hr and TPA (0.1 ug/ml) for 3 and 6 days or combined formaldehyde and TPA treatment. B.

Increase in cell survival compared to the control after combined treatment with indicated concentrations of formaldehyde for 3 hr and
TPA (0.1 pg/ml) for 6 days.
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Fig. 2. Effect of acetaldehyde and TPA on viability of HRRT cells in the aggregation assay system. Monolayer cultures were

exposed to various concentrations of acetaldehyde for 3 hr, followed by a continuous treatment with TPA as described in Materials

and Methods. The number of viable cells was determined after 3 and 6 days. A. Viability afler treatment of the cells with

acetaldehyde (3.0 mM) for 3 hr and TPA (0.1 pg/ml)) for 3 and 6 days or combined acetaldehyde and TPA treatment. B.

Increase in cell survival compared to the control after combined treatment with indicated concentrations of acetaldehyde for 3 hr and
TPA (0.1 pg/ml) for 6 days.
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esters (Table 1). It is scen that the promoter PDD
was ncarly as cffecuve as TPA in cnhancing the
viability of aldchyde-treated cells, whercas the
nonpromoting phorbol analogue 4a-PDD had no
cffect.

Experiments were carried out to cstablish
whether a correlation exists between cell survival
in the aggregate form and growth in soft agar. The
ability of cells from trypsinized aggregates to grow
in soft agar was tested at a total scrum concentra-

EJC 22:6-D

tion of 10% in experiments where the relative
amounts of NCS and FCS were varied as shown in
Fig. 3. With only NCS present in the medium, very
few cells were able to form colonies in soft agar but
with increasing concentrations of FCS, the number
of colonies increased gradually. Cells derived from
aggregates of cultures treated with formaldehyde
or acctaldchyde followed by exposure to TPA
possessed a considerably higher ability to form
colonics in soft agar than untrcated cells from
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Fig. 3. Effect of FCS on colony formation in soft agar of untreated and
aldehyde-treated HRRT cells. Cell cultures were treated with formaldehyde
(0.1 mM) or acetaldehyde (3.0 mM) as described in Materials and
Methods and incubated in the aggregation assay system in the presence of
TPA (0.1 pg/ml). Control cultures were treated with solvent only. After 6
days of incubation, the aggregates were collected by centrifugation and
trypsinized (0.05% trypsin and 0.02% EDTA) for 20 min. The single
cell suspension (1 X 10° cells) were seeded in soft agar as described in
Materials and Methods.

control cultures. At 10% FCS, the ability of for-
maldehyde-treated cells to form colonies was about
4 times higher than for untreated cells. With
acetaldehyde-treated cells the number of colonies
in soft agar was twice that found with the untreated
cells. These data suggest that a correlation exists
between cell survival in the aggregation assay
system and colony forming ability in soft agar.

DISCUSSION
It has previously been shown that the ability of
mammalian cells to survive in aggregates is closely
correlated with their tumorigenic potential (48—
52). Recently, we have shown that the aggregation
assay system using the HRRT cell line may be a
useful model system for studies on the initiation

and promotion phases of transformation [45]. It '

was shown that with the carcinogens urethane and
N-methyl-N-nitrosourca as initiators followed by
subsequent exposure to the tumor promoters TPA
or PDD an increased cell survival occurred. In the
present work it was found that formaldehyde and
acetaldehyde acted as initiators when TPA and
PDD were used as promoters. 4o-PDD did not
function as a promoter. Addition of TPA prior to
aldehyde treatment had no effect on cell viability in
the aggregation assay. This is one of the classic
criteria of initiation-promotion experiments.

The mechanisms involved in cell transformation
assays may differ with the end-point used and on

whether primary cells or established cell lines are
used. It can be argued that the cells of established
lines are not normal. The HRRT cell line used in
the present study was originally derived from a
hereditary renal rat adenoma. However, the
HRRT cells are not able to form colonies in soft
agar, do not multiply at low serum concentrations
or form tumors in nude mice [46]. Thus, the
HRRT cell line lacks properties generally consi-
dered to be typical of transformed cells and behave
as an untransformed cell line.

The ability of cells seeded in soft agar to produce
colonies is one of the criteria commonly used to
determine malignant transformation. Therefore, in
order to establish whether the aggregation assay is
actually measuring neoplastic transformation, the
ability of the aldehyde- and TPA-treated HRRT-
cells to form colonies in soft agar was tested with
single cell suspensions from trypsinized aggregates.
It was shown (Fig. 3) that increased survival of
formaldehyde or acetaldehyde treated HRRT cells
in the aggregate form was correlated with an
enhancement of the ability to form colonies in soft
agar. This finding indicates that measurements of
cell viability in the aggregation assay system used
in the present work is a reliable endpoint for in vitro
studies of cell transformation. Since the aggrega-
tion properties seem to occur before the appear-
ance of other conventional criteria of cell trans-
formation, the assay may prove to be a valuable
short-term test system for carcinogen screening in
vitro. Moreover, the results so far obtained with the
HRRT cell line suggest that it may be a valuable
assay for studies on initiation and promotion-like
effects in vitro.

The results in the present report show that

Table 1. Effect of various phorbol esters on the viability of
Sormaldehyde and acetaldehyde treated HRRT cells in the
aggregation assay system.The cultures were treated with formal-
dehyde (0.1 mM) or acetaldehyde (3.0 mM) for 3 hr. The
carcinogen was subsequently removed and the cells were exposed to
the phorbol esters (0.1 wg/ml) as described in Materials and
Methods. The number of viable cells was determined after 6 days
of incubation

Enhancement of

No. of viable cells viable cells

Treatment (X 107*) (% above control)

None 12.0 £ 0.7* 0
Formaldehyde + TPA 250 1.7 108
+ PDD 20003 67

+ 4a-PDD 11.7 £ 0.3 -3

Acetaldehyde + TPA 207 £ 1.5 73
+ PDD 18.7 £ 2.9 56

+ 40-PDD 120 % 1.1 0

* Standard deviation.
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formaldehyde and acetaldehyde act like an in-
itiator in the assay of attachment independent
survival of HRRT cells in aggregates. Previous
data have shown that formaldchyde acts as a
complete carcinogen in Styles’ cell transformation
assay [19] and as initiator [20] and a weak promo-
ter [17] of the C3H/10T1/2 cells and as an initiator
in the Syrian hamster embryo cell transformation
assay [21]. To our knowledge, no data of cell
transformation by acetaldehyde has previously
been published. The present results indicate that
acetaldehyde and formaldehyde are both able to

initiate cell transformation. However, on a molar
basis formaldehyde was more than 100 times more
potent than acetaldehyde. The difference in poten-
cy between formaldehyde and acetaldehyde is simi-
lar to that found for cytotoxic effects in human
bronchial epithelial cells as measured by inhibition
of clonal growth rate [53] and for induction of
tumors in rats [22, 23, 42]. The present results
strengthen the view that formaldehyde and acetal-
dehyde may pose a carcinogenic risk and suggest
that these substances have potential to act as
initiators of cell transformation.
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