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Abstract

The effects of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D)—widely used in the world and mainly excreted
by the renal route in exposed humans—were studied on the virulence and surface characteristics of an uropathogenic
Escherichia coli strain. When the urine was supplemented with 2,4-D in vitro, the compound significantly reduced the
bacterial fimbriation assayed by hemagglutination and surface protein quantification. Protein values decreased from
0.24 mg/g dw to 0.05 or 0.12 mg/g dw by 1 or 0.1 mM 2,4-D treatment, respectively. The effects in vivo were studied
in groups of mice challenged intra-urethra with E. coli and exposed by the oral route with three different 2,4-D doses
(2.6, 25 or 70 mg/kg bw) during 22 days. Depending on the dose used, the herbicide significantly decreased or
removed bacterial cells in mice bladder and kidneys; except in the group treated with the highest dose from the 9th
day of treatment. The histological studies showed mononuclear cell infiltration at low doses, and toxic damage in the
renal parenchyma at prolonged exposure with higher doses, up to tisular necrosis in the 70 mg/kg bw group after 9
days of treatment. Our investigations performed in an experimental model suggest that short time 2,4-D exposure at
low doses could act in prevention of UTI stimulating leukocytic migration and decreasing bacterial fimbriation. On
the contrary, high doses and long-term exposure enhanced renal damage resulting in infection recurrence. © 2002
Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

The aromatic weak acid 2,4-dichlorophenoxy-
acetic (2,4-D) is a selective herbicide widely used
to kill broad leaf plants. 2,4-D is used worldwide
and human exposure to this chemical through
agricultural or garden uses and food products was
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demonstrated in several studies (Grover et al.,
1986; Taskar et al., 1982). The main route of
elimination is urine, so 2,4-D urine concentra-
tion is used for biological monitoring in exposed
workers (Knopp and Glass, 1991). Besides, the
kidney was shown as a target organ in a sub-
chronic toxicological study of 2,4-D in rats
(Gorzinski et al., 1987). Cytoplasmic alterations
were present in the renal proximal tubules at
dose levels from 15 to 150 mg/kg/day. Degener-
ative changes were also observed in the descend-
ing part of the proximal tubules. Moreover, it
was shown that tubular cells express the receptor
molecules for bacterial adhesins (Leffler and
Svanborg Eden, 1980). One epidemiological sur-
vey entering rural citizens revealed that the fre-
quency of infectious inflammatory lesions on the
kidneys was higher in subjects exposed to pesti-
cides (7.9–13.4%) against 1.5% in the controls
(Allazov, 1994). Even though there is no evi-
dence of increased incidence of urinary tract in-
fections (UTIs) associated specifically with 2,4-D
exposure, we do not discard an underestimated
or ignored collateral effect of the herbicide.

Escherichia coli is the species responsible for
most bacterial UTIs in humans (Svanborg-Eden,
1978). Although the commensal intestinal flora is
the primary reservoir of infection, certain viru-
lence factors were related to uropathogenic
strains. Aerobactin and hemolysin release, as
well as adhesins and fimbriae production, were
clearly implicated in uropathogenic capacity
(Johnson, 1991). Nonetheless, Gordon and Riley
(1992) demonstrated that the ability to grow
rapidly in urine may be as critical for virulence
of uropathogens as adherence mediated by
fimbriae.

A number of adhesins of E. coli uropatho-
genic strains were identified and studied. Type 1
fimbriae contribute primarily to bladder colo-
nization in the mouse urinary tract (Hagberg et
al., 1983); but the adhesin related to strains
causing pyelonephritis, verified in both epidemio-
logical and experimental studies, is P fimbriae
(Johnson et al., 1987; O’Hanley et al., 1985;
Pere et al., 1987; Svanborg-Eden et al., 1987). P
fimbriae are differentiated from type 1 by their
capability to agglutinate human erythrocytes in

the presence of mannose (mannose-resistant). P
fimbriae carry tip adhesin proteins capable of
binding to the kidney and to erythrocytes glo-
boseries glycosphingolipids receptors. The ex-
pression of these proteins changes in response to
multiple environmental signals, such as tempera-
ture, media composition and salicylate (van der
Woude et al., 1992; Kunin et al., 1994).

The preventive therapeutics in UTI include the
use of antibiotic treatments or bacterial replace-
ment by using lactobacilli. For the demonstra-
tion of the protective effect of probiotic
micro-organisms, an experimental UTI model
was set up, determining the effect produced by
lactobacilli in mice and the E. coli T149 strain
infective dose—as low as 103 colony forming
units, CFU— (Silva de Ruiz et al., 1993; Nader-
Macı́as et al., 1996).

