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(Sainr eucnLin t:alt.rvicr, F-r.rncc), and the
Roundup k a glyphosate-bascd herbicide used *orldwide, including on most geretically modined p.sr. J. R,,un Jup (cr, n r: i11 ifig 360 g/L acid
plants rhat havc been designcd to tolerate;t. 1r! residues ma). rhu5 cnrcr rhe footl cbain, ana glyphosarc; N{ons",,t,,, A"*^lnad;,") \*.
glyphosare is found as a contaninant in rivers. Some agricuhurat workers using gtphosate harc f'"- 

" -'"-*.,,i *,Lrce. A 29,o soiution of
pregnmcy problems, but its rnechmism of action in tllmhrls is quesdoned. Here we show thar Roundup and an equivalcnt soluion of glv,
gllpl,o_urc is roxi. ro human placcnral JFGJ celL wirhin I8 hr wirh (oncenrrr,;ons toqer rhrn pt o.arcrvrrc 1,.1-l.J n I :rg r', m,,Jiti,:r:
those round w;th asri.uirural usc, and rb;s efrcct increases witL concentmtioi lni rim. dr in dre minimum essential nediLrm (tN{EMi Abqr,
pre'e"* .f Round;p adjurairts. Surprisiugly, Roundup is always horc toxic than its active ingre- Paris, France). ancl rhe pH of glyphosite
dient. we tested the elfects olglyphosate ad Rou.,l"p * l.*"r n..r"*i. ..".""r-d.* "" ;- solurion rvas atljustcrl ro ihc pH-olche 2%
mrra.se. thc enrync responsiblc for crrogen qmtheis. The glyphorle bJ,ed herbnidc disrupr R"urrdun ,lu, o , '. pH < x . sr,. 

"..r'. Ji u
atornatise activity ud nRNA lcvels ard in tcracts wirh rne actirc site of rhe purified enzlme, but t i on s r.r,e re rh c n o h t ai n ecl wi t h se ru m - frcc
*e effects ofgtlphosate are hcilitated by the Roundup formulation in microsornes or io cell cd, EMENI. j (4,5-Dimerhyhhiazol 2 yt) 2,5-
Iure. Ve corrclude that endocrine and toxic effccrs of Roundnp, trot jusr slruhosate, can be d rph e rrrl r(,m ? ol,u ln h;,, - i,1. (I4TT) , ,as

obserwd in narnuats. Vc suggcst that the prescnce of Rotrndlp-adjuv ts ;i*"., gt-l"I'*u'" 
"br,.t'.i f..- Sigma-Al<1rich. It was prep;rred

bioavaihbiLity md/or bioaccumulation. Key nords: adlu"an*., iomarase, endocrinc d"isruprion, as r 5-mg/n,I- s;ck sol.ttun in ph.spiatc
gtryhosate, hobicide, human JEG3 cells, placenra, reductase, Roundu p, ienobiotic, Ewi/o buflired s:rline, filtcrcd rhrough r 0.22 pnr
Heal'h Peft?e.t 1t3.7t6 120 (2005). Aoitt0.t289lehp.772a available rtr btt?ldx./oi.o/g/ filtcr Lclore u5e, rnd dilur€d rn t "'g/-t- i.lonline 25 Februarv2ootl scrum-iree EME]\4. The polvcional rabbit

(ilyphosare is luorvn as rhe activc ingredicnt
of thc bro.rd spcctrum hcrbicidc Roundup;
;r inhibjts rl,c shikimic acid parh*,.ry Lhat
;. iml orr r .' i'o, pl,' ' pror,.n .) rr .c.:.
(Schonbrurn ct 11. 2001), but n h;s ako bcen
shoivn ro modulaLc planr c1'toclromc I,450
(Lanb et al. 1998). Glphosate is bclicved
to bc rarher spccific and less toxic ro rhe cco-
,/.,.,r ,tJ,, "r. ,,r\.r p, ,;. J,,. .rrr..p.n.,
plants rolcr.rnt ro this compound have cvcn
been devclopcd follc'rving rhis argumenr
ffollenhofer et al. 1999; V/illiams et:r1. 2000).
Horvever, mammals and humans rnay be
exposcd to herbicidc residucs br- agriculrrral
ptaaices (Acquavella et al. 20{J4) or when rhev
cnter the lood chain (Takahashi eL al. 2001);
gl,pho rr ;. Jl.o rourla a " co.rr,rrinarrr rr
rLvers (Cox l99E). Roundup conrains acid
glvphosate and adjuvrnrs such as poll'erhoxy
iated tallorvrmine (Cox 1998). Irs adjuvanrs
are gencrally considered dilurants lor regula
.o,v pJ,oo e\. 4l,l .'rfl' on,c,grr.rlrr.,
ur rl cr. u.:-q gl4h^., c.h,rd l,F'bi, idc. ,re

