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Abstract: To explore the effect of distant-site toxicity, this study detected the amount of DNA-protein erosslinks
(DPC) with KCI-SDS assay in liver, testicle and kidney of the purebred Kunming mice treated with gascous
formaldehyde (FA). The results showed that gascous FA couldn” t cause DPC or could cause few DPC at the lower
concentration (0.5 mg/m’ ), while could cause significant DPC at higher concentrations (1.0 mg/m” and 3.0 mg/
) P<0.01). The results suggested that FA could induce DPC in the distant organs (liver, testicle and kidney)
of mice at relatively high concentrations, which indicated that FA might induce distant-site toxicity. | Life Science
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1 Introduction

Formaldehyde (FA) is a colorless, highly
flammable gas at ambient temperature, which is
present in the environment from both natural pro-
cesses and manmade sources. As a major industrial
chemical, it can be [ound in construction materials,
resins, textiles, leather goods, paper, and con-
sumer products. At the same time, as a naturally
occurring biological compound, it is present in tis-
sues, cells, and body fluids. In addition, some re-
views have reported that FA is a genotoxic and mu-
tagenic compound and has been classified as a hu-
man carcinogen (class AI) by IARC (International
Ageney for Research) recentlyrI . Due 1o its exten-
sive sources, high level, long-term and high toxici-
ly, it is important to study FA toxic effect and
mechanism.

Studies have shown that FA has extensive
genotoxicity, including DNA-protein crosslinks
(DPC) and DNA strand breaks (DSB)!234/. DPC
is the primary genotoxic effect of FA, which is
{ormed through covalent bond where deoxyribonu-
cleic acid is linked 1o an endogenous protein. Re-
gions of DNA that are covalently linked with pro-
tein are typically considered to be non-functional
and can block normal functions of the nuclear ma-
trix, such as replication and transcription, and can
form the foci for double strand breaks. which can
lead to chromosomal aberrations and sister-chro-
matid exchanges. TFurthermore high amounts of
DPC can cause the expression of critical regulatory

genes change. For the significance of DPC, the
content of it may be of value in the assessment of
FA-induced genotoxicity. Casanova et al have
proved that acute FA inhalation could induce DPC
in nasal mucosa of rats and monkeys by experi-
ments i vivo "7 . Kuykendall exposed rat nasal
epithelial cells to FA and found DPC content in-
creased remarkably above the concentration of 100
pmol /LY. In addition, in our laboratory, Liu et
al exposed human peripheral blood lymphocytes to
FA and found that there was no significant ‘differ-
ence in the DPC coefficient between the groups
treated with 5 M, 25 uM FA and the control
group, while there was a significant difference be-
tween the groups treated with 125 pM, 625 uM
FA and the control group( P <0.01). The results
showed that FA could not induce DPC at low con-
centrations but could induce DPC signilicantly at
high concentrations'®

These studies above either chose organs located
at exposure site, or were condueted in viiro to es-
timate FA toxicity. Few of them proved whether
FA could induce distant-site toxicity. At present,
there are still controversies on whether inhaled FA
can induce distant-site toxicity, mainly because of

the rapid metaholism and removal of FA in wvi-

0?1 Recently, Franks developed a mathemati-

cal model for estimating the absorption and
metabolism of FA by humans. This model was used
to analyze the increase of FA concentration in the
blood after exposure to FA, and results showed
that the increase was insignificant, indicating FA
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could be removed rapidly in the blood™. This is
consistent with previous reports declaring that in-
haled FA could be removed rapidly"®'"!. However,
some work also support FA has the distant-site tox-
icity. For example, Shaham et al examined DPC
in peripheral blood lymphocytes of workers exposed
to FA, and they found a significantly positive cor-
relation between FA and DPC concentrations. In
their early work, they also found a linear relation-
ship between years of FA exposure and the amount
of DPCH2:13] Epidemiological studies on workers
also suggested that the possible relations between
FA exposures and leukemial 5!, These authors
proposed that although inhaled FA was metabolized
rapidly at contact sites, FA might be transported
by unknown mechanism and cause cancers like
leukemia subsequently.

