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Trichomonas vaginalis secretes putrescine that is readily detected in vaginal secretions. We wanted to exam-
ine the effect of decreased putrescine synthesis by inhibition of ornithine decarboxylase (ODC) on T. vaginalis.
One reason is because inhibition of Tritrichomonas foetus ODC results in growth arrest, destruction of hydro-
genosomes, and decreased amounts of hydrogenosomal enzymes. Treatment of T. vaginalis T016 with >20 mM
1,4-diamino-2-butanone (DAB) to inhibit ODC resulted in growth arrest, which was reversed by addition of
exogenous putrescine. No similar reversal of growth arrest was achieved with the polyamines spermine or
spermidine or with iron. Electron microscopic examination of control versus DAB-treated trichomonads did
not reveal any adverse effects on the number and integrity of hydrogenosomes. Further, the adhesins AP65,
AP51, and AP33 mediating binding to immortalized vaginal epithelial cells (VECs) share identity to enzymes
of the hydrogenosome organelle, and there was no difference in amounts of adhesins between control versus
DAB-treated T. vaginalis parasites. Likewise, similar patterns and extent of fluorescence were evident for the
prominent AP65 adhesin. Surprisingly, DAB treatment increased by 4- to 20-fold above untreated trichomo-
nads handled identically the level of adherence mediated by adhesins. Interestingly, the enhanced attachment
to VECs was reversed by exogenous putrescine added to DAB-treated trichomonads. Equally noteworthy was
that DAB-treated T. vaginalis with enhanced adherence did not possess the previously reported ability to kill
host cells in a contact-dependent fashion mediated by cysteine proteinases, and total cysteine proteinase
activity patterns were identical between control and DAB-treated trichomonads. Overall, these data suggest
that polyamine metabolism and secreted putrescine are linked to host cell adherence and cytotoxicity.

The polyamines putrescine, spermine, and spermidine are
ubiquitous small cations found in almost all living species and
are essential for growth and function of normal cells (51).
Polyamines have multiple functions that include stabilization
of DNA, rRNA, and tRNA (28); association with acidic phos-
pholipids (47); and regulation of membrane-associated en-
zymes (47). Polyamines have been shown to also have free
radical scavenger properties (25), thus attributing an antioxi-
dant function to these molecules (25, 51). It has been suggested
that polyamines prevent glycation of proteins (25). More re-
cently, it has been shown that polyamines regulate apoptosis
(51). Indeed, it is now appreciated that polyamines are bivalent
regulators of cellular function and are involved in cell growth
and cell death depending on environmental cues (51).

Trichomonas vaginalis is the number one, nonviral sexually
transmitted disease that affects more than 250 million people
worldwide (52). Adverse consequences to women with tricho-
monosis include enhanced risk for human immunodeficiency
virus transmission, especially among minority communities,
thereby making this a health disparities disease (32, 48). Other
sequelae resulting from infection are cervical cancer (50) and
bad pregnancy outcomes (18). Unlike most eukaryotic cells,
T. vaginalis is unable to de novo synthesize spermine and ob-
tains this molecule from the host through an antiporter system
coupled to the secretion of two molecules of putrescine for

each molecule of spermine (57). T. vaginalis makes ornithine
by the arginine dihydrolase pathways, and this leads to the pro-
duction of ATP via carbamate kinase (53). Putrescine is syn-
thesized by the trichomonad enzyme ornithine decarboxylase
(ODC) (54, 55) and is present in large amounts in secretions of
patients (17). Upon cure of patients, amounts of putrescine
and other diamines in vaginal secretions were undetectable
and equal to that seen for normal women (17), suggesting that
parasites are the primary source of putrescine during infection.

Incorporated spermine is back-converted to spermidine in-
side the hydrogenosomes (57). The polyamine metabolism can
yield �10% of T. vaginalis’ energy during growth in a complex
medium, but the contribution in vivo of the arginine dihydro-
lase pathway to energy production may be greater (53). Finally,
the role of polyamines, especially that of secreted putrescine,
in trichomonad and/or host cell biology during infection and in
relation to parasite virulence and host pathogenesis is unclear
but would appear to require attention.

Inhibition of Tritrichomonas foetus ODC reduced the amounts
of putrescine, spermine, and spermidine (46). Not surprisingly,
this led directly to arrest of cell growth that was reversible
upon addition of putrescine (46). Remarkably, inhibition of
the Tritrichomonas foetus ODC induced destruction of the hy-
drogenosome organelles that are responsible for the oxidative
decarboxylation of pyruvate for energy generation (30, 37).
Key hydrogenosome enzymes were downregulated in expres-
sion, as evidenced by immunocytochemical experiments (46).
The present study reinforced the idea that the function of
hydrogenosome organelles was linked with polyamine metab-
olism. Indeed, the enzyme polyamine oxidase involved in poly-
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amine metabolism is found within the fraction enriched for
hydrogenosome (57).