r-nor -d ro harc p,esrr,.-\ prol-lem5,\r!,r.,
er al. 1997), glyphosare's mcchanism ofaction
in mammals is still quesrioned, and ir mav
havc sevcral cnzymatic effccrs (Daruich cr al.
2001; \{illiarns er al. 2000). It hes also be<',
rccenll)- sho\\.n ro disrupt rhe alimJ cell cycle
in urchin eggs (Marc et r1. 2002) and even the
post trenscriptional exprcssion of rhe sceroido,
gcnic.rcure rcgulatory prorein (SIA.R) in mouse
taticular l-odig cells (\Wrlsh er al. 2000).

ln rhis srudy rvc tcsted glyphosatc and
Roundup toxiciq on human placcntalJEG3
cells and also cvaltared its possible c.rpacirv
ro act ar :r11 endocrinc disLupror, as do orher
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pesticidcs (Nativellc Scrpcnrini er al. 2003),
b,v rreasuring thcjL clfccts ar nonroxic lclcls
on aromatase. a marlmalirn cyrochrome
P450 enzvme crucirl lor sex sreroid holnone
synthcsis. Thc cyroch.orrLc 1450 superflmily
includcs numcrous proteins ablc to rncrabo
lize xcnobiotics (Nelson 1998). Thc enzvmc
aromatas€ is composed of rhe product of the
Cl1'19 gene (Bu1un ct al. 2iJ03) and thc asso-

ciatcd nicorinamide adenosine dinucLcoridc
phoryhatc (NADPH)-dependent leducrase,
and is responsiblc lor the irreversiblc conver-
sion of androgcns inro esrrogcns. k n consid-
ered a limiting lacror involved in estrogen
si,nthcsis and drus in phlsioLogic functions,
incl,.oing rrn le ano m.rle g,rrnerogene.i
(carrcau 2001), reprodLrcrion, scx differcnrra
tion, :nd cvcn bone growrh. It is also phar-
macoiogicallv concrolled in the treatment of
estrogen'dependelt cancers (Seralini and
Moslemi 2001).

The direcr action of gLyphosate on aro,
matase could explain some effects on repro,
ducrion observed fu r,leo, at least in part;
drus, rve also tested gliphosare and Roundup
directly on arom.rtase presenr in microsomes
from hum.rn placenra rnd equine testis, a trs,
sue knorvn to be aron,atase-rich (l-ernazurier
et a1. 2001). Ve ,:1so purified aLomatase frorn
cquine testis to asscss rhe specificiry of rhe
interaction rvithin dre xcdle sne in this very
rvell-characreriztd mammalian model (Auvray
et al I9981

Materials and Methods
c h en i.Lts. N (phasphonomerhyl)gtycinc
{gliphosate) rvas purch:scd from Sigma-Aldrich

rnritrodv direcrcd agairrsr estronc (E1)rvas
purchased fiorn 1AIUS con,panr.' {Cornpiigne,
Fr r',.. I'i.."r"d l- 'lj.'.1.-'Hl-l ,.
95 (.i/ramol, 3.>2 TBq) was tiom DrPonr
NEN (L€s Ulis, Ir.ancc).

Cell lhe. The htrma'\ choriocrrcinoma
dcrn'cd phcortd cd ln,r GelJEC3, ECACC
92120306) rvas provided bv CIF.RDIC
(Sophia-Antipolis, Fr:r.ce). Celk wcrc grown
in phcnol red-free Eli4EM containing 2 rnM
gluramine, 1o,'o nonesscntial amino acids,
100 U/mL antlbiodcs (mix ofpenicillin, screp

tomycin, and fungizonel, i mM sodium plnr
vare. ard 10%r fer,:l calfserLrm (Bbr.r'hittakcr,
Gagny. ftance). Fifry rhousand cells peL rveli
*,.re giown ro E07o confluence in 24 wcll
plates, rvashed wirh semm-free EMEI,4, and
then erposed ro various conccnrrarions of
Roundup or dre equivalenr concenrrations of
glyphosate in serum-free El\4Elvl for t hr or
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I8 hr or in scrum-containing mcdium for
longer exposules.

