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Abstract

The purpose of this study was to investigate and compare the cytotoxicity of glyphosate alone or included in Rounup 3 plus
modulated by the cytoprotective effects of additional antioxidants such as Vitamin C and Vitamin E on the human keratinocytes
cell line HaCaT. An experimental design which allows to minimize the number of experiments was carried out to determine the
optimal conditions for cytoprotection against herbicide-induced toxicity. It was shown that HaCaT cell line provides a useful
model to study components with toxicity or antioxidant activity. Our results indicated that (i) glyphosate-based formulations
can be responsible for oxidative damage to human epidermal cells, (ii) antioxidant compounds should be associated to herbicide
formulations to decrease their deleterious effects on human skin. The use of an experimental design connected with the simplex
method can be consider to be a fast technique to classify, with a limited number of experiments, the respective role of five
parameters in the in vitro cytoprotection by antioxidants of herbicide-induced toxicity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction efits of herbicide, their extensive use has posed a
health risk to humanZelescluse et al., 1998; Jouan
Herbicides deserve particular attention since the et al., 1998. Herbicides are often applied in combi-
general population is potentially exposed to such chem- nation with other active ingredients and/or surfactant.
icals through many routes. Despite the obvious ben- As well, glyphosateN-phosphonomethylglycine) and
Roundup 3 plu8, which is an aqueous solution of iso-
"+ Corresponding author. Tel.: +33 3 81 66 55 52: propylami_ne salt of glyphosate with a polyethoxylated
fax: +33 3 81 66 56 79. tallow amine surfactant (POEA) added to enhance the
E-mail addresslaurence.nicod@univ-fcomte.fr (L. Nicod). efficacy of the herbicide, are nonselective herbicides
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that inhibit plant growth through interference with the 2. Materials and methods

production of essential aromatic amino acid. The ad-

verse effects of glyphosate-based herbicides are period-2.1. Materials

ically re-evaluated and the herbicide toxicity has been

described for severe exposure conditioDgléscluse Dubelcco’s Modified Eagle’s Minimum Essen-

etal., 1998; Williams et al., 2000; Tsuiand Chu, 203 tial Medium (DMEM), foetal calf serum (FCS),

In that context, skin is one of the main potential por- trypsin (0.25%) were from D. Dutscher (Brumath,

tals of entry for herbicides (in case of dermal contact) France).N-(Phosphonomethyl)-glycine (glyphosate),

and keratinocytes are certainly a good biological epi- Trolox®(6- hydroxy-2, 5, 7,8- tetramethylchroman- 2-

dermal system for the evaluation of their cytotoxicity. carboxylic acid) (Vitamin E), ascorbic acid (Vitamin

The material obtained from primary keratinocyte cul- C), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-

ture is limited and may change with increasing num- zolium bromide (MTT), dimethylsulfoxide (DMSO),

bers of passage. The use of the non-tumorigenic, spon-N - (2- hydroxyethyl)piperazineN'-(2- ethanesulfonic

taneously immortalized keratinocyte cell line HaCaT acid) (HEPES), were purchased from Sigma—Aldrich

has the good advantage of providing an almost un- (Saint Quentin Fallavier, France). The herbicide

limited supply of identical cells, assuring high repro- Roundup 3 plu8 (containing 21% (p/p) isopropy-

ducibility; this cellular model was also selected be- lamine glyphosate salt (170 g/l), 8% (p/p) POEA and

cause it possessed the enzyme equipment to bioacti-71% (p/p) water and others minor ingredients) was

vate or detoxify xenobioticdielescluse et al., 1998 from a commercial source, Monsanto (Paris, France)

and it has been previously used to predict the coeta- (Marc et al., 2002 Phosphate-buffered saline (PBS)

neous irritation of anionic surfactantd/{helm et al., without calcium and magnesium was purchased from