Another possibility to prevent infections is to
use compounds which interfere with bacteria-ep-
ithelial cell adhesion. Salicylate, an aromatic
weak acid, reversibly repressed P fimbriation by
pyelonephritogenic strains (Kunin et al., 1994).
In addition, a group of compounds chemically
related to nitrophenol were evaluated as in-
hibitors of the adherence of type 1 fimbriated E.
coli to epithelial cells, but the potent inhibition
observed was attributed to the interfering hydro-
phobic interactions between such compounds
and cell surfaces (Falkowski et al., 1986). In a
previous work, we described changes in fimbria-
tion of uropathogenic E. coli strains after in
vitro exposure to 2,4-D (Balagué et al., 2001).
We observed a significant diminution of fimbria-
tion in treated cells in fimbrial protein determi-
nations and in electron microphotographs. These
results suggested a reduced urovirulence poten-
tial, and were in contrast to the augmented fre-
quency of inflammatory lesions observed in rural
citizens.

The present paper aims to elucidate this ap-
parent contradiction, determining the influence
of 2,4-D on uropathogenic E. coli T149 viru-
lence factors in vitro; and studying the effect of
2,4-D-administered by the oral route—on the
UTI produced by T149 in mice as an experimen-
tal model.
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2. Materials and methods

2.1. Chemicals

2,4-D and its sodium salt was purchased from
Sigma (St. Louis, MO, USA).

2.2. Microorganisms

E. coli T149 strain was isolated from the in-
fected urinary tract of an adult woman as de-
scribed in a previous work (Silva de Ruiz et al.,
1996) and identified by biochemical tests accord-
ing to Orskov (1986). T149 possesses type 1 and P
fimbriae, which were determined by mannose-sen-
sitive hemagglutination of guinea pig erythrocytes
and mannose-resistant hemagglutination of hu-
man type A erythrocytes, respectively. Characteri-
zation of P fimbriae was made with guinea pig red
cells coated with specific globosides according to
Leffler and Svanborg Eden, (1980). Additionally,
T149 produced hemolysin and showed
pyelonephritogenic effect in the mouse experimen-
tal model (Silva de Ruiz et al., 1996).

2.3. In �itro assays

All tests were performed in culture media (con-
trol) and in 2,4-D acid supplemented media, in
concentrations from 0.1 to 10 mM. We used the
acid form of the herbicide, as it is excreted in the
mammalian urinary tract. In various experiments,
we assayed the direct effect of the compound
added to control medium after bacterial growth.

2.3.1. Growth-rate determinations
Precultures were grown statically for 8 h in

Brain Heart Infusion (BHI, Britania Lab. S.A.,
Buenos Aires, Argentina) or in urine at 37 °C.
Urine was supplied by healthy volunteers, from
the first micturition of the day; it was collected
under aseptic conditions and used within the
hour. The absence of bacteria in urine samples
was confirmed by plating 0.1 ml of the sample on
a blood agar plate. In order to estimate growth,
the optical density was measured every half hour
at 540 nm. The following parameters were used to
evaluate growth (Carlberg, 1986):

Specific growth rate= ln(At2/At1)/T

Doubling time= ln 2 Tm/ln(At2/At1)

where At1, absorbance in time tl, At2, absorbance
in the next time, T, time in hours and Tm= time
in minutes.

Linearity at logarithmic phase was considered
to estimate the maximal value.

2.3.2. Hemolytic acti�ity determination
Alpha-hemolysin production was quantified ac-

cording to the method of van den Bosch et al.
(1980). Briefly, an overnight culture of bacteria
grown in fresh alkaline meat extract broth con-
taining 0.2% glucose, was diluted 1:10 in the same
medium and incubated with agitation at 37 °C
for 4 h. Supernatants were collected after centrifu-
gation and adjusted to pH 7. Twofold dilutions
(in 0.5 ml) of the culture supernatants in Tris–
buffered saline were made and 0.5 ml of washed
sheep erythrocytes (2% suspension) was added to
each dilution. The mixtures were incubated at
37 °C for 2 h, the remaining erythrocytes were
removed by centrifugation, and the hemoglobin
release was measured at 540 nm. The values were
normalized per unit of OD of bacterial growth in
broth. Maximal hemoglobin release was deter-
mined. This was carried out by including in each
assay a tube containing 0.5 ml of the erythrocyte
suspension with 0.5 ml of distilled water, in order
to adjust the erythrocyte suspensions in each inde-
pendent replicate of the experiment.