MTT assay.'Ve .used this enzl'matic test,
based on rhe cleavage of 1\,lTT into a blue-
colored produc (formrzrn) by mirochondrial
enzyme succinarc dehydrogenase (\4ossman
1983), to evaluate JEG3 cell viabiliq exposed
to Roundup or glyphosete during various
times. Cells were s,ashed witir serum frcc
EMEM and incubated *ith 250 pl, MTT per
rvell. The places wcre incubated lor 3 hr at
J7"C. rnd 250 1rL ol0.u+ \.hydrochluric
acid conraining isopropanol solution was
added to each rvell. The plares rvere vigor,
ously shalen in order co solubilize rhe blue
io, maan crvsral' fo,,'red.'lhc opricrl d^n,iry
was measured using a specrrophorometer
(Straragene, Strasbourg, France) ar 560 nm
for test ard 640 nm lor reference.

Med$tranmt of aronatase dcti ry u.irro
b7 rudioimmunoaxay. The convcrsion of
androstenedione to E, by the arornatase
conlplex n'as nreasured in cell supernatants
by radioimrnunoassav (RtA) as previously
described (Nativellc-Scrpenrini et al. 2003).
JEG3 ceLls exposed ro Roundup or gJlphosate
were washed with serum-free E\,lEM and
incubated for 90 min rvich 200 nI{ andro-
stcnedione at ,37"C in 57o COr. Thc reaction
$,. ,,onted bv ph. ing rhe pLre. on i.c for
5 min, and superlatanrs rvere extracted by
adding 10 voluma ofdiethyl ether. Thc atrac-
tion efficiency, cvaluated by adding radio,
labeled 81, r.,as 60 + 3ol0. The rabbit E1

antibody \\Ils prcpared according to the manu-
facturer's insrructions. The scnsitivity of rhe
RIA wx 10 pg/ml. Intra- and interassay coef-
ficients ofvariatir:n were 4 and 6%, respec-
rNely. Ile arom",:s. Jcrilicv sa. expres.eJ in
relarion to the protein conc€nrarion rhar was
evaluared in cell extracts using borine serum
albumin as smrdard (Bradford 1976).

RNA eraaaion and qaantifcatiott.'f otal
RNA was isolated from lLG3 cells using
the guanidium/phenol/chloroform merhod
(Chornczynski and Sacchi 1987). RNA sam-
ple( ue.€ rreired luirh DNa,e I ar J-"C for
30 min to remove genomic DNA. Then
DNare I rvr" ,n:crivared .rr o5"C for I0 min

Total RNA (1 pg) was rer.erse-transcribed
(RT) using 100 U M ML\/-RT (Moloney
murine leukemia r.irus reverse transcriprase)
ar 42'C for 45 min in rhe presence of 0.5 pg
l8-mer oligo(dT), 500 plvl ofeach dNTP,
50 mM Tris,I{C1 (ptl 8.3),75 mlvl KCl,
3 mM Mgclr, i0 mM dirhiothreicol (DT'l),
ald 6 U RNasin in a total volume of 25 gL.
The absence of DNA concamination in ire
RNA samples was checked in controls wifi-
out lvl MLV-RT.

For each run, a master [rix was prepared
with I x SYBR Green buller containing
5 nM MgCl2; 200 mM dATP, dCTP, and
dGTP; 400 mM dUTP; 1.25 U ArnpliTaq

Gold DNA polymerase (Applied Biosl.stcms,
Courrabocuf, France); and 300 nl\'l of each
primer: EXltc sense pr;mer, i' TGA GGT
CdA. GGA ACA CAA GA 3', exon II specific
(posicions 9-28); and EXlll anriscnse primer,
5' ATC CAC ACG AAT CTG CCC TG 3 

,,

lor aron IiI (positions 211 230) (Corbin et :1.