1994. VWR International (Cergy-Pontoise, France). The
Numerous studies showed that antioxidant sub- chemical structures of glyphosate, Vitamin C and

stances protect coetaneous cells against deleterious efVitamin E were given irFig. 1

fects of environmental agents (as radiations or chemical

products). Vitamin E (vit E) and Vitamin C (vit C) have  2.2. Cell culture

been identified as nutrients. Trofs the commer-

cial name for a water-soluble vit E analog which will HaCaT, an immortalized human keratinocyte line

be localized in aqueous cellular compartments exhibit- was a generous gift from Nathalie Gault (Commissariat

ing high antioxidant propertiesStewart et al., 1996 y

Vit C protects the skin through two separate mecha- | ﬁ

nisms (i) it recyclesx-tocopherol (vit E), the major HOOC N P——OH

antioxidant of biological membranes, from the toco- \/ \/|

pheroxyl free radical and, (ii) it acts directly as a scav- @ OH

enger of reactive oxygen and radical species. Vit Cisthe

major water-soluble antioxidant found in the aqueous

compartments of cells and extra-cellular fluidayini HO

d
etal., 1999. Q:O
The purpose of this study was to investigate and
compare the cytotoxicity of glyphosate alone or in- —
®)  uo OH

cluded in Roundup 3 pl& modulated by the cyto-
protective effects of additional antioxidants such as

vits C and E on the human keratinocyte cell line
HaCaT. Using this approach, an experimental de- p,co CH=CH——COOCH ,CH,OCH,CHy
sign which allows to minimize the number of ex-

. . : . (c)
periments was carried out to determine the optimal

conditions for cytoprotection against herbicide toXic- Fig. 1. The structure of glyphosate (a), Vitamin C (b) and Vitamin
ity. E ().

CH, OH
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a I'Energie Atomique, Brugres Le Chtel, France)
(Boukamp et al., 1988; Gault et al., 2Q0Zells were
cultured in DMEM medium supplemented with 10%
(v/iv) FCS, 1M of HEPES in a humidified 5% GO
atmosphere at 3TC. Cells were grown to confluence
(from 0.7 to 1x 10° cells/ml) in 75 cm culture flasks
(D. Dutscher, Brumath, France). The medium was re-
moved every 48 h and cells were sub-cultured every 7
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salt MTT by the mitochondrial succinate dehydroge-
nase to form an insoluble formazan-blue product. Only
viable cells with active mitochondria reduce significant
amounts of MTT osmann, 198Band formazan-blue
formation was quantified with a spectrophotometer at
570 nm. Values of absorbance were converted into per-
centage of residual viability. A curve of percentage of
viability was represented according to the herbicide

days. The cells were used at passages 3, 4 or 5 afterconcentration. Two measuremen¥,J have been se-

thawing.

2.3. Treatment of cultures

HaCaT cells were seeded at a density from #0*
to 6 x 10* cells per well in 10Qul culture medium con-
taining 10% FCS on 96 multiwell culture plates and
incubated overnight for adherence. The following day,
the medium was removed and the cells were incubated
in FCS-free medium containing concentrations of vit
E and/or vit C (up to 20Q.M). After the incubation pe-
riod with antioxidant (up to 48 h), the medium was re-
moved and the cells were incubated overnight in FCS-
free medium containing increasing concentrations of
glyphosate alone or included in Roundup 3 flus
(0-10-12.5-15-17.5-20-22 and 25 mM) and/or vit E
and/or vit C (up to 20QuM). Each experiment was done
twice, and each determination was done in triplicate.

2.4. Cytotoxicity assay

After the exposure period, the reaction medium was
removed and the adhering cells were washed with PBS.
100wl MTT solution (0.5 g/l in medium) was added to
the culture wells. After incubation for 4 h at 3C, the
MTT reaction medium was removed and formazan-
blue was solubilised by 10 of DMSO. This assay
was based on the reduction of the yellow tetrazolium

lected: the inhibition concentration 50% g§} which

is the toxic concentration resulting in 50% cell death,
and the slope of the part of the decreasing curve which
directly depends to the kinetic of cell death.

2.5. Preliminary assays

Preliminary assays were necessary to determine the
levels of the quantitative parameters such as herbicide
and antioxidant concentrations. Herbicides and antiox-
idants were first tested on viability of HaCaT plated
in 96-multiwell culture plates (& 10* cells per well).
Twenty-four hours after plating, the medium was dis-
carded and fresh medium containing the herbicides
(0-10-12.5-15-17.5-20-22-25-30 and 35mM), or
the antioxidants (up to 1 mM) were added to cell cul-
tures. After 24 h, cellular viability was determined by
MTT test.

