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Vitamins C and E reverse effect of herbicide-induced toxicity on
human epidermal cells HaCaT: a biochemometric approach
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Abstract

The purpose of this study was to investigate and compare the cytotoxicity of glyphosate alone or included in Roundup 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
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ormulations to decrease their deleterious effects on human skin. The use of an experimental design connected with t
ethod can be consider to be a fast technique to classify, with a limited number of experiments, the respective ro
arameters in the in vitro cytoprotection by antioxidants of herbicide-induced toxicity.
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. Introduction

Herbicides deserve particular attention since the
eneral population is potentially exposed to such chem-

cals through many routes. Despite the obvious ben-
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efits of herbicide, their extensive use has pose
health risk to human (Delescluse et al., 1998; Jou
et al., 1998). Herbicides are often applied in com
nation with other active ingredients and/or surfact
As well, glyphosate (N-phosphonomethylglycine) a
Roundup 3 plus®, which is an aqueous solution of is
propylamine salt of glyphosate with a polyethoxyla
tallow amine surfactant (POEA) added to enhance
efficacy of the herbicide, are nonselective herbic

378-5173/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2004.09.024



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

that inhibit plant growth through interference with the
production of essential aromatic amino acid. The ad-
verse effects of glyphosate-based herbicides are period-
ically re-evaluated and the herbicide toxicity has been
described for severe exposure conditions (Delescluse
et al., 1998; Williams et al., 2000; Tsui and Chu, 2003).
In that context, skin is one of the main potential por-
tals of entry for herbicides (in case of dermal contact)
and keratinocytes are certainly a good biological epi-
dermal system for the evaluation of their cytotoxicity.
The material obtained from primary keratinocyte cul-
ture is limited and may change with increasing num-
bers of passage. The use of the non-tumorigenic, spon-
taneously immortalized keratinocyte cell line HaCaT
has the good advantage of providing an almost un-
limited supply of identical cells, assuring high repro-
ducibility; this cellular model was also selected be-
cause it possessed the enzyme equipment to bioacti-
vate or detoxify xenobiotics (Delescluse et al., 1998),
and it has been previously used to predict the coeta-
neous irritation of anionic surfactants (Wilhelm et al.,
1994).

Numerous studies showed that antioxidant sub-
stances protect coetaneous cells against deleterious ef-
fects of environmental agents (as radiations or chemical
products). Vitamin E (vit E) and Vitamin C (vit C) have
been identified as nutrients. Trolox® is the commer-
cial name for a water-soluble vit E analog which will
be localized in aqueous cellular compartments exhibit-
ing high antioxidant properties (Stewart et al., 1996).
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2. Materials and methods

2.1. Materials

Dubelcco’s Modified Eagle’s Minimum Essen-
tial Medium (DMEM), foetal calf serum (FCS),
trypsin (0.25%) were from D. Dutscher (Brumath,
France).N-(Phosphonomethyl)-glycine (glyphosate),
Trolox®(6- hydroxy-2, 5, 7,8- tetramethylchroman- 2-
carboxylic acid) (Vitamin E), ascorbic acid (Vitamin
C), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT), dimethylsulfoxide (DMSO),
N - (2- hydroxyethyl)piperazine-N′-(2- ethanesulfonic
acid) (HEPES), were purchased from Sigma–Aldrich
(Saint Quentin Fallavier, France). The herbicide
Roundup 3 plus® (containing 21% (p/p) isopropy-
lamine glyphosate salt (170 g/l), 8% (p/p) POEA and
71% (p/p) water and others minor ingredients) was
from a commercial source, Monsanto (Paris, France)
(Marc et al., 2002). Phosphate-buffered saline (PBS)
without calcium and magnesium was purchased from
VWR International (Cergy-Pontoise, France). The
chemical structures of glyphosate, Vitamin C and
Vitamin E were given inFig. 1.

2.2. Cell culture

HaCaT, an immortalized human keratinocyte line
was a generous gift from Nathalie Gault (Commissariat
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it C protects the skin through two separate mec
isms (i) it recycles�-tocopherol (vit E), the majo
ntioxidant of biological membranes, from the to
heroxyl free radical and, (ii) it acts directly as a sc
nger of reactive oxygen and radical species. Vit C i
ajor water-soluble antioxidant found in the aque

ompartments of cells and extra-cellular fluids (Savini
t al., 1999).