1988). Five microliters ofeach diluted RT
sample rvere addcd to 20 pL ofthc polymerase
chain reaction (PCR) master mix. The drer-
mal cycling condicions consisted of an initial
denaruration srep at 95dC for 10 min and
40 cyclcs at 95"C fior 15 sec and 60"C for
I min. Ve aLso quantified the cranscripts of
rhe houseleeping gene glyceraldehyde-3-phos-
phare dehydrogenae (GA?DH) as al endosc-
n"J..onrrol r^ nnrmJi,c er.h samplc using
sense and antisense primers, 5' CCA TCA
CCA 'llCT TCC AGG AGC 3' (posiriols
278-298) ard i' GGA TGA TGT TCT
GGA GAG CC 3' (posirions 663-682),
rcspecrively (Tokunaga et,l. 1987). All PCR
reactions were performed using an ,tnl lrisrn
7000 Sequence Detection System (Applied
B iosl'stem$.

Preparution af nicrosones. Microsomal
lractions (endoplasmic reticulum) rvere
obtained lrom firll rerm placenrrs of ):oung
hc.rlthv and nonsnroiring womcn ({ienrrc
Hospitalier R€gional de C:cn, Frrnce) and
equire testis by differential ccntrifugarions
(lt{oslemi et al. 1997). Bricfly, rissucs rvere
w;.hcd "irh 0.s M KLl. homog.r,zcJ in
50 nM phosphate buffer (pH 7.4) containir€
0.25 li4 sucrose and t mM DTT, and cen,
trifugcd ar 20,000g. The supernatant was
then ulrracenrrifuged at 100,000g and rhe
final peliet rvu wxhed nvice, dissolved in the
same buffer cortaining 20olo glycerol, and
stored ar -70'C until use. AII sreps of rhe
prcparation were carried out at 4oC.

Measurement of microsomal dromatdse
actit'i4. Mictosom l aromatase acrivity was
evJuared b1 Lrir.ated "arer reler.e lrorn r"dio-
iabelcd sobsrrat€ [l9JH]-androstenedione as

previously described (Modemi er a1. 1993,
1997). This method is based on the stereo-
specific release of 1p-hydrogen from che
:ndrostenedrone 'ubsrrrrc, whi, h lorm' rrir.
ated warcr during aromatization (Dintingcr
et al. 1989; Thompson and Siiceri 1974).
Human placenral microsomes (50 Fg prorein)
rvere incubated rvith radiolabeled androsrcnc-
dronc t I00 pnoliruber ar J-'C for l5 min. in
the presenc€ or abs€nce of rariors concentra-
rions ofRoundup or gllphosare in t mL roral
volume of 50 mM fris-maleace bufler (pH
7.4). The reaction s'as st:rrred by adding
100 FL of0.6 mM HINADPH and stopped
widr 1.5 mL drloroform, and then centrfiged
a.t 2,7009 

^t 
4"C f$ 5 min. After adding

0.5 mL 70k c\^tcozllr.rok dexrran T'70
solution into dre preparation, dre centrifugation
rvas repeated for 10 mirr. Aromatese activi6

rva-s decermined by mcasuring rhe radioactiviry
ofthe 0.5 mL aqueous phxe. The kinetic para'
merers lr'ere de(e'nrrr.d br ir.ubrrirt equine

'esri.ul:r mi.rn'omes l2 pg prorein\ ,virh v.ui.
ous conccntrations of radiolabeled androsrene-
dione in thc praence ofvariorLs concentrarjons
ofRoundup in 0.5 mL of H--NADPH con-
taining Tris-nraleare bufler (pH 7.4) at 25"C
61 3 nin.

Parificntion of aromatase noieties.
Reductase rvas obtaned after ctrrornacographic
separarion, by o>aminohexy.l-Sepharose 4B
and adenosine 2',5'-diphosphate agarose,
respectively; hydrophobic interacrior; and
afEnity columns fy'ibet er al. 1990). The cFo-
chrome P450 aromatase rvas purified lrom
equine microsornes, after irs separation from
reducase, by succe$ive chromatographic steps:

concanardin A-Sepharose 48 aliiniry column,
diethyl arnino erh)4-Sepharose CL-6B ion
exchange, and hydroxyaparite-Sepharose 48
adsorption/panition colrrrnns (Moslemi et al.
I997). Protein concentrarion was der€rmined
as previously describ<l (Bradford 1976).

llleas lement of reductase actirity.
Reductase activity was derermined by the
measurement of the increasing absorbance of
rhc preparation, corresponding to the reduc-
tion ofthc cltoclrrome C in the presence of
II NAntH (\lhe, F' r'. l'rqlr) ar <<0 Im lor
2 min at 37"C using a Kontron-Uvikon 860
spcctrophotometer (Kontron lnsrruments S.A.,
St. Quentin Yvelines, Iirance).'l-he pH ofthc
preparacion was adjusted $Aen adjusred to 7,,i
by adding an appropriate volume of l0 N
NaOH. After equilibrarion, lhe reaciion was
scancd by adding cltochrome C.