To investigate FA-induced genotoxicity in the
distant organs such as liver, kidney and testicle of
mice, in this study, the content of FA-induced
DPC in the organs of mice was detected by KCIl-
SDS assay. At the same time, the results will give
more information to understand whether FA has
distant-site toxicity. Additionally, this study may
be helpful to understand the genotoxicity and the
carcinogenicity of FA comprehensively and system-
atically, providing a scientific basis [or constituting
secure professional concentration standard of FA.

2 Materials and Methods

2.1 Reagents and apparatus

10% formalin, calf thymus DNA and fluores-
cence dye Hoechst 33258 were purchased from Sig-
ma(USA). Sodium dodceyl sulfate (SDS) and pro-
teinase K were purchased from Merck(Germany) .
PBS ( without Ca** and Mg®>" ), trypan blue solu-
tion of 0.4 % and other chemicals were of analytical
grades.

A WH-2 type environmental chamber (WH-2,
Yu-Xin Inc, China ) as FA generator, a 4160 type
digital electrochemical FA analyzer (Interscan Inc,
USA), glass low inhalation chamber, temperature
centrifuge ( Eppendof-5415R ), fluorescence spec-
trophotometer (RF-4500, HITACHI, Japan) were
used in the experiments.

2.2 Animal

24 male Kunming mice were supplied by the
Experimental Animal Center of Hubei Province,
China. Animals’ weight were 19£1 g.

2.3 Mice exposure to gaseous FA

24 male Kunming mice were divided randomly
into 4 testing groups (n = 6 each) and were ex-
posed to different concentrations of FA: 0, 0.5,
1.0 and 3.0 mg/m’. The inhaled groups were ex-

posed to gaseous FA for 72 hours continuously.
During the exposure the mice were allowed to drink
and eat twice at fixed time each day. FA inhaled
groups were placed into glass inhalation chambers.
The chamber temperature was 23 C £0.5 C, and
the humidity was 45% + 0.5% , and the gas flux
was 1 £0.01 L/min. A 4160 type digital electro-
chemical analyzer was used to measure the concen-
trations of gaseous FA.
2.4 Preparation of cells

Mice were executed immediately after expo-
sure and livers, kidneys and testicle were obtained.
The tissues were minced with scissors and homoge-
nized with seven to eight strokes in PBS (pH 7.5).
The homogenate was filtered through four layers of
cheesecloth and then the cells were collected by
centrifugation at 1500 rpm for 5 min. After re-sus-
pending, the cell density was regulated with PBS
and cell viability was analyzed with the method of
trypan blue exclusion. Cell viability was above
95% and density was 10° — 10° cells per ml.
2.5 KCI-SDS assay