2.3.3. Hemagglutination titrate
Bacteria were grown in Colonization Factor

Antigen (CFA) agar (Evans et al., 1977), washed
with phosphate-buffered saline (PBS) and ad-
justed photometrically to a concentration of 1010

bacteria per ml. Serial twofold dilutions were
prepared in PBS using microliter plates, and an
equal volume of 5% washed human type A ery-
throcyte suspension with 2% mannose were added
to each well. Agglutinations were observed after
10 min of incubation at room temperature. The
number of wells agglutinated by each culture was
recorded and compared with the number of wells
agglutinated by a control culture (Kunin et al.,
1994).
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2.3.4. Quantification of surface proteins
Bacteria were grown in CFA agar for 24 h at

37 °C and collected in 75 mM NaCl. Fimbriae
were removed by the method described by
Hoschützky et al. (1989). Briefly, the bacterial
suspension was treated by agitation at 65 °C for
30 min. After being cooled to room temperature,
the suspension was centrifuged (15,000×g 30
min) to remove the defimbriated bacteria, and the
supernatant was treated with EDTA 5 mM,
glycine 20 mM and 10% ammonium sulfate.
Lipids were dissolved in 50% ethanol and surface
proteins were precipitated with 250 mM LiCl.
Finally, the protein content was determined by
the Bradford method (1976).

2.3.5. Determination of bacterial hydrophobicity
p-Xylene partition test was performed accord-

ing to Chapman and Georgopapadakou, (1988).
Cultures were incubated overnight at 37 °C in
BHI broth. Samples from each culture were re-
moved, washed in 50 mM sodium phosphate
buffer (pH 7.4) and suspended to an optical den-
sity of 0.8 at 540 nm in the buffer. Then, p-xylene
(1 ml) was added to a 2.5 ml sample, and the two
phases were mixed (by vortexing, 2 min). The two
phases separated, letting the solution stand at
room temperature for 20 min. The lower aqueous
phase was collected and the optical density was
determined at 540 nm (Ax), using a sample with-
out treatment for control (Ac). Based on these
absorbance values, the partition index (PI) was
calculated using the following formula:

PI= (Ac−Ax)/Ac

2.4. In �i�o assays

The Ethical Committee for Animal Care of the
Reference Center for Lactobacilli (CERELA-
CONICET) approved the experimental protocol
used. Two-month-old female BALB/c mice from
the breeding colony of the Microbiology Institute
of the National University of Tucumán were used
throughout the investigation. The animals were
housed in plastic cages, fed ad libitum keeping
their environmental conditions constant. Each ex-
periment was carried out with a group of 25–35

mice. Urine was cultured 24 h prior to challenge,
and mice with bacteria present at � 102 CFU/ml
were excluded. Uropathogenic E. coli strain was
inoculated intra-urethrally in a 0.5% peptone wa-
ter suspension (0.05 ml) at an infectious concen-
tration (107–108 CFU/ml). A plastic polyethylene
catheter (0.5 mm diameter) coupled to a syringe
was used for this purpose.

2.4.1. Pre�enti�e assay
The 2,4-D sodium salt was administered orally

in water solution (50 �l) every day, during 22
days. The suspension of E. coli was inoculated as
a single dose 2 days after the first treatment with
the herbicide. The studies were performed in the
different groups of mice: (a) control mice chal-
lenged with E. coli; (b) reference mice treated with
2,4-D at 2.6 or 70 mg/kg bw; and (c) study group
treated with three different doses of 2,4-D (2,6; 25
or 70 mg/kg bw) and challenged with E. coli.

2.4.2. Bacterial counts in tissue homogenate
The animals were killed by cervical dislocation.

Prior to killing, urine was collected in a microtube
by pressing the mouse bladder. The quantitative
determination of micro-organisms was carried out
by plating urine onto Cysteine-Lactose-Electro-
lite-Deficient agar (CLDE) following the standard
technique of Barry et al. (1975). The kidneys and
empty bladders were removed aseptically, placed
in 0.5% peptone–water and homogenized with a
Teflon pestle. Dilutions were made and the sam-
ples were plated onto MacConkey agar plates.
The plates were incubated for 48 h and counts of
viable cells were made for each organ. Results
were shown as the mean value of the data ob-
tained from four to six animals.