The purpose of this study was to investigate
ompare the cytotoxicity of glyphosate alone or
luded in Roundup 3 plus® modulated by the cyto
rotective effects of additional antioxidants such
its C and E on the human keratinocyte cell l
aCaT. Using this approach, an experimental
ign which allows to minimize the number of e
eriments was carried out to determine the opt
onditions for cytoprotection against herbicide tox
ty.
ig. 1. The structure of glyphosate (a), Vitamin C (b) and Vita
(c).
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à l’Energie Atomique, Bruỳeres Le Cĥatel, France)
(Boukamp et al., 1988; Gault et al., 2002). Cells were
cultured in DMEM medium supplemented with 10%
(v/v) FCS, 1 M of HEPES in a humidified 5% CO2
atmosphere at 37◦C. Cells were grown to confluence
(from 0.7 to 1× 106 cells/ml) in 75 cm2 culture flasks
(D. Dutscher, Brumath, France). The medium was re-
moved every 48 h and cells were sub-cultured every 7
days. The cells were used at passages 3, 4 or 5 after
thawing.

2.3. Treatment of cultures

HaCaT cells were seeded at a density from 4× 104

to 6× 104 cells per well in 100�l 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 200�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 plus®

(0–10–12.5–15–17.5–20–22 and 25 mM) and/or vit E
and/or vit C (up to 200�M). Each experiment was done
twice, and each determination was done in triplicate.

2.4. Cytotoxicity assay
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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 (Mosmann, 1983) and 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
concentration. Two measurements (Ym) have been se-
lected: the inhibition concentration 50% (IC50) 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 (6× 104 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 35 mM), 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
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After the exposure period, the reaction medium
emoved and the adhering cells were washed with P
00�l MTT solution (0.5 g/l in medium) was added

he culture wells. After incubation for 4 h at 37◦C, the
TT reaction medium was removed and formaz
lue was solubilised by 100�l of DMSO. This assa
as based on the reduction of the yellow tetrazol

able 1
he five parameters (fromx1 to x5) and the three levels (from 1 to

arameter Level

1

erbicide formulation (x1) Glypho
ntioxidant substance (x2) Vit C
ntioxidant concentration (x3) (�M) 0

ncubation period of antioxidant (x4) (h) 0
ell density (x5) 4× 104
As shown inTable 1, five parameters were fina
valuated: two qualitative parameters, herbicide
ulation (x1) and antioxidant substance (x2), with re-

pectively two levels (glyphosate alone and glypho
ncluded in Roundup 3 plus®) and three levels (vit C
it E and vit C + vit E), and three quantitative para
ters with three levels: antioxidant concentrationx3)

each parameter

2 3

Roundup 3 plus®

Vit E Vit C + vit E
100 200
24 48
5× 104 6× 104
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Table 2
Second-order experimental design for five parameters (fromx1 to
x5), where each level was coded from 1 to 3: 18 experiments

Experiment number x1 x2 x3 x4 x5

1 1 1 1 1 1
2 1 1 2 2 2
3 1 1 3 3 3
4 1 2 1 1 2
5 1 2 2 2 3
6 1 2 3 3 1
7 1 3 1 2 1
8 1 3 2 3 2
9 1 3 3 1 3

10 2 1 1 3 3
11 2 1 2 1 1
12 2 1 3 2 2
13 2 2 1 2 3
14 2 2 2 3 1
15 2 2 3 1 2
16 2 3 1 3 2
17 2 3 2 1 3
18 2 3 3 2 1

x1: herbicide formulation,x2: antioxidant substance,x3: antioxidant
concentration (�M), x4: incubation period of antioxidant (h),x5: cell
density.

at 0, 100 and 200�M, incubation period of antioxi-
dant (x4) at 0, 24 and 48 h and seeded cell density (x5)
at 4, 5 and 6× 104/100�l. The range of parameters
was chosen in relation with the preliminary assays. As
opposed to the traditional method which would study
separately each parameter which influences the cell vi-
ability, the chemometric approach was based on the
use of a matrix of experiments (experimental design)
by which the simultaneous variations of all parameters
can be studied (Box and Wilson, 1955; Cochran and
Cox, 1957; Fell et al., 1988). In Table 2, each level
was coded to have a variation from 1 to 3. This signifi-
cantly reduces the number of experiments, as compared
with the traditional method. A two-order mathematical
model was used which linked the calculated response
Yc, representing the IC50 value or the slope value, and
the influencing factors (xi):