2.6. Chemometric methodology

As shown inTable 1 five parameters were finally
evaluated: two qualitative parameters, herbicide for-
mulation &) and antioxidant substance], with re-
spectively two levels (glyphosate alone and glyphosate
included in Roundup 3 pI and three levels (vit C,
vit E and vit C + vit E), and three quantitative param-
eters with three levels: antioxidant concentratigg) (

Table 1
The five parameters (from to xs) and the three levels (from 1 to 3) for each parameter
Parameter Level

1 2 3
Herbicide formulationx;) Glyphosate Roundup 3 plfis
Antioxidant substance«) Vit C Vit E Vit C +vit E
Antioxidant concentratiorx§) (uM) 0 100 200
Incubation period of antioxidank({) (h) 0 24 48
Cell density &s) 4x 104 5x 10 6x10*
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Table 2 The g, aj anda; are constants, which represent the

Second-order experimental design for five parameters (fpto effects of the parameters. The total number of experi-
xs), where each level was coded from 1 to 3: 18 experiments ments was 18

Experiment number X1 X2 X3 X4 X5

1 1 1 1 1 1 2.7. Simplex optimization process

2 1 1 2 2 2

3 1 1 3 3 3 . .

4 1 5 1 1 5 To optimize the mathematical mod&tj represent-

5 1 2 2 2 3 ing the combination with the highest value ostElow

6 1 2 3 3 1 toxicity) and the lowest value of slope (high kinetic of

7 1 3 1 2 1 cell death) given by the experimental design, a Sim-

g i g g i g plex method was usetlglder and Mead, 1965; Baker,
10 > 1 1 3 3 1985; Carlin and Louis, 1996; Culioli, 1994 his way,
11 2 1 5 1 1 the Y value was calculated fon sets of starting con-
12 2 1 3 2 2 ditions wheremrepresented the number of parameters
13 2 2 1 2 3 to be optimized, plus one. The point corresponding to
1‘5‘ ; ; g i ; the optimal value o¥. was then reflected in relation to
16 5 3 1 3 5 the surface that was defined by the other points. This
17 2 3 5 1 3 gave a new set of starting conditions. Once again, the
18 2 3 3 2 1 point with the optimal value of; was reflected and the

process was repeated until the same conditions were

x1: herbicide formulationx,: antioxidant substances: antioxidant .
! 2 # obtained.

concentrationi{M), x4: incubation period of antioxidant (hjs: cell
density.

at 0, 100 and 20QM, incubation period of antioxi- 3. Results
dant &4) at 0, 24 and 48 h and seeded cell density (
at 4, 5 and 6< 10%100pl. The range of parameters 3.1. Measurement of g and slope of Roundup 3
was chosen in relation with the preliminary assays. As plus® and glyphosate alone
opposed to the traditional method which would study
separately each parameter which influences the cell vi-  The IGg values of glyphosate alone and glyphosate
ability, the chemometric approach was based on the included in Roundup 3 pl&on HaCaT cells were
use of a matrix of experiments (experimental design) 22mM and 19.5mM respectively and their slope
by which the simultaneous variations of all parameters values were respectively-2.8 and —7.2 (Fig. 2).
can be studiedBox and Wilson, 1955; Cochran and Therefore, these preliminary results suggested that
Cox, 1957; Fell et al., 1998In Table 2 each level Roundup 3 plu& was more toxic on epidermal cells
was coded to have a variation from 1 to 3. This signifi- than pure glyphosate. In the experimental design,
cantly reduces the number of experiments, as comparedseven concentrations of herbicides were finally assayed
with the traditional method. A two-order mathematical (10-12.5-15-17.5-20-22 and 25mM) to determine
model was used which linked the calculated response the IG5 and slope variations.
Ye, representing the I§g value or the slope value, and
the influencing factorsx(): 3.2. Measurements of effects of vit C and vit E on
HaCaT cell viability
Yc = ao + aix1 + azx2 + azx3 + asxs + asxs
Both vits C and E have been identified as antioxi-
dant nutrients. In normal human keratinocyte cultures,
+ a23x2x3 + a24x2x4 + azsx2xs + azaxzx4 supplementation of vits C and E did not affect Ha-
CaT cell viability up to 1 mM (data not shown). This
is in accordance witlshen et al. (2001Who reported
+a3ax3 + agaxs + assxd 1) that vits C and E did not induce cytotoxicity nor DNA

+ ai2x1x2 + a13x1x3 + a14x1x4 + a1s5x1xs5

2 2
+ a3sx3x5 + assx4xs + ai11x] + azxzxs
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Ym = % cell viabillity

15 25

10
Concentration (mM)

Fig. 2. Cytotoxicity profiles of glyphosat®() and Roundup 3 plfs

(M) in cultured HaCat cells after 24 h of treatment. The results ex-
pressed as percentage of controls, are given as meatandard
deviation of at least three independent experiments, each being per-
formed in triplicate.

oxidative damage of primary human keratinocytes.