2.4.3. Bleeding procedure
Before killing the animals, they were bled at the

retroorbital venous plexus. Serum was obtained to
make the determination of antibody levels. The
anti-E. coli T149 antibodies were quantitatively
determined by an agglutination test using suspen-
sions with 109 CFU/ml of dead micro-organisms.
These suspensions and the serum dilutions were
incubated for an hour at 37 °C and refrigerated
overnight, before titer specification. The presence
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of agglutinating antibodies in animals prior to
infection was also examined (basal values).

2.5. Histological procedures

The organs of the urinary tract were aseptically
removed. Kidneys and bladder from control, ref-
erence and treated mice were fixed in 10% formal-
dehyde for 24 h. The organs were processed and
sectioned according to routine procedures.
Paraffin sections (5 �m each) were stained with
hematoxylin–eosin techniques. The microscopic
observation was performed by using a light micro-
scope. Pyelitis was defined as uroepithelial dam-
age, infiltration of neutrophils into the epithelium
and purulent exudade observed only in the pelvic
cavity. Pyelonephritis was defined as tubular dam-
age and infiltration of inflammatory cells into the
medulla and cortex. The medullar and cortical
lesions were classified as following:
– mild: leukocytic perivascular infiltration;
– moderate: predominant perivascular and

glomerular infiltrate of mononuclear cells
(MNs), tubular cellular desquamation;

– severe: in addition to moderate lesions, detec-
tion of tubular acidosis and necrosis. Tubular
acidosis was related to colorless tubular cells
without nucleus or with protruding nucleus.

2.6. Statistical analysis

All data was presented as mean�SD, statisti-
cal differences were assessed by one-way analysis
of variance (ANOVA) followed by the Tukey-
Kramer multiple comparisons test. Levels of sig-
nificance are shown in figures and tables, in all the
cases, the differences were considered significant
at P�0.05.

3. Results

3.1. In �itro assays

3.1.1. Growth cur�es in different culture media
T149 E. coli strain with pyelonephritogenic ef-

fect was previously selected by the in vitro charac-
teristics: �-hemolysin production and

agglutinating pattern of different erythrocytes
(guinea pig + + + , guinea pig plus mannose + ;
human + + + , human plus mannose + + + ;
guinea pig coated with globoside + + , guinea
pig coated with globoside plus mannose + + )
indicating type 1 and P fimbriae. Since it is now
suggested that the growth rate in urine may influ-
ence the uropathogenic capability of the strains,
as had been postulated by Gordon and Riley
(1992), we considered analyzing this parameter.
The strain was cultured in BHI and urine in order
to evaluate its specific growth rate and doubling
time. Significant differences between both media
were observed. However, T149 could reach, in
urine, 42% of the OD in stationary phase and
166% of the doubling time as compared with the
values in BHI (Table 1). This data supported the
contention of Gordon and Riley, demonstrating
that the uropathogenic strain was capable of
growing in urine while fecal strains tested did not
(data not shown).

3.1.2. Effect of 2,4-D on strain T149 growing
parameters

The effects of the herbicide 2,4-D acid on
growth rate, doubling time, OD at stationary
phase and duration of lag phase, were represented
in Table 1. 2,4-D influenced the growth curves of
the uropathogenic E. coli in urine, revealing a
growth inhibition at 5 and 10 mM concentrations.
However, when the strain was grown in BHI plus
the herbicide, significant differences (in growth
rate and doubling time) with control values were
detected only at the highest concentration (10
mM).

3.2. Influence of 2,4-D on �irulence factors

It is known that hydrophobicity was considered
a substrate unspecific adherence factor, as op-
posed to hemagglutination which revealed specific
adhesin–receptor interactions (Fletcher and Mar-
shall, 1982). However, several studies demon-
strated a relationship between both factors, as
type 1 fimbriae conferred hydrophobicity to bac-
terial surfaces (Lachica, 1990).

Herbicide concentrations chosen for our studies
(0.1 and 1 mM) did not significantly modify
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growth curves and represented, approximately,
the range of values described to be excreted in
urine or accumulated in the kidneys of the mice
treated with 5 or 90 mg/kg body weight (Eise-
man, 1984). In this condition, after having grown
exposed to 2,4-D acid, the isolate T149 showed
no statistically significant changes in hydropho-
bicity index values or hemolysin activity, but
hemagglutination titer and surface protein con-
tent were further diminished (Table 2). We also
observed that the inhibition of hemagglutination
required growth of the bacteria in the presence
of 2,4-D.