Yc = a0 + a1x1 + a2x2 + a3x3 + a4x4 + a5x5

+ a12x1x2 + a13x1x3 + a14x1x4 + a15x1x5

+ a23x2x3 + a24x2x4 + a25x2x5 + a34x3x4

+ a35x3x5 + a45x4x5 + a11x
2
1 + a22x

2
2

+a33x
2
3 + a44x

2
4 + a55x

2
5 (1)

The ai , aii andaij are constants, which represent the
effects of the parameters. The total number of experi-
ments was 18.

2.7. Simplex optimization process

To optimize the mathematical model (Yc) represent-
ing the combination with the highest value of IC50 (low
toxicity) and the lowest value of slope (high kinetic of
cell death) given by the experimental design, a Sim-
plex method was used (Nelder and Mead, 1965; Baker,
1985; Carlin and Louis, 1996; Culioli, 1994). This way,
theYc value was calculated form sets of starting con-
ditions wherem represented the number of parameters
to be optimized, plus one. The point corresponding to
the optimal value ofYc was then reflected in relation to
the surface that was defined by the other points. This
gave a new set of starting conditions. Once again, the
point with the optimal value ofYc was reflected and the
process was repeated until the same conditions were
obtained.

3. Results

3.1. Measurement of IC50 and slope of Roundup 3
plus® and glyphosate alone

The IC50 values of glyphosate alone and glyphosate
included in Roundup 3 plus® on HaCaT cells were
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2 mM and 19.5 mM respectively and their slo
alues were respectively−2.8 and −7.2 (Fig. 2).
herefore, these preliminary results suggested
oundup 3 plus® was more toxic on epidermal ce

han pure glyphosate. In the experimental des
even concentrations of herbicides were finally ass
10–12.5–15–17.5–20–22 and 25 mM) to determ
he IC50 and slope variations.

.2. Measurements of effects of vit C and vit E on
aCaT cell viability

Both vits C and E have been identified as anti
ant nutrients. In normal human keratinocyte cultu
upplementation of vits C and E did not affect H
aT cell viability up to 1 mM (data not shown). Th

s in accordance withShen et al. (2001)who reported
hat vits C and E did not induce cytotoxicity nor DN
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Fig. 2. Cytotoxicity profiles of glyphosate (�) and Roundup 3 plus®

(�) in cultured HaCat cells after 24 h of treatment. The results ex-
pressed as percentage of controls, are given as means± standard
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 200�M were
evaluated.

3.3. Experimental design

Using the chemometric methodology, the effects of
the herbicide formulation (parameterx1), the antioxi-
dant substance (parameterx2), the antioxidant concen-
tration (parameterx3), the incubation period of antiox-
idant (parameterx4) and the cell density (parameterx5)
were studied on HaCaT cells, and the experimentalYc
values representing the IC50 or the slope values were
determined. All experiments were repeated twice. The
variance coefficients of theYc values were less than
4% in most cases, indicating high reproducibility and
good stability for the system. The results (i.e., experi-
mentalYc values) were processed by computer and the
parameters of Eq.(1) were obtained. The fitting of the
model to the results was respectively 0.987 and 0.988
for the IC50 and the slope values. With two replicates,
the Student’st-test, associated with the pooling statis-
tical method (Cochran and Cox, 1957), was 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 (Yc) and measured (Ym) values for all exper-
iments are given inTable 3for IC50 and inTable 4for

Table 3
MeasuredYm and calculatedYc IC50 (inhibition concentration 50%) in 18 assayed conditions of the experimental design

Experiment number x1 x2 x3 x4 x5 IC50 e (%)

1 Glyphosate Vit C 0
2 Glyphosate Vit C 100
3 Glyphosate Vit C 200
4 Glyphosate Vit E 0
5 Glyphosate Vit E 100
6 Glyphosate Vit E 200
7 Glyphosate Vit C + vit E 0
8 Glyphosate Vit C + vit E 100
9 Glyphosate Vit C + vit E 200