For these reasons, the protective effects of these an-

tioxidants at concentrations 100 and 2040 were
evaluated.
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3.3. Experimental design

Using the chemometric methodology, the effects of
the herbicide formulation (parameter), the antioxi-
dant substance (parametgj, the antioxidant concen-
tration (parametexs), the incubation period of antiox-
idant (parametexs) and the cell density (paramete))
were studied on HaCaT cells, and the experimevifal
values representing the dgor the slope values were
determined. All experiments were repeated twice. The
variance coefficients of th¥. values were less than
4% in most cases, indicating high reproducibility and
good stability for the system. The results (i.e., experi-
mentalY, values) were processed by computer and the
parameters of Eq1) were obtained. The fitting of the
model to the results was respectively 0.987 and 0.988
for the 1G5p and the slope values. With two replicates,
the Student’s-test, associated with the pooling statis-
tical method Cochran and Cox, 19%7was used to
provide the basis for precision to determine the signifi-
cance of the model coefficients: all variables were sig-
nificant for both measurements (data not shown). The
predicted ¥¢) and measuredvf,) values for all exper-
iments are given ifable 3for ICsg and inTable 4for

Table 3
Measuredyy, and calculated. ICsq (inhibition concentration 50%) in 18 assayed conditions of the experimental design
Experiment number X1 X2 X3 X4 X5 ICs0 e (%)
Ym Ye
1 Glyphosate Vit C 0 0 & 10 225 23 2.17
2 Glyphosate VitC 100 24 510° 20.6 21 1.90
3 Glyphosate Vit C 200 48 & 10* 23.9 24.2 1.23
4 Glyphosate VitE 0 0 %10 23.7 23.9 0.83
5 Glyphosate Vit E 100 24 & 10* 23.6 23.9 1.25
6 Glyphosate VitE 200 48 % 10* 21.6 21.8 0.91
7 Glyphosate Vit C +vit E 0 24 410 21.4 20.9 2.39
8 Glyphosate Vit C +vit E 100 48 &10* 21.3 21 1.42
9 Glyphosate Vit C +vit E 200 0 & 10 19.0 19.7 3.55
10 Roundup Vit C 0 48 & 10 17.6 18.2 3.29
11 Roundup Vit C 100 0 410 18.1 18.9 4.23
12 Roundup Vit C 200 24 510 16.9 17.3 231
13 Roundup Vit E 0 24 & 10 16.7 171 2.33
14 Roundup Vit E 100 48 %10 16 16.8 4.76
15 Roundup Vit E 200 0 5 10* 17.6 17.9 1.67
16 Roundup Vit C +vit E 0 48 X 10* 16.9 17.3 2.31
17 Roundup Vit C +vit E 100 0 & 10* 21.8 21.2 2.83
18 Roundup Vit C+VvitE 200 24 %10 16.7 17 1.76

X1: herbicide formulationx,: antioxidant substances: antioxidant concentrationu\), x4: incubation period of antioxidant (s: cell density.
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Table 4
Measuredyy, and calculated; slope in 18 assayed conditions of the experimental design
Experiment number X1 X2 X3 X4 X5 Slope e (%)
Ym Ye
1 Glyphosate Vit C 0 0 & 104 -38 -37 263
2 Glyphosate Vit C 100 24 510* -114 -11.2 175
3 Glyphosate Vit C 200 48 & 10 —232 —238 258
4 Glyphosate VitE 0 0 % 10 —6.4 —-6.3 156
5 Glyphosate VitE 100 24 & 10 —236 -24 166
6 Glyphosate Vit E 200 48 % 10* —-194 —198 2.06
7 Glyphosate VitC+VitE 0 24 410 —24 -25 4.0
8 Glyphosate Vit C +vit E 100 48 &10* —142 —139 211
9 Glyphosate Vit C+ Vit E 200 0 & 10 —187 —188 0.53
10 Roundup Vit C 0 48 & 10 —25.6 —254 0.78
11 Roundup Vit C 100 0 4104 —184 —183 0.54
12 Roundup Vit C 200 24 510 —26.6 —26.7 0.37
13 Roundup VitE 0 24 & 10 -20 —19.7 15
14 Roundup Vit E 100 48 4 10 —29.6 -30.2 202
15 Roundup VitE 200 0 510 —19.9 —20.2 148
16 Roundup Vit C+VitE 0 48 5 10* —344 —-339 145
17 Roundup Vit C+Vit E 100 0 & 10 —-17 —-16.8 117
18 Roundup Vit C+VitE 200 24 % 10 -33 —-327 0.90

x1: herbicide formulationg,: antioxidant substances: antioxidant concentratioqufM), x4: incubation period of antioxidant (js: cell density.