Spectal stulies. The absorbance of purified
equin€ aromarase in rhe presence or absence
ofglyphosate or Roundup *'as recorded from
375 to 475 nm wirh a spectrophotometer as

p'-viou'l) dcs.rlbed tMoslemi :nd scralini
1997). Bliefli', absorption spectra of362 pg
aromat.se protcin in 1.5 mL 50 mV Trir.
naleate containing 2 pM androstenedione
rvere recorded during incubation at 37'C, after
adding 0.00460/o ghr:hosate or 0.lo/o Roundup.
The specrra ofaromatase wirh glyphosate or
Roundup alone were subtracted from the
incubation specrum.

Satittical inabsir. All data are presenred
as rhe mean t SE. The experiments were
repeated rhree dmer in rriplicate unless orher-
wise indicatcd. Sraristically significant differ-
ences were determined by a Str.rdent r-test
using signilicance levels of0.01 and 0.05.

Results
Cell aiabiliry. \te recommended agricultural
use for Roundup is 1-2% in v?ter, so we tesced

irs effect on human placenel JEG3 cell viability
at concentrarions ofup !o 2a/o aftet l8-,24, or
48-hr exposures in senrm-containing medium,
by rhe MTT assay in conditions previousl)'
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descrihcd (Nativclle-Serpcnrini et al. 2003),
corrpared rvirh gllphosate. The Roundup dilLr
tions and equivalent quar:rities ol giyphosate
*'erc adjusred co rhe same pll ro facilimte rhe
conparisons. The <,xiciry increarcd wirh time
(8'fold at 0.8% benvecn 24 and 48 hr), and
rrr nreorlr le(hal do.e rlD.,. \\i opfrol
marely 1.8 times lorvcr lor Roundup (0.7%)
dr.ur for gllphosate (Figurc 1). This difference
\4!\ rvc', \i,ible aftcr I l,r ol'r,.r-barro ' ir

serum-free medium (Figure 2A) :nd hcreased
3-fold afrer 18 hr ofincubarion (Figure 2B).
Aci<1ity of the 2% Roundup or glyphosate
solution (pH 5.80 I 0.08 insread olr pH 7.91
. 0.161 reduced cel' ' ra\ilitr onlv lJo, 

"lL<r
18 hr, and rhus could nor alone erpLain the
900/o reduction ofcell viability observcd at
this concentraticn. V/hen only 0.17o Rounduy
was added to glyphosare, bringing small
arnounts of rhe adjuvanrs ro rhe soludon, rhe
ccll viabiiity rvas dnninishcd significantly
(Figure 2B).

Aro,nntase actinit! in cell cuhure.'ile
measured aronlarase acriviq aftcr incubation
of ce1ls in thc prcscnce of nortoxic conccn-
tratior..s ofRoundup or gly'phosate, by R]A of
E1 lormed fiorn 200 nM aodroslenedione, as

prcviouslv describcd (Natii'elle Serptntini et al.

2003). As shorvn in Figure 3,4, ahcr t hr of
inctbadon, the estrogen sr ndresis lvas enhanced
b aLouL .0o. b,rt onl' .irh Ro,ndup Ahe'
lB hr of irrcubation, l.e notcd a ciear inhibirion
of arornatasc accivic,v iz lirrz, rvirh a median
ir\ibidcg Lor.crlrr on (l( r0l o'0 04"o JS iF

wirh Roundup only. 'l'hn inhjbiriol ofaro
matasc activiry is, at lezrt in pan, assumed to be

an efti:o on .romau:-se gcnc c:rpression, bccause

mRNA levels rere decreased (Figure 3B).
C\phosate nas inellicient aLone in these condi-
tions. But it inhibited aromarase activit_v wilh
rrrnur. Jituri"n oT Roun.lup. br:rg:ng "Jju
vmts in the so|:ion (Figure 4).