In this study the KCI-SDS assay was based on
Zhitkovich and Chakrabarti methods with some
modification to detect FA-induced DPCH'6+170 | Cells
were harvested by centrifugation at 1500 rpm for 5
min. The cells were resuspended in 0. 5 ml of PBS,
pH 7.5, followed by lysis with 0.5 ml of 2% SDS
solution with gentle vortexing. The lysate solution
was heated at 65 "C for 10 min and then 0. 1 ml of
pH 7.4 and 10 mM Tris-HCI containing 2. 5 M
KCI was added, followed by passing the resultant
mixture six times through a 1 ml polypropylene
pipette tip to favor shearing of DNA for a uniform
length. Since SDS binds tightly to protein but not
to DNA, the free protein and protein-DNA com-
plexes are precipitated with added SDS while free
DNA is remained in the supernatant. The SDS-KCI
precipitate ( containing the protein and DNA-pro-
tein crosslinks complexes) was formed by placing
the samples in ice for 5 min and was then collected
by centrifugation at 10,000 rpm for 5 min. The
supernatants containing the unbound fraction of
DNA were collected in different labeled tubes. The
pellets (containing DPC) were washed three times
by resuspending in 1 ml washing buffer (0.1 M
KCI, 0.1 mM EDTA, and 20 mM Tris-HCI, pH
7.4) followed by heating at 65 °C for 10 min,
chilling in ice for 5 min, and centrifugating as de-
scribed above. The latter supernatants from each
wash were added into the previous one with un-
bound fractions of DNA. The final pellet was re-
suspended in 1 ml proteinase K solution (0.2 mg/
ml soluble in a wash buffer) and digested for 3 h at
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50 °C. The resultant mixture was centrifuged at
12,000 rpm for 10 min and the supernatant was
collected (the supernatant contained the DNA pre-
viously involved in DNA-protein crosslinks). 1 ml
of either the supernatant containing the unbound
fraction of DNA or the supernatant containing the
DNA previously involved in DNA-protein crosslinks
was then mixed with 1 ml freshly prepared fluores-
cent dye Hoechst 33258 (400 ng/ml soluble in 20
mM Tris-HCI) , and then the tubes were allowed to
stand for 30 min in the dark''®'. The sample fluo-
rescence was measured using a RF-4500 fluores-
cence spectrofluorimeter with excitation wavelength
350 nm and emission wavelength 450 nm. The
DNA contents of the samples were determined
quantitatively through a corresponding DNA stan-
dard curve (as Figure 1 shows and regression equa-
tion is y =2.4423+0.0028x, r>=0.9974) gen-
erated from a set of calf thymus DNA. The DPC
coefficient was measured as a ratio of the percent-
age of the DNA involved in DPC over the percent-
age of the DNA involved in DPC plus unbound frac-
tion of DNA.

Fluorescence value

1000 2000 3000 4000 5000
DN A (ng/ml)

Figure 1. The standard curve of DNA concentration

2.6 Statistical analysis

‘Results were analyzed by software Origin 6. 0.
Student’s t-test was applied to evaluate the signifi-
cance of the differences in the results between treat-
ed and control groups. A level of P<0.05 was de-
fined to be statistically significant.

3 Results

3.1 Effect of FA-induced DPC in the livers of
mice

Figure 2 showed the effect of gaseous FA ex-
posure on DPC levels in livers of mice. There was
no significant difference in DPC coefficient between
0.5 mg/m’ FA inhaled group and 0 mg/m?® control
group. However, the DPC levels at 1.0 mg/m® and
3.0 mg/m’ groups were significantly (P <0.01)
higher than that in the control group, demonstrat-

ing that as the inhaled gaseous FA concentrations
increased, the DPC levels ascended.

0.20
0.1
0.12 *x
0.08

0.0

DPC coefficient

0.00
0 0.5 10 3.0

Formaldehyde concentration ( mg/m’)

Figure 2. DPC formation in mice liver cells at different FA con-
centrations
® % P<0.01, compared with control group

3.2 Effect of FA-induced DPC in the kidneys of
mice

Figure 3 showed the effect of gaseous FA on
DPC levels in kidneys of mice. There was signifi-
cant difference in the DPC levels between control
group and FA inhaled groups(P<0.01). The re-
sults indicated that the DPC levels ascended with
the increasing of inhaled gaseous FA concentra-
tions.
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Figure 3. DPC formation in mice kidney cells at different FA con-
centrations
* % : P<0.01, compared with control group

3.3 [Effect of FA-induced DPC in the testicles of
mice

Figure 4 showed that the DPC coefficient of
0.5 mg/m’ FA-treated group was significantly
higher than that of control group (P<0.05), and
there were significant difference in DPC coefficient
between 1. 0 mg/m®, 3. 0 mg/m’ FA-treated
groups and the control group (P<0.01). It indi-
cated that there was a clearly dose-dependent rela-
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tionship between the DPC coefficient and the con-

centrations of FA.
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Figure 4. DPC [ormation in mice testicle cells at different FA con-
centrations
* : P<<0.05; * = ; P<<0.01, compared with control group

4 Discussion

4.1 Parameters of chamber and the concentra-
tions of gaseous FA

The concentrations of gaseous FA generated
by small environmental chamber were measured 3
times per day for 3 days. The measurement results
(0.03+£0.03 mg/m’, 0.49+0.03 mg/m’, 1.03
+0.04 mg/m’ and 3.03 £ 0.08 mg/m’) were very
close to the anticipative concentrations (0 mg/m’,
0.5 mg/m’, 1.0 mg/m’ and 3.0 mg/m?). It indi-
cated that the gaseous FA from chamber emission
was quite stable and reliable.