the slope. Using Ed1), theY, values were calculated fects of the parameters on thestGralues, shows that:
for the different values of the parameters, where the X1 > X4 ~ X5 ~ X3 >X2. Fig. 3, which represents the ef-
coefficientsa;, aji, aj represent the effects. The five fects on the slope values, shows a nearly similar clas-
parameters (fromy to xs) were classified for 16p and sification 1 ~ x4 > X3 > X5 > %) (seeFig. 4).

slope measurementsig. 2, which represents the ef- 6

2
1 gﬂ- T T T T
w x4 xi x3 x5

4 4 ;

, Hlevel1 [llevel2 [lLevel3 L Hlevel1 [level2 [level3
Fig. 3. Effects ofthe parameters on thed{nhibition concentration Fig. 4. Effects of the parameters on the slope values, wheepre-
50%) values wherey represents the herbicide formulation (level  sentsthe herbicide formulation (level 1: glyphosate; level 2: Roundup
1: glyphosate; level 2: Roundup 3 pR)s andx, the antioxidant 3 plus®), x, the antioxidant substance (level 1: Vitamin C; level 2:
substance (level 1: Vitamin C; level 2: Vitamin E; level 3: Vitamin ~ Vitamin E; level 3: Vitamn C + \itamin E),x3 the antioxidant con-
C + Vitamin E), x3 the antioxidant concentratiop{/) (level 1: 0; centration M) (level 1: O; level 2: 100; level 3: 200¥4 the incu-
level 2: 100; level 3: 200)x4 the incubation period of antioxidant bation period of antioxidant (h) (level 1: O; level 2: 24; level 3: 48),
(h) (level 1: O; level 2: 24; level 3: 48¥s the cell density (level 1: andxs the cell density (level 1: 4 10%; level 2: 5x 10%; level 3:

4 % 10% level 2: 5x 10%; level 3: 6x 10%). 6x 10%).
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4. Discussion

Firstly, our data show that the parameter(herbi-
cide formulation) was the most significant parameter; it
means that 16 and slope measurements depended di-
rectly onthe herbicide formulation. It should be pointed
out that the IGy ranging obtained in glyphosate in-
cluded in Roundup 3 pl experiments was lower
than IGg ranging in glyphosate alone experiments
(Fig. 2 Table 3. The difference between commercial
glyphosate formulation and glyphosate alone is the in-
clusion of POEA and other minor ingredients which
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and so the cell line probably showed the greatest abil-
ity to maintain gradient of vit C across the plasma
membrane. Vit E is the most significant physiologic
membrane-associated antioxidant, but there are limita-
tions to testing its role in the aqueous medium of cell
culture; it would be interesting to compare the relative
efficiency of water-soluble Trold versus lipophilic
vit E in a human reconstituted epidermis or after load-
ing in colloidal vectors like nanospheres.

Finally, it can be noted that the three quantitative ex-
perimental parameters (antioxidant concentratian:
incubation period of antioxidanks, and cell density:

enhance the efficacy of the herbicide but, in the same xg) are in an intermediate place, between the qualitative

time, may influence the cytotoxicity of the chemical.
Therefore, either the formulation products of Roundup
3 plus® were directly responsible for a part of cyto-
toxicity (Martinez et al., 1990; Martinez and Brown,
1991; Wilhelm et al., 1994 or glyphosate and formu-

lation products acted in synergy. Indeed, it has been re-

parametersq andxy). Concerning the antioxidant de-
pendent parameters, the quantitative paramstexsd

X4 were more significant than the qualitative param-
eterxo. The pre-incubation of antioxidant, during 24
or 48 h before herbicide contact, did not modify the
cytoprotection compared to simultaneous herbicide-

cently shown that glyphosate and surfactants present inantioxidant co-incubation. This contrasts with the re-