Anmatls€ adiriy h ntinosones. Ve eval
uated rnicrosomal ::romatase activiv by ririaced
rvater release lronT rhe radiohbeled substrare
/l rrnnnte. cr ,rl. tosn: Th"nl..n J"d \;ire i

1974) in human (Figule 5) and equine micro-
somes- Aromatase inhibirion bv Roundup was
equivalenr in these two marnmalian models.
Thc IC5n was 0.6% for Roundup in these
condirions and morc than three tim€s greater
for glyphosate. The kinetic parameters were
dcrermined by incubating eq ine testicular
microsomcs with various concentrarions of
radiolabeled androsrenedione and Roundup.
The inhibirion consrant -r( (0.6%) shorved r
competidve iiiibi.ion (Figur€ 6A).

Enzlmatic actiuity of p*r;fied enzymes.

\(re turther purificd the enzymc nroierles from
the aromatase-rich equine tesris, giving berrer
yields rhar placenta. The incubarion rvidr the
hcrbicide demonstraced a direct interaction of
gllphosare within rhe active site. We obrained
specrral inreractions betrveen Roundup or

7la

glyphosatc and thc rccivc site ofthc purificd
qtochrone I'450 aroma(ase by m€rurinq (he

absorbance ol rhe preparation\ fionl 375 ro
475 nm. A rype Il spccrrum rvas observed
(Figure 6B); it rvas characterisric of an intcr-
l1crion ben{,een a nitrogen atom ofthe molecule
and rhe henre iron ofthe cyrochrome. In addi-
tion, u'e re*cd drc eliicr of tlre hcrbicidc on drc

r-b,qurr.u, m"r.ri "r rh, .r"marrc. t'rrch i'
the eleccron donor rcdLrcrase. NADPH-dcpcn-
dent reductase activin'v'as deterrnined bv the

nc:suremcnr of the increasing ahsorbancc of
the pr€paral;on, corresponding ro dre rcduction
ofthe qtochrome C. Reducuse is also dnecdy
affecred after purificarion end incubation rvith
Roundup, but to a Icsscr cxrcnt (lC5D 5q, rhan
r re q ro. hrorre lq<rJ rromar,,. r -.1'on ,hlc ln'
srcroid binding ud c:r:1lsis (figure 7).

Discussion
This srudv dcrronscrates thar Roundup reduce-s

JEG3 cell viabilitv at iexr nvice more efEciendy

Figure L Effects of Roundup {,4) and equivalent quantities of glyphosate (8) on .lEG3 p acenta cell viabiliq/
in a serum-containinq mediurn.This was evaluated bythe N,4TTassay,the results are presented as percent
ages compared with nontreated cels. cel s were incubated with increasinq concentrations of Roundup or

equivalent concentrarions of g yphosate far 18, 24, or 48 hr (, = 9). The LD50 is indicated by a dashed ine.

Error ba rs indicate SE.
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of glyphosate on JEG3 placental cellviabiljty in
18 hr (8). The addition of 0.02 or 0.1% Roundup
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Figure 2. Effects of E0undup and equivalent qLrantities

serum kee mediun. The incubation was for t hr (,4) or
shows adiuvant effects (, = 9). Error ba rs indicate SE.

0 0.02 0.04 006 0.0€ 01 02 0.{ 06 0.3

Concenlralion (%)

Figure 3. Effects of Roundup and equivalent quantities of glyphosate on JEG3 aromatase activity and

mRNA leve s in a serumjree medium. Aromatase activiry (A)was obtained with nontoxic concentrations
of Roundup or qlyphosate for 1 and 18 hr (,r = 9)- (8) Cl'tochrome P450 aromatase mRNA leve s, normalized
with GAPDN leveis, in the presence of Roundup or glyphosate after 18 hr (n = 41. Error bars indicale SE.
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rhan elvphosatc. This effect incrcascd rv;th
timc.rnd was obtained wirh concentlations of
Roundup I0 timcs lot'er rhan rhat of the
agricufturJ use.1'hc presence ofserum buflcrs
the toxic clTccc o[thc hcrbicide. ft is gcnerally
rccognized rhat serum proreins can bind to

chcnricals and rcdu.e drcir:rvailabiliry ro c,:lls

Seibert et al. (2002) have shorvn thar thc prcs,
ence ofalbumin influenccs rhc qroroxicir'! of
comfounds. lorcovcr, rhc lack ofsrorvth lac
tors in scrum frec nred'un, for instancc, could
,rlso play a role in this phenomcnon. In our
experinrents, the incubarion in serum-free
mcdium rvas inreresting ro oprimizc thc visiblt
effeccs of rhe compounds in thc shorrcsr timc.
These l,ere also obsened annvay after 48 hr
.r, rlr- pre'encc ol'erurr. rhe ph,,rolo;i sig.
.,,fi.lrrc. of r}e..rle.,. .r t.e q, (., o,,cJ. ,,,