In the previous studies, gaseous FA was gen-
erated from paraformaldehyde. Then high level of
FA was diluted with clean, filtered air to achieve
the desired gas concentrations''®’. In this way, it
was very difficult to control the temperature (T),
the humidity (RH) and the gas flux (F) of gaseous
FA. It is well-known that the alterations of tem-
perature and humidity could affect the experimental
results remarkably. The gas flux of FA is also im-
portant to the inhalational quality of mice. In the
present study, different concentrations of gaseous
FA were generated by small environmental chamber
with formalin. In this method, the temperature,
the humidity and the gas flux could be set by the
chamber before exposure. The parameters of the
chamber will be very stable after 3 hours of opera-
tion. The results were showed in Figure 5. Thus,
this experimental method has great improvement
for better reliability and higher reproducibility.

4.2 Comparison of the effect of FA-induced DPC
in the three different organs of mice

According to the effect of FA-induced DPC in
the three different organs of mice, we could con-
clude that FA could induce DPC with a dose-depen-

dent relationship between the DPC coefficient and
the concentrations of FA. We also found that the
DPC level of 3.0 mg/m’ FA inhaled groups of liver
was the highest and that of testicle was the lowest,
which indicated that gaseous-FA-induced genotoxi-
city in the liver of mice was the most severe, then
was kidney and the least was testicle.
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Figure 5. The parameters of the small environmental chamber

4.3 The mechanism of the FA-induced DPC
DPC is relatively permanent in the cells. Due
to the poor repair capacity, DNA-protein complexes
may be present during DNA replication and possi-
bly cause a loss and inactivity of the important
genes such as tumor suppressor genes, and may be
responsible for tumor formation. For the elec-
trophilicity of carbonyl and smaller steric hin-
drance, FA is apt to form DPC. Initially, a hy-
droxymethyl intermediate is formed by the addition
of FA to a primary amine of either DNA or protein.
The hydroxymethyl group then condenses with a
second primary amine to produce a methylene
bridge between DNA and protein. The form of
DPC can be expressed as histone-NH-CH,-NH-
DNA. Additionally, as a inhibitor to antioxidases,
FA could induce the. formation of DPC indirectly,
for example, by increasing the content of DPC re-
sulted from the depletion of GSH and the inhibition
of glutathioneperoxidase and superoxide dismutase
which can clear hydroxy radical and oxygen-derived
free radicals!®-1320-211
4.4 FA and distant-site toxicity

Whether the FA does have the distant-site
toxicity and what is the mechanism still is un-
known. Thrasher proposed that rapid removal of
FA was insufficient to support that FA could not
induce distant-site toxicity, because FA might form
adducts with amino acid or other biological molecule
in blood, and the adducts could be sent to remote
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sites by blood circular system and generate FA a-
gain, so these adducts were responsible for tumors
caused by FA'2) | In fact, as biochemical active as
nitric oxide (NO), it is also able to induce physio-
logical and toxicological effects at distant sites,
probably by forming adducts!?2*!. NO is active to
sulfhydryl and amino groups, and interestingly, re-
cent work showed that it was also the cause for
FA!) | Therefore, it would be interesting to inves-
tigate which kind of adduct formed in blood after
exposure to FA, since it had been proposed that the
amount of free FA in blood was not altered after
exposure.

In the present study, significant DPC could be
detected in the three organs of liver, kidney and
testicle when the mice were exposed to gaseous FA
of higher concentrations, which evidently indicated
that FA might induce distant-site toxicity.

5 Conclusions

In this study, KCI-SDS assay was applied to
detect the amount of DPC in liver, kidney and tes-
ticle of mice. According to the results, we could
conclude that FA could induce DPC significantly at
the higher concentrations, the results also indicated
that FA might induce distant-site toxicity.
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