3.3. In �i�o assay

3.3.1. Pyelonephritogenic capacity
To explore the possibility of a protective effect

of the herbicide on UTI, we treated different
groups of mice daily with 2,4-D sodium salt by
the oral route (refer to Section 2). We challenged
the animals intraurethra with the uropathogenic
strain T149. Groups of animals were killed on
day 2, 5, 9, 15 and 20 after infection. Urine,
bladder and kidneys were homogenized and vi-
able bacterial counts were performed. E. coli was
recovered from the experimental infection in the

Table 1
Influence of 2,4-D on E. coli growth parameters

Lag phase (min)Medium supplement Growth rate Doubling time (min) OD stationary phase

Urine
0.69�0.10 0.38�0.02 60Control 62.53�6.32

600.39�0.0159.55�5.162,4-D 0.1 mM 0.70�0.06
71.70�1.27 0.32�0.04 602,4-D 1 mM 0.58�0.01

0.38�0.07*** 110.15�2l.85*2,4-D 5 mM 0.23�0.01*** 120
0.10�0.02*** 1202,4-D 10 mM 0.15�0.01***404.10�89.37***

BHI
37.60�2.4b 0.90�0.01b 301.11�0.07aControl

1.06�0.07 39.10�0.282,4-D 0.1 mM 0.89�0.02 30
2,4-D 1 mM 1.12�0.08 37.05�2.61 0.85�0.02 30

300.73�0.09**38.55�5.161.09�0.142,4-D 5 mM
0.67�0.08** 62.55�7.28***2,4-D 10 mM 0.48�0.03*** 60

Data are means�standard deviations of three independent assays.
a P�0.01.
b P�0.001 comparing each parameter in both control medium.
* P�0.05
** P�0.01.
*** P�0.001 comparing each parameter related to differences from the respective control medium.
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Fig. 1. E. coli CFU recovered from the urine, bladder and kidneys. The day numbers indicate time after bacterial challenge; daily
oral treatments with the herbicide sodium salt (2.6, 25 or 70 mg 2,4-D/kg bw) during 22 days, start 2 days before intra-urethral
bacterial inoculation. Each bar represents the mean+SD, *P�0.05, **P�0.01 with reference to control mice (only challenged with
E. coli ) values, n=4–6.
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Table 2
Effect of 2,4-D on E. coli hydrophobicity, adherence to erythrocytes and hemolysin activity

Partition index (%) HemagglutinationMedium Surface protein content Hemoglobin
titera releasebsupplement (mg/g dw)(xylene/water)

15.03�3.09Control 0.24�0.06 1.81�0.17 0.66�0.06
2,4-D 1 mMc 0.20�0.0412.55�3.05 1.81�0.17 0.66�0.10

0.12�0.04* 1.20�0.00*13.25�2.20 0.68�0.042,4-D 0.1 mM
2,4-D 1 mM 0.05�0.01**11.43�4.58 0.90�0.17** 0.64�0.02

dw, dry weight of the bacterial suspension. Data are means�standard deviations of three independent assays.
a Log inverse of the maximal dilution with visible agglutinates.
b OD540 supernatants/OD540 bacterial growths in broth, as described in Section 2.
c The herbicide was added after bacterial growth in a control medium.
* P�0.05.
** P�0.01.

renal tissue of mice after 2 days of inoculation,
demonstrating its rapid pyelonephritogenic capac-
ity.

The values of colony forming units (CFU) re-
covered from urine, bladder and kidneys of con-
trol and 2,4-D exposed animals were summarized
in Fig. 1. Although no difference was detected in
urine CFU/ml at 70 mg/kg bw exposure, the
effect of 2,4-D on recuperated CFU/organ was
significant at all herbicide concentrations in mice
bladders and kidneys. It is important to point out
that even though the lowest dose (2.6 mg/kg bw)
had little influence on bladders and urines, it had
a significant effect on kidneys homogenates de-
creasing colonization (Fig. 1C). When 25 mg/kg
bw doses were used, E. coli was isolated from
urines and bladders to a lesser extent than in
control mice, but no microorganisms were recov-
ered in the kidneys by our assay after the 5th day.
The dose of 70 mg/kg bw showed a particular
effect. While a very small number or no microor-
ganisms at all were recovered from bladders and
kidneys on the 2nd and 5th days respectively, on
the 9th day after the challenge the amount of E.
coli increased. This result revealed an induction of
the infection after the initial protection.