rcta.d to the concentration used. Ho*'cvcr,
thc tirnc of exposrrrc to pollutznrs rr.ry bc
longcr in riuo, and here /rr rllrz we observed
that iong timcs of exposure Jlot'cd low con,
ccotr:rtions ro present roxic elrfcco. Thls phc-
nomenon could be caused by metabolism,
genonic :ction, arrd/or bioaccumulation of
sone producrs of Roundup. For instancc,
PelLrso cr al. (1998) demonsrreted rhe forma-
tion ofcovalenr links benveen Drr-A ard sonrc
Roundup adjuvanrs. Their genotoxicin' or
toxiciry rvas also noticed (Lioi er al. 199Er
Mitchcll et al. t9lJ7; Vjglusson rnd \rysc
l'd"). l!r1 'l..,Jgh ,L''o,1,-J Ru.rr drrp i'
.x. -'ed . pidlr rrorr rl< Lodr u, r..ry ir.
fcces (Brervsrer er al. 199i; Villiams cr al.
2000), a part may be rctaincd or corjugared
rvidr orher compounds rhar can srinrulare
biochemicaL rnd physiologlc rcsponses. The
Lrioaccumulation of somc of its residues m,1
br hvpothesized. For cxamplc, the harmful
eflict of glyphosate on semen quality alcer
6 rveeks of post'trearment period in rabbits
(Yousefet al. 199j) rnay be considercd al
rd,.. riu,r or ir. r,r, nr."n ,, J , onjL,sruon ,n

rhc body, heLped lry Roundup adiuv:nrs.
Addnionally, in rhis uork Roundup prc

rnt' r drll-renr'al Li nc eff.. r ar nouLorr.
l.' 'f, orr rro.n,ra'< r.rrr in ur lLt,r ,,ll., rhr.
phenomenon was alrcd-v observcd x,idr odrer
nenobiotics such as lindane and bisphenol A
(Nativellc'Serpentini et al. 2003). 'l'he 40%

rise in aromatase activiry after I hr ofincuha-
tion is perhaps caused bv an incre:rse of rhe
membrane fluidirl and androgcnic sLLbsrrate

bioavailability in a first srep provoked by
adjuvants. By contrrsr. once rveli enrercd inro
cells, RouDdup ahvrys reduced aroma(ase
activiq-. Furthermore, this rvrs associared rvidr
rhe dccrease of Cl?/9 mRNAs. V/akh et al.
(2000) shollcd that Roundup prelcrcntially
diminished dre exprcssion ofSrA.R mRNA by
decreasing ar least rhe rarc ofgene tmnscription.

fh Jir.r r rrhr\'r on o{ ,,om3u{ r,1 v:rv
ht Rnrrrrlup ra. rcri6.d rr I urr.r ard rquin.
microsomes, tnrc manrmalian aromatase mod-
el. rh:r rve h"'cprc.r'plt,hara.r-rled.,l
order to undcrscand drc activc sitc configura-
rion of this ncmbrane-bound cvtochromt
P450 (Auvray ct al. 1998; \,{oslemi rnd
Stralini I997r Scr;lnri et ,i. 2003). Contrary
to resuhs obtaincd in cells, glyphosare h.rd
:n inhrFrt',n cl-..r ,'r "ror,:ra c ". riri l n

humrn and cquinc microsomes, but fbur rimes
lorver than rhe clfects ofltoundup. N4orcovcr,
Roundup inhihited aromatase better in ccLIs

than in microsomcs (lCin valucs,0.04 and
0.6ouo, respectir.eli'). This could bc cxpLained by
dr dilierence ;n incubarion duLacion (i8 hr ls.
t' n rr, rJ,r,,rrg | ,.,"1l.1',' r -r.d 6 r'orni,
action. Gllphosate pcnr:tration rhrough the
ccll mcmbrane and subsequcnt intracellular
acrion appeared in our rvork to be greatly licili
tarcd bv adjuvants, as in plants (Haefs ec al.
2002) or in animal cells, nhere it can act at
thc 1o'el of ocle regularion (I4arc c. al. 2002).
lndeed, in this work, minute dilutions of
Roundup bringing adjuvan!s to cells allowed
rhe aromatasc inhibitorv effect ofglyphosare as

wcll as qtotoxic effecrs.