It has been previously shown that polyamine synthesis in
T. vaginalis can be inhibited by polyamine analogues (16, 21,
40, 46, 53, 54, 56, 57) but, unlike Tritrichomonas foetus, the ef-
fects of inhibition on T. vaginalis properties, especially the
virulence attributes, remain undefined. These findings with
Tritrichomonas foetus are noteworthy with respect to T. vagi-
nalis biology for important reasons. The T. vaginalis adhesins
AP65, AP51, and AP33 share identity with the hydrogenosome
enzymes decarboxylating malic enzyme, �-succinyl coenzyme
A synthetase (�-SCS), and �-SCS, respectively (2–6, 9, 15, 20,
41). Therefore, if inhibition of T. vaginalis ODC also leads to
destruction of hydrogenosomes, it is possible that this would
decrease amounts of the adhesin-enzymes (AP65, AP51, and
AP33) that are compartmentalized outside the organelles and
placed on the parasite surface where the proteins have adhesin
function (24). We tested, therefore, whether inhibition of poly-
amine metabolism led to degradation of the T. vaginalis hydro-
genosomes, downregulated expression of the adhesin-enzymes,
and decreased adherence and contact-dependent cytotoxicity
(4, 13, 29) to immortalized vaginal epithelial cells (VECs). We
show here that similar to what was found with Tritrichomonas
foetus, the inhibition of polyamine metabolism led to arrest of
growth of T. vaginalis organisms. However, there was no evi-
dence of an adverse effect on the number and integrity of hy-
drogenosome organelles. We found an unexpected increased
level of adherence to VECs mediated by the adhesins and, in
contrast to earlier reports, a complete absence of contact-
dependent host cell killing previously attributable to cysteine
proteinases (11, 12, 26, 27). Our findings suggest an important
role for polyamine metabolism and the secretion of putrescine
in the biology of host parasitism by T. vaginalis, perhaps through
modulation of VEC adherence and tissue cytopathology.

MATERIALS AND METHODS

Parasite and host cells. T. vaginalis isolate T016 was grown at 37°C in Tryp-
ticase-yeast-maltose (TYM) medium supplemented with 10% heat-inactivated
horse serum, as described previously (19). Growth kinetic experiments were
performed with different concentrations of 1,4-diamino-2-butanone (DAB;
Sigma Chemical Co., Saint Louis, Mo.) added to the medium before inoculation
with parasites. Growth inhibition rescue experiments were performed by adding
40 mM exogenous putrescine, 50 �M spermine or 50 �M spermidine after 18 h
of growth in DAB (Fig. 1B). The amount of putrescine (Sigma) was based on
published reports on Tritrichomonas foetus (46), and �50 and �25 �M concen-
trations of spermine and spermidine, respectively, were toxic to the parasites as
well as to the viable host cells used in cytotoxicity assays described below. For
some experiments, TYM-horse serum medium was supplemented with 250 �M
ferrous ammonium sulfate (Sigma), and iron-depleted parasites were obtained
by cultivation in medium depleted of iron with 50 �M 2,2-dipyridyl (Sigma) (33,
34). Only mid-logarithmic-phase parasites were used throughout. Primary im-
mortalized MS-74 vaginal epithelial cells (VECs) have been used recently (24)
and were grown at 37°C in a 7.5% CO2 atmosphere in Dulbecco modified Eagle
medium (DMEM; Gibco/Invitrogen, Grand Island, N.Y.) supplemented with
10% heat-inactivated fetal bovine serum (24). These VECs were washed and
used in the absence of serum for both adherence and cytotoxicity assays de-
scribed below. For monitoring the numbers of organisms, parasites were enu-
merated by using a Neubauer hemocytometer chamber.

Transmission electron microscopy. Briefly and as before (6, 24), trichomonads
were fixed overnight at room temperature in 2.5% (vol/vol) glutaraldehyde
(Sigma) in 0.1 M cacodylate (Sigma) buffer (pH 7.2). The cells were then washed
twice in phosphate-buffered saline (PBS). Postfixation was performed for 30 min
in 1% OsO4 (Sigma) in cacodylate buffer containing 5 mM CaCl2 and 0.8%
potassium ferricyanide in the dark. Cells were washed in PBS, dehydrated in
acetone, and embedded in Epon. Ultrathin sections were stained with uranyl

acetate for 20 min and lead citrate for 5 min and observed in a JEOL 1210
electron microscope operating at 80 kV.