Fecal isolates tested were not infectious in the
urinary tract of mice (data not shown).

3.4. Antibodies titrate

Little specific serum response occurred prior to
5 days after bacterial challenge. Antibody levels

increased during the period comprised from 5th to
9th day in treated mice groups; but control group
levels persisted up to the 20th day. The main
decreases in antibody levels of treated groups,
compared with control group, were detected on
day 15 after E. coli inoculation. Interestingly,
antibodies increased to the same level than con-
trol group on day 20 when the treatment dose was
70 mg/kg bw (Table 3), again suggesting a recur-
rence phenomenon.

3.5. Histological modifications

In light of the renal alterations by the herbicide
described by other authors (Gorzinski et al.,
1987), we decided to investigate tissue damage.
The most severe histological modifications pro-
duced by 2,4-D in each group were summarized in
Table 4. In the animals only treated with 2.6 mg
2,4-D/kg bw (reference group) and in those later
challenged with E. coli (study group), the signifi-
cant histological modifications related to control
group were observed on the 20th day after bacte-
rial inoculation (which means after 22 days of
exposure to the toxic compound). There was MNs
interstitial infiltration around the vessels and cel-
lular desquamation into the tubules related to a
moderate pyelonephritis in three out of five mice
and four out of five mice, respectively. On the
contrary, histological examination of the control
group showed pyelitis (four out of four mice).

Kidneys were also modified with 25 mg 2,4-D/
kg bw treatment, but to a greater extent than with
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the lowest dose. Leukocytic infiltration and cellu-
lar desquamation into the tubules started on the
9th day and was enhanced by the 20th day when
cortical and medullar structures were altered. The
pyelonephritis was mild or moderate in most
animals.

In the mice exposed to 70 mg 2,4-D/kg bw and
challenged with E. coli, high MNs infiltration was
observed from the 5th day, and tubular necrosis
from the 15th day, when four out of six mice
showed severe pyelonephritis. On the 20th day,
tubular acidosis and necrosis in the proximal
tubules were detected in all animals examined.
The modifications produced by the administration
of 70 mg 2,4-D/kg bw (reference animals) were as
follows: from the 9th day (11th day of treatment)
the compound produced small areas of necrosis in
the cortex. These areas were formed by cellular
debris and increased cytoplasmic and nuclear al-
terations in tubules (Fig. 2A). In addition, on the
15th day a perivascular infiltrate of leukocytes
was observed (Fig. 2B).

Control mice showed pyelitis and a substantial
PMNs intraepithelial and subepithelial infiltrate.

Interestingly, it was observed that all animal
groups did not show histological modifications in
the bladder (in comparison with control mice)
according to the methodology applied to perform
the studies.

4. Discussion

One of the purposes of our investigation was to
determine if virulence factors detected in vitro in
an E. coli strain isolated from a human UTI,
could be reflected in a mouse ascending infection
model. Our results showed that the studied strain
had a pyelonephritogenic capability since it was
able to produce a kidney infection when inocu-
lated intra-urethrally to mice. Besides, it persisted
in the bladder, kidney and urine up to the 20th
day, according to Johnson et al. (1998), who
described that persistence over the 7th day after
challenge could distinguish pyelonephritogenic
from cystitogenic strains.

In this work, we also analyzed the effect of the
aromatic weak acid 2,4-D on the mouse UTI.
There were reports describing the influence of
several aromatic compounds—not structurally re-
lated to each other—on the adherence inhibition
of uropathogenic strains, all of them assayed ex-
clusively in vitro (Vosbeck et al., 1982; Falkowski
et al., 1986; Kunin et al., 1994). We performed
comparisons of the in vitro and in vivo effects of
the herbicide.

Knopp and Schiller (1992) determined that a
treatment of 2.6 mg/kg bw 2,4-D applied to rats
was representative of occupational exposure. This
compound, essentially unaltered, is mainly ex-

Table 3
Antibody anti-E. coli levels in mice serum

Days a Antibody level (log inv. dil.)b

Basal Control 2,4-D 2.6 mgc 2,4-D 25 mg 2,4-D 70 mg

0.70�0.170.90�0.300.70�0.17 1.10�0.172 0.60�0.30
5 1.91�0.17***0.50�0.30 1.81�0.17 1.71�0.17 1.50�0.00

nd 2.41�0.309 1.81�0.30 1.81�0.17 1.71�0.17*
nd 2.61�0.1715 1.61�0.17** 1.81�0.30* 1.71�0.17**