10 Roundup Vit C 0
11 Roundup Vit C 100
12 Roundup Vit C 200
13 Roundup Vit E 0
14 Roundup Vit E 100
15 Roundup Vit E 200
16 Roundup Vit C + vit E 0
17 Roundup Vit C + vit E 100
18 Roundup Vit C + vit E 200

x1: herbicide formulation,x2: antioxidant substance,x3: antioxidant concen .
Ym Yc

0 4× 104 22.5 23 2.17
24 5× 104 20.6 21 1.90
48 6× 104 23.9 24.2 1.23
0 5× 104 23.7 23.9 0.83

24 6× 104 23.6 23.9 1.25
48 4× 104 21.6 21.8 0.91
24 4× 104 21.4 20.9 2.39
48 5× 104 21.3 21 1.42
0 6× 104 19.0 19.7 3.55

48 6× 104 17.6 18.2 3.29
0 4× 104 18.1 18.9 4.23

24 5× 104 16.9 17.3 2.31
24 6× 104 16.7 17.1 2.33
48 4× 104 16 16.8 4.76
0 5× 104 17.6 17.9 1.67

48 5× 104 16.9 17.3 2.31
0 6× 104 21.8 21.2 2.83

24 4× 104 16.7 17 1.76

tration (�M), x4: incubation period of antioxidant (h),x5: cell density
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Table 4
MeasuredYm and calculatedYc slope in 18 assayed conditions of the experimental design

Experiment number x1 x2 x3 x4 x5 Slope e (%)

Ym Yc

1 Glyphosate Vit C 0 0 4× 104 −3.8 −3.7 2.63
2 Glyphosate Vit C 100 24 5× 104 −11.4 −11.2 1.75
3 Glyphosate Vit C 200 48 6× 104 −23.2 −23.8 2.58
4 Glyphosate Vit E 0 0 5× 104 −6.4 −6.3 1.56
5 Glyphosate Vit E 100 24 6× 104 −23.6 −24 1.66
6 Glyphosate Vit E 200 48 4× 104 −19.4 −19.8 2.06
7 Glyphosate Vit C + vit E 0 24 4× 104 −2.4 −2.5 4.0
8 Glyphosate Vit C + vit E 100 48 5× 104 −14.2 −13.9 2.11
9 Glyphosate Vit C + vit E 200 0 6× 104 −18.7 −18.8 0.53

10 Roundup Vit C 0 48 6× 104 −25.6 −25.4 0.78
11 Roundup Vit C 100 0 4× 104 −18.4 −18.3 0.54
12 Roundup Vit C 200 24 5× 104 −26.6 −26.7 0.37
13 Roundup Vit E 0 24 6× 104 −20 −19.7 1.5
14 Roundup Vit E 100 48 4× 104 −29.6 −30.2 2.02
15 Roundup Vit E 200 0 5× 104 −19.9 −20.2 1.48
16 Roundup Vit C + vit E 0 48 5× 104 −34.4 −33.9 1.45
17 Roundup Vit C + vit E 100 0 6× 104 −17 −16.8 1.17
18 Roundup Vit C + vit E 200 24 4× 104 −33 −32.7 0.90

x1: herbicide formulation,x2: antioxidant substance,x3: antioxidant concentration (�M), x4: incubation period of antioxidant (h),x5: cell density.

the slope. Using Eq.(1), theYc values were calculated
for the different values of the parameters, where the
coefficientsai , aii , aij represent the effects. The five
parameters (fromx1 to x5) were classified for IC50 and
slope measurements.Fig. 2, which represents the ef-

Fig. 3. Effects of the parameters on the IC50 (inhibition concentration
50%) values wherex1 represents the herbicide formulation (level
1: glyphosate; level 2: Roundup 3 plus®), andx2 the antioxidant
substance (level 1: Vitamin C; level 2: Vitamin E; level 3: Vitamin
C + Vitamin E),x3 the antioxidant concentration (�M) (level 1: 0;
level 2: 100; level 3: 200),x4 the incubation period of antioxidant
(h) (level 1: 0; level 2: 24; level 3: 48),x5 the cell density (level 1:
4× 104; level 2: 5× 104; level 3: 6× 104).

fects of the parameters on the IC50 values, shows that:
x1 	 x4 ∼ x5 ∼ x3 >x2. Fig. 3, which represents the ef-
fects on the slope values, shows a nearly similar clas-
sification (x1 ∼ x4 >x3 >x5 >x2) (seeFig. 4).