\4oreover, thc presence olRoundup nr rhe
incuharion medium resulted not only in the
decrease of the activity ofdre q'todrrome I',150
aromatase, but aLso to a loser ettenr in a pamial
i' l,iFit on oI irs aro-Lr.d redu.rr,.. I li. i'
confirmed bv kinetic ,nd spectral studies thar

concentration (%)

tigure 4. Combined effects ofgiyphosate and minute
evels of RoundLp on JFG3 a'oatala5e acrivily n

serum free medium (,r = 9). lt was obtained at non
tDxic concentrations after 18 hr exposure.

001 0l 1 r0

Concentration {%)

Figure 5. Effects of Roundup and equivalent quanti
ties of glyphosate on microsoma aromatase activity.
Human placental microsomes were incubated with
Roundup or glyphosate at 37'C for 15 nrin l,l = 9). The
C5o is indicated by a dashed line. Simi ar results

were obtained wiih equine testicular microsomes.
Error bars indicate SE.
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Figure 6. Kinetic and spectra stLdies of aromatase in the presence of Roundup or g yphosate. (,4)

Lineweaver-Burk representation 0f equine testicular microsomal aromatase activity in the presence of
Roundup at 25"C with radiolabeled androstenedione. Comparable results were obtained with human p a
cental microsomes (n = 

g). (8) Spectral analysis of interactions between the active site of purified equine
cytochrome P450 aromatase and 0.1% Roundup (left) or 0.0045% glyphosate (righd. Type I spectra were
obtained with Roundup or glyphosate in the presence of 2 pM androstenedione, and a type I spectrum
was obtained in its absence.The resutsare representativ€ 0fthree experiments. Errorbars indicate SE.
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Figure 7. Etfect of Roundup on reductase activity.
Activiry of purified equine reductase was measured
in the presence of increasing concentrations of
Roundup in nonadiusted or adjLrsted pH (7.4) medium
for 15 min at 3?'C {Ir = 9). Efior bars indicate SE.
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showed rhat Roundup inhibi* che enzymc at
the ac.i\,e s;re Lcvel in a comperitive manner.
Furdemore, our spectLal study shows a tlpe II
"pcctrr,m for purifi.d eqrine lumrla(e ,n
the presence ofg\'phosatc or Roundup ar che

saturating concenrra.ion of androstenedione.
Afier androstenedione elinrrnation, Roundtp
induces a wpe I spectrum. A rype Il specrrum
u'rh nrinrnrJ:h.orb:,n.c r( Jr0 nn, rnJ m:li-
nal absorbance ar 420 nm is considered spe-
cific for an inreraction between a nir.ogen
atom of thc molecule and the heme iron of
the cytochrome, whereas a type I spectrum
(inrerrtd ab'orbarrce) is observed wher rhi.
gpe of interaction is atrsenr. Androstenediolc,
a narural hormone, thus appears to lacilitate
pcsticide access ro rhe acrive sice ofthe eozyme.
Horvever, this occurs more easity rvith gly
phosare d;recdy in conract widr rhe solub;lized
enzyme than wirh Rourdup, because less con-
centqtion of rhe former rvas needed to pro-
duce the same spectrum.

Conclusion
()ur 

"ruJ^r.l .',r rl-.,r ghphc-r, ,:cr":s: di*
rupror of mammalian c1'tochrome P450 rro-
matase a.tivity from concenrrarions 100 rimes
lower than the rccommended use irr agricul-
turei this is noriceable on human placental
ctJls afier only )B hr, and ir can ako affecr aro
mlrLe terr cx1'rcs ion. lr , 'o parrialh d;r
rupts thc ubiqLirous reductase activity but ar
higher conccntrations. Its cffects are allowed
and amplified by at least 0.02% of the adjLr-
vants prcsent in Roundup, kno$'n ro facilirare
celi penetration, and this should be carefully
txken into accounr in pcsticide evaluatitx.
The diLution of glyphosare in Roundup for-
mulation may multiply !rs endocrine effect.
Roundup may be drus considered as a poten-
tid eadocrine disrupror. Moreover, at higher
doses still below the classicaL agriculturaL
dilutions, its toxiciry on placenral cells could
irrduce sorne reproduction problerns.
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