2.41�0.1720 0.50�0.17 2.11�0.17*** 1.61�0.17 1.41�0.17*

Data are means�standard deviations of values from four or six mice in each group. nd refers to not determined.
a Days after E. coli intra-urethral inoculation.
b Log inverse dilution of the last tube with visible agglutinates.
c Milligram per kg body weight daily supplied by oral administration.
* P�0.05.
** P�0.01 related to differences from the controls.
*** P�0.05 related to differences between control and basal values.
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Table 4
Histological modifications in kidneys of 2,4-D treated mice related to differences from the mice control group only inoculated with
E. coli

E. coli inoculation2,4-D dosesa Kidney histological modifications at the following time
(CFU/ml)(mg/kg bw)b

5th day 9th day 15th day 20th day

0 Pyelitis (3/5)c1×108 Pyelitis (3/5) Pyelitis (4/5) Pyelitis (4/4)
Normal Pyelitis (1/5) Pyelitis (4/5)0 Moderate2.6d

pyelonephritis (3/5)
1×108 Pyelitis (3/5) Pyelitis (3/6) Pyelitis (5/6) Moderate2.6e

pyelonephritis (4/5)
Pyelitis (3/5) Moderate1×108 Moderate25e Moderate

pyelonephritis (2/4) pyelonephritis (5/5)pyelonephritis (4/5)
Pyelitis (3/6) Severe70d Severe Severe pyelonephritis0

pyelonephritis (2/6) pyelonephritis (4/6) (6/6)
Moderate Severe pyelonephritisModerate Severe1×10870e

pyelonephritis (3/5)pyelonephritis (3/6) (6/6)pyelonephritis (4/6)

The 2,4-D sodium salt was administered orally every day. The bacterial suspension was inoculated as a single dose.
a 2,4-D oral administration was started 2 days before E. coli intra-urethral inoculation.
b Milligram of 2,4-D daily supplied per kg body weight.
c Number of mice with renal pathology/number of animals examined.
d Groups correspond to reference mice 2,4-D treated and non-inoculated with E. coli.
e Study groups.

creted by the renal route in treated mammalian
species (Sauerhoff et al., 1977; Erne, 1966). Be-
sides, in a toxicokinetic study performed in mice
dosed with single 2,4-D oral dosage, the urinary
clearence appeared to be a saturable process at
doses over 45 mg/kg bw (Eiseman, 1984). Sub-
chronic dietary studies in rats, given 60 mg/kg
bw/day and higher of 2,4-D, revealed treatment-
related cytoplasmic alterations in the renal proxi-
mal tubules (Gorzinski et al., 1987). Considering
these references, the doses 2.6, 25 and 70 mg/kg/
day were chosen as a wide range of exposure.

Interestingly, the largely different pattern of E.
coli CFU recovered in the organs of exposed mice
demonstrated the effectiveness of the aromatic
weak acid 2,4-D in the prevention of
pyelonephritis in vivo, except with 70 mg/kg bw,
when the renal tissue injury reached necrosis and
a reinfection was observed (Fig. 1). Different re-
sults were obtained with the lower doses, although
urine samples showed pathogens during the whole
exposure, 25 mg/kg bw 2,4-D was enough to
eliminate and significantly decrease E. coli from
the kidney and bladder, respectively, provoking

minor tisular damage. Besides, 2.6 mg/kg bw
largely reduced renal tissue colonization. We sug-
gest that the increased CFU number detected in
kidney after the first 5 days of 70 mg/kg bw
exposure could be related to 2,4-D saturated renal
clearance and tissue damage corresponding to
severe pyelonephritis. Accordingly, the levels of
anti-E. coli antibodies obtained from the different
groups of animals were lower on the 15th day of
treatment, but increased to the same level than
control group on the 20th day, when the exposure
was 70 mg/kg bw. Antibody titers were considered
significant over 1/250. These values were only
detected in the group control of infection and in
the last days of treatment with the highest dose.