Fig. 4. Effects of the parameters on the slope values, wherex1 repre-
sents the herbicide formulation (level 1: glyphosate; level 2: Roundup
3 plus®), x2 the antioxidant substance (level 1: Vitamin C; level 2:
Vitamin E; level 3: Vitamin C + Vitamin E),x3 the antioxidant con-
centration (�M) (level 1: 0; level 2: 100; level 3: 200),x4 the incu-
bation period of antioxidant (h) (level 1: 0; level 2: 24; level 3: 48),
andx5 the cell density (level 1: 4× 104; level 2: 5× 104; level 3:
6× 104).
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4. Discussion

Firstly, our data show that the parameterx1 (herbi-
cide formulation) was the most significant parameter; it
means that IC50 and slope measurements depended di-
rectly on the herbicide formulation. It should be pointed
out that the IC50 ranging obtained in glyphosate in-
cluded in Roundup 3 plus® experiments was lower
than IC50 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
enhance the efficacy of the herbicide but, in the same
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-
cently shown that glyphosate and surfactants present in
Roundup 3 plus® exerted synergic effects in cell cycle
dysfunction in vivo (Marc et al., 2002). This supports
the idea that the formulation products might favour
the penetration of active ingredient, glyphosate, in the
epidermal cells. AlthoughWilliams et al. (2000)re-
ported that glyphosate absorption through human skin
was very low, less than 2%, our data confirm that the
presence of surfactants might increase the kinetic of in-
tracellular passage of glyphosate probably by a mech-
anism resulting from interactions between cell mem-
b
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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 Trolox® 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 concentration:x3,
incubation period of antioxidant:x4, and cell density:
x5) are in an intermediate place, between the qualitative
parameters (x1 andx2). Concerning the antioxidant de-
pendent parameters, the quantitative parametersx3 and
x4 were more significant than the qualitative param-
eterx2. The pre-incubation of antioxidant, during 24
or 48 h before herbicide contact, did not modify the
cytoprotection compared to simultaneous herbicide-
antioxidant co-incubation. This contrasts with the re-
sults ofClement-Lacroix et al. (1996)which showed
that the overnight pre-incubation of epidermal cells
with vitamin E before irradiation developed a better cy-
toprotection against UVA-induced oxidative processes.

Using the Simplex method, 30 iterative processes
were performed by the computer to calculate the opti-
mal parameters values, which provide simultaneously
a maximum IC50 value and a minimum slope value.
These optimal values are, 6× 104 cells per well and
42 h of pre-incubation with 75% Vitamin C–25% Vita-
m o
m

s in
t in-
d n be
r rmal
c ated
t ious
e duc-
t tus
a t for
d w-
e with
t tech-
n nts,
t cy-
t xi-
c

rane and surfactant.
Secondly, it appeared that the parameterx2 (antiox-

dant substance) was the least significant paramete
e expected under others reports (Clement-Lacroix e
l., 1996; Shen et al., 2001; Kim et al., 2002), vit C and
it E did not induce cytotoxicity in cultured human k
tinocytes, but surprisingly, the cytoprotective effec
ssociated vit C + vit E was lower than vit C or vi
lone, and the activities of vit C or vit E were simi
both scavenge some of radicals generated by ce
etabolism). The transport mechanisms of vit C in
aT cells have not yet been characterized, as they
een in other cells (Rumsey and Levine, 1998). How-
ver,Savini et al. (1999)suggested the presence of
ctive transport system saturable at 1 mM vit C; but
lso pointed out the rapid decomposition of vit C in
ulture media (half-life: 0.9 h). In our work, the assa
oncentrations of vit C were lower (100 and 200�M),
in E at the concentration of 190�M were needed t
odulate the toxic effect of Roundup 3 plus®.
In conclusion, although herbicide concentration

he human environment are very low, our results
icated that (i) glyphosate-based formulations ca
esponsible for oxidative damage to human epide
ells, (ii) antioxidant compounds should be associ
o herbicide formulations to decrease their deleter
ffects on human skin. Other measurements as in

ion of cytochromes P450 or cellular antioxidant sta
ppeared to be much sensitive than cytotoxicity tes
etermining the biological effects of herbicides. Ho
ver, the use of an experimental design connected
he Simplex method can be considered to be a fast
ique to classify, with a limited number of experime

he respective role of five parameters in the in vitro
oprotection by antioxidant of herbicide-induced to
ity.
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