Cytotoxicity assay. Immortalized MS-74 VECs were seeded onto individual
wells of a MICROTEST 96 (Becton Dickinson, Franklin Lakes, N.J.) at an initial
cell density of 5 � 104 per well and grown overnight in DMEM–10% heat-
inactivated fetal bovine serum to form a confluent monolayer. Then, mid-loga-
rithmic-phase of growth parasites grown for 18 h in the presence or absence of
20 mM DAB were washed and suspended in DMEM-TYM (2:1 [vol/vol]) with-
out serum, and 2.5 � 105 trichomonads were added to each well of washed

FIG. 1. T. vaginalis growth is arrested by DAB, and putrescine
restores growth to DAB-treated parasites. (A) TYM-serum medium
was inoculated with mid-logarithmic-grown organisms at a density of
105 per ml in the presence of different concentrations of DAB, as
indicated in the insert. Numbers of organisms were enumerated at
different times of growth. (B) Trichomonads treated with 20 mM DAB
and grown as in panel A for 18 h were supplemented with or without
40 mM putrescine, 50 �M spermine, or 50 �M spermidine. (C) Tricho-
monads were grown in high (H)- or low (L)-iron medium in the ab-
sence (control H and L Fe) or presence of 20 mM DAB. In this case
the DAB-treated parasites were grown in normal medium (normal Fe)
or in a high-iron (H Fe) or low-iron (L Fe) medium, as indicated in the
inset and as detailed in Materials and Methods.
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VECs. After incubation for 2 h at 37°C in a CO2 incubator, the wells were washed
in cold PBS to remove parasites, and remaining VECs were fixed with 2% para-
formaldehyde and stained with 0.13% crystal violet. The extent of cell killing was
measured at an absorbance of 570-nm of solubilized dye, as detailed before (4, 10).

Substrate gel electrophoresis. A total of 107 parasites were solubilized in 1%
deoxycholate (12, 39), and protein equivalent to 4 � 104 trichomonads were
subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) (31) with 10% acrylamide copolymerized with 0.2% gelatin, as before
(39). After electrophoresis, the gel was incubated in 2.5% Triton X-100 for 45
min before the gel was placed overnight in activation buffer consisting of 100 mM
sodium acetate and 1 mM dithiothreitol (pH 4.5). The proteinase activity indi-
cated by the clear areas in the gel was visualized after the gel was stained with
Coomassie brilliant blue R-250 (39).

Adherence assay. T. vaginalis organisms at 18 h of growth were metabolically
labeled with calcein by using the Vybrant Cell Adhesion Assay Kit (Molecular
Probes, Eugene, Oreg.) for no less than 30 min according to the manufacturer’s
protocol. Then 4 � 105 parasites were added to confluent monolayers of 3%
glutaraldehyde-fixed MS-74 VECs (24) on individual wells of a Costar Stripwell
plate (Corning, Inc., Corning, N.Y.) 96-well microtiter plate. After 45 min of
incubation at 37°C, wells were washed with warm PBS. Attached cells were lysed
with 200 �l of 0.1% Triton X-100, and the extent of parasite binding was
obtained by measuring the fluorescence with the VersaFluor Fluorometer (Bio-
Rad Laboratories, Hercules, Calif.). Standard curves for both control and DAB-
treated cells were obtained to determine the number of attached cells, and
controls were always normalized to 100% for comparative purposes. Where
indicated in antibody inhibition experiments, assays were performed as described
by us earlier (24), and parasites were preincubated for 30 min with rabbit
anti-AP65 immunoglobulin G (IgG). This anti-AP65 IgG was used because
recent studies have shown this protein to be a prominent adhesin of T. vaginalis
(24, 38). For some experiments 40 mM putrescine prepared as a 1 M stock
solution in TYM without serum was added to labeled DAB-treated or untreated
organisms incubated for 30 min prior to addition to the MS-74 VEC monolayers.
Adherence experiments were also performed with organisms pretreated for 30
min with 1 mM TLCK (N�-p-tosyl-L-lysine chloromethyl ketone; Sigma), as we
have described previously (13).