Roundup 3 plu8 exerted synergic effects in cell cycle
dysfunction in vivo Marc et al., 2002 This supports

sults of Clement-Lacroix et al. (1998)hich showed
that the overnight pre-incubation of epidermal cells

the idea that the formulation products might favour with vitamin E before irradiation developed a better cy-
the penetration of active ingredient, glyphosate, in the toprotection against UVA-induced oxidative processes.
epidermal cells. AlthougiWilliams et al. (2000)re- Using the Simplex method, 30 iterative processes
ported that glyphosate absorption through human skin were performed by the computer to calculate the opti-
was very low, less than 2%, our data confirm that the mal parameters values, which provide simultaneously
presence of surfactants might increase the kinetic of in- a maximum 1@ value and a minimum slope value.
tracellular passage of glyphosate probably by a mech- These optimal values are,»610* cells per well and
anism resulting from interactions between cell mem- 42 h of pre-incubation with 75% Vitamin C—25% Vita-
brane and surfactant. min E at the concentration of 19M were needed to
Secondly, it appeared that the paramagiantiox- modulate the toxic effect of Roundup 3 pfus
idant substance) was the least significant parameter. As  In conclusion, although herbicide concentrations in
we expected under others repoi@®@dment-Lacroix et the human environment are very low, our results in-
al., 1996; Shen et al., 2001; Kim et al., 2004t C and dicated that (i) glyphosate-based formulations can be
vit E did not induce cytotoxicity in cultured human ker-  responsible for oxidative damage to human epidermal
atinocytes, but surprisingly, the cytoprotective effect of cells, (ii) antioxidant compounds should be associated
associated vit C + vit E was lower than vit C or vit E to herbicide formulations to decrease their deleterious
alone, and the activities of vit C or vit E were similar effects on human skin. Other measurements as induc-
(both scavenge some of radicals generated by cellulartion of cytochromes P450 or cellular antioxidant status
metabolism). The transport mechanisms of vit C in Ha- appeared to be much sensitive than cytotoxicity test for
CaT cells have not yet been characterized, as they havedetermining the biological effects of herbicides. How-
been in other cellsRumsey and Levine, 1998How- ever, the use of an experimental design connected with
ever,Savini et al. (1999puggested the presence of an the Simplex method can be considered to be a fast tech-
active transport system saturable at 1 mMvit C; butthey nique to classify, with a limited number of experiments,
also pointed out the rapid decomposition of vit Cin cell the respective role of five parameters in the in vitro cy-
culture media (half-life: 0.9 h). In our work, the assayed toprotection by antioxidant of herbicide-induced toxi-
concentrations of vit C were lower (100 and 304), city.



226
Acknowledgements

We are grateful to Prof. P. Humbert for his helpful
discussions and C. Viennet and C. Aador scientific
and technical assistance.

References

Baker, J.E., 1985. Adaptive solution methods for genetic algo-
rithms. In: Proceedings of ICGAS8S. First International Confer-
ence on Genetic Algorithms and their Applications, pp. 101-
111.

Boukamp, P., Petrussevska, R.T., Breitkreutz, D., Hornung, J.,
Markham, A., Fusenig, N.E., 1988. Normal keratinization in a
spontaneously immortalized aneuploid human keratinocyte cell
line. J. Cell. Biol. 106, 761-771.

Box, G.E.P., Wilson, K.B., 1955. The use of experimental design. J.
R. Stat. Soc. B 3, 209.

Carlin, B.P,, Louis, T.A., 1996. Bayes and Empirical Bayes Methods
for Data Analysis, first ed. Chapman and Hall, London.

Clement-Lacroix, P., Michel, L., Moysan, A., Morliere, P., Dubertret,
L., 1996. UVA-induced immune suppression in human skin: pro-
tective effect of vitamin E in human epidermal cells in vitro. Br.
J. Dermatol. 134, 77-84.

Cochran, W.G., Cox, G.M., 1957. Experimental Design. Wisley, New
York.

Culioli, J.C., 1994. Introductioa I'optimisation. Ellipses, Paris.

Delescluse, C., Ledirac, N., de Sousa, G., Pralavorio, M., Lesca,
P., Rahmani, R., 1998. Cytotoxic effects and induction of cy-
tochromes P450 1A1/2 by insecticides, in hepatic or epidermal
cells: binding capability to the Ah receptor. Toxicol. Lett. 96—97,
33-39.

Fell, A.F., Noctor, T.A.G., Mama, J.E., Clark, B.J., 1988. Statistics
in experiments. J. Chromatogr. 434, 377-384.