The mechanism involved in the reduction of the
CFU number recovered from the kidneys of mice
treated with 2,4-D, could be a difficulty for the
microorganisms to adhere to the kidney, because
studies in vitro showed a decreased fimbriation in
uropathogenic strains (Balagué et al., 2001). On
the other side, the comparison of the results ob-
tained in vitro in our work revealed an important
decrease in the adherence to erythrocytes and in
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the surface proteins, while direct hemagglutina-
tion inhibition when 2,4-D was added to the assay
was not observed, suggesting any immediate inter-
ference with hydrophobic or specific lectin-like
interactions. These results agree with our previous
experiments and Kunin et al. (1994) studies with
salicylate, referred to P-fimbriation inhibition me-
diated by these compounds. We suggest that the
diminished bacterial ability to adhere to the ery-
throcyte specific receptor, also produced a signifi-
cant decrease on renal tissue colonization,
mediated by adherence to the same receptor (Gal
1–4 Gal) in the globoseries glycosphingolipids.

The herbicide concentrations assayed in vitro
represent an expected available range in the uri-
nary tract of exposed mice (Eiseman, 1984).

Growth rate, doubling time, OD in the stationary
phase, as well as hemolysin and hydrophobicity
were unaltered, even at the highest concentration
expected in the kidney (1 mM). On the contrary,
0.1 and 1 mM 2,4-D drastically reduced mannose-
resistant hemagglutination capacity and surface
protein content. From the results previously de-
scribed, it can be concluded that the reduced
fimbriation is directly responsible for the de-
creased pyelonephritogenic capability of E. coli, at
least until the 15th day after challenge, which is
the 17th day of 2.6 mg/kg bw 2,4-D exposure.
Later, the observed cortical mononuclear cell
(MN) infiltration might contribute to eliminate
the pathogen from the renal tissue. As this
infiltrate had a larger extent in high dose-treated
and infected animals than in infected animals, and
as the 2,4-D treatment alone induced MNs migra-
tion, these results suggest an additional induced
defense to the pathogen. While cellular inflamma-
tory response was enhanced by the herbicide,
serum antibody levels were correlated with bacte-
rial renal colonization, resulting in a diminished
serum immune response.

The phenomenon of uroepithelial shedding was
originally described in the bladder by Orikasa and
Hinman (1977), as involving dying and dead cells.
These authors suggested that epithelial desquama-
tion serves as a defense mechanism, since the
adhering bacteria are washed out together with
the cells. Later, other authors (Dalal et al., 1994)
observed epithelial shedding and rapid mobiliza-
tion of PMN cells into the bladder in mice treated
with hydrocortisone. This compound and moder-
ate stress protect female animals against E. coli
infection. Accordingly, renal tubular cellular
desquamation might also contribute to avoid the
kidney colonization, by decreasing the density of
fimbrial receptors in renal tissue. The histological
alterations observed were rather different from
those detected previously in Fischer rats by
Gorzinski et al. (1987). We detected similar ep-
ithelial cell degeneration of the renal proximal
tubules, but we also detected tubular necrosis and
acidosis instead of interstitial fibrosis. Tubular
injury was expected as the result of selective 2,4-D
accumulation in this segment due to its transport
by the organic anionic carriers (Orberg, 1980).

Fig. 2. Paraffin-embedded sections stained with hematoxylin
and eosin demonstrate histological modifications observed in
kidneys of the mice treated with 70 mg 2,4-D/kg bw after 11
(A) and 17 (B) days of treatment. A-1, 2 show cytoplasmic
alterations and cellular detritus in tubules; A-3 shows cellular
desquamation and tubular cells with protruding nucleus or
without them; and in B perivascular infiltration of leukocytes
is observed (A; magnification, ×40 and B; magnification,
×20).
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Several studies have shown that kidney cells can
produce local inflammatory mediators in response
to invading pathogens (Rugo et al., 1992; Wada et
al., 1994); our results showed that herbicide treat-
ment increased the inflammatory response, proba-
bly augmenting mediators release by tubular
cellular injury. Renal microscopic modifications
were enhanced with the highest 2,4-D dose used
and the treatment time, suggesting a dose–re-
sponse close relation.

The use of aromatic weak acids as therapeutic
agents to prevent infections of the urinary tract
must be obviously related to the balance between
benefits and adverse toxic effects. One important
conclusion of the present study is that accidental
exposure to 2,4-D in rural workers may have a
protective effect when they are exposed to very
low levels. These levels are highly-correlated with
i.e. the amount sprayed, the duration of the spray
operation, the hands washing after spraying, the
use of protective clothes and the days of exposure.
In addition, it must be considered that high doses
and several days of exposure had adverse effects
in renal tissue as severe as necrosis in this mouse
model. Probably the epidemiological studies that
associate herbicides exposure with renal infectious
inflammatory damage were due to the last kind of
exposure described.
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