Gault, N., Vozenin-Brotons, M.C., Calenda, A., Lefaix, J.L., Martin,
M.T., 2002. Promoter sequences involved in transforming growth
factor beta 1 gene induction in HaCaT keratinocytes after gamma
irradiation. Radiat. Res. 157, 249-255.

Jouan, N., Ratanasavanh, D., Sawicki, B., Leglise, M.C., Guillet, G.,
Riche, C., @cembre 1998. Cytotoxiétdes pesticides sur les
keratinocytes humains en culture: comparaison de &outés.
Jourrees dermatologiques de Paris (abstract).

A. Gehin et al. / International Journal of Pharmaceutics 288 (2005) 219-226

Kim, S.H., Kim, S.S., Kwon, O., Sohn, K.H., Kwack, S.J., Choi,
Y.W,, Han, S.Y., Lee, M.K,, Park, K.L., 2002. Effects of dibutyl
phthalate and monobutyl phthalate on cytotoxicity and differen-
tiation in cultured rat embryonic limb bud cells; protection by
antioxidants. J. Toxicol. Environ. Health A 65, 461-472.

Marc, J., Mulner-Lorillon, O., Boulben, S., Hureau, D., Durand, G.,
Bellg, R., 2002. Pesticide Roundup provokes cell division dys-
function at the level of CDK1/Cyclin B activation. Chem. Res.
Toxicol. 15, 326-331.

Martinez, T.T., Brown, K., 1991. Oral and pulmonary toxicology of
the surfactantused in Roundup herbicide. Proc. West. Pharmacol.
Soc. 34, 43-46.

Martinez, T.T., Long, W.C., Hiller, R., 1990. Comparison of the tox-
icology of the herbicide Roundup by oral and pulmonary routes
of exposure. Proc. Western Pharmacol. Soc. 33, 193-197.

Mosmann, T., 1983. Rapid colorimetric assay for cellular growth
and survival: application to proliferation and cytotoxic assays. J.
Immunol. Methods 65, 55-63.

Nelder, J.A., Mead, R., 1965. A simplex method for function mini-
mization. Comput. J. 7, 308-313.

Rumsey, S.C., Levine, M., 1998. Absorption, transport, and disposi-
tion of ascorbic acid in humans. Nutr. Biochem. 9, 116-130.

Savini, |, D’Angelo, I., Ranalli, M., Melino, G., Avigliano, L.,
1999. Ascorbic acid maintenance in HaCaT cells prevents rad-
ical formation and apoptosis by UV-B. Free Radic. Biol. Med.
26, 1172-1180.

Shen, C.L., Song, W., Pence, B.C., 2001. Interactions of selenium
coumpounds with other antioxidants in DNA damage and apopto-
sis in human normal keratinocytes. Cancer Epidemiol. Biomark-
ers Prev. 10, 385-390.

Stewart, M.S., Cameron, G.S., Pence, B.C., 1996. Antioxidant nu-
trients protect against UVB-induced oxidative damage to DNA
of mouse keratinocytes in culture. J. Invest. Dermatol. 16,
1086-1089.

Tsui, M.T.K., Chu, L.M., 2003. Aquatic toxicity of glyphosate-based
formulations: comparison between different organisms and the
effects of environmental factors. Chemosphere 52, 1189-1197.

Wilhelm, K.P., Samblebe, M., Siegers, C.P., 1994. Quantitative
in vitro assessment of n-alkyl sulfate-induced in human ker-
atinocytes (HaCaT). Comparison with in vivo human irritation
tests. Br. J. Dermatol. 130, 18-23.

Williams, G.M., Kroes, R., Munro, I.C., 2000. Safety evaluation and
risk assessment of the herbicide Roundup and its active ingre-
dient, glyphosate for humans. Regul. Toxicol. Pharmacol. 31,
117-165.



	Vitamins C and E reverse effect of herbicide-induced toxicity on human epidermal cells HaCaT: a biochemometric approach
	Introduction
	Materials and methods
	Materials
	Cell culture
	Treatment of cultures
	Cytotoxicity assay
	Preliminary assays
	Chemometric methodology
	Simplex optimization process

	Results
	Measurement of IC50 and slope of Roundup 3 plus and glyphosate alone
	Measurements of effects of vit C and vit E on HaCaT cell viability
	Experimental design

	Discussion
	Acknowledgements
	References