Ligand assay and immunoblotting. Parasites grown in TYM-serum medium in
the presence or absence of 20 mM DAB for 18 h and numbering 2 � 107 were
lysed as previously described (14, 24, 34), and solubilized protein was incubated
overnight with 2 � 106 HeLa cells or MS-74 VECs fixed with 3% glutaraldehyde
(24). HeLa cell-bound trichomonad proteins were released by boiling and sub-
jected to SDS-polyacrylamide gel electrophoresis (PAGE) as described above.
Proteins was blotted onto nitrocellulose by using a Trans-Blot Semi-Dry System
(Bio-Rad), and membranes probed with monoclonal antibodies (MAbs) 12G4
and F5-2 to the trichomonad adhesins AP65 and AP33, respectively (20, 21, 24).
For total protein immunoblots in experiments involving iron, proteins were
precipitated with 10% trichloroacetic acid (3); protein samples equivalent to 7.5
� 105 parasites were electrophoresed, and gels were stained for visualization.
Duplicate samples were electrophoresed and blotted. The ligand assay and
immunoblotting were also performed with enriched membrane preparations of
control, untreated and DAB-treated parasites. Membranes were derived from
8 � 109 parasites exactly as described by us before (1). Membranes were solu-
bilized under the same conditions as organisms for the ligand assay, and 4 � 107

cell equivalents were electrophoresed for immunoblotting experiments.
Fluorescence detection of AP65. Fluorescence was performed with control,

untreated and 20 mM DAB-treated parasites grown in high-iron medium. A total
of 2 ml containing 2 � 105 trichomonads in high-iron medium with serum was
added to individual wells of 24-well plates with round glass coverslips. After 21 h
of growth at 37°C, wells were washed twice with PBS, followed by fixation for 1 h
at room temperature of trichomonads attached to the glass coverslips with 500 �l
of 4% paraformaldehyde containing 0.25% glutaraldehyde (both from Sigma).
Coverslips were then washed twice in PBS and treated with 1 mg of sodium
bromohydrate (Sigma)/ml in PBS for 10 min. After blocking for 1 h at room
temperature with 50 mM glycine plus 1% bovine serum albumin in PBS, para-
sites were again washed in PBS prior to adding 250 �l containing a 1:100 dilution
of hybridoma supernatant with MAb 12G4 to AP65 prepared in 1% horse serum
in PBS. After overnight incubation at 4°C, wells were washed twice and allowed
to dry. The secondary fluorescein isothiocyanate-conjugated goat anti-mouse
IgG (Sigma) diluted 1:100 in 1% horse serum in PBS was added, and coverslips
were incubated for 90 min at 37°C. Coverslips were finally washed in distilled,
deionized water prior to examination by fluorescence microscopy.

RESULTS

DAB arrests T. vaginalis growth that is reversed by exoge-
nous putrescine. Tritrichomonas foetus treated with 20 mM
DAB reduced by �90% the amounts of intracellular putres-
cine and arrested parasite growth (46). In order to establish the
effects of DAB on T. vaginalis isolate T016, we first examined
different amounts of DAB on parasite growth kinetics. As seen
in Fig. 1A, there was a concentration-dependent inhibition of
growth. Complete growth arrest was seen at 100 mM DAB, but
amounts of �50 mM at times affected overall parasite motility
and viability. The concentration of 20 mM DAB was chosen for
subsequent experiments since 100% of the organisms retained
motility, and after 18 h of growth in DAB, trichomonads could
be rescued by addition to the culture medium of 40 mM pu-
trescine, as seen in Fig. 1B. No similar reversal of growth
inhibition was achieved by the addition of spermine or sper-
midine, two polyamines that are a part of polyamine metabo-
lism of and taken up by T. vaginalis (53). Importantly, 40 mM
DAB was needed for growth inhibition similar to that seen for
isolate T016 for other fresh clinical isolates, showing that op-
timization is required for other isolates for similar studies.

We also monitored the growth of DAB-treated organisms in
iron-replete and iron-restricted medium. Not unexpectedly,
high-iron parasites had elevated cell numbers, and low-iron

FIG. 2. Transmission electron microscopy showing comparative
thin sections and ultrastructure of control (A and B) versus 20 mM
DAB-treated (C and D) T. vaginalis isolate T016. The hydrogeno-
somes (H), axostyle (A), and nucleus (N) are readily visible as indi-
cated. All of the structures present a normal appearance. A higher
magnification of T. vaginalis to visualize hydrogenosomes in routine
preparations is shown in panels B and D. Notice the normal appear-
ance of all cell structures, including the hydrogenosomes (H), in the
DAB-treated organisms (C and D), although, on occasion, there were
electron-dense spots in the hydrogenosomal matrix (panel D, arrow).
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trichomonads had lower levels of growth similar to DAB-
treated organisms in normal medium (Fig. 1C). High-iron
DAB-treated parasites did not have an increased rate of
growth above that of DAB-treated organisms, suggesting that,
regardless of the iron status, intact polyamine metabolism is
required for optimal growth by T. vaginalis.

DAB has no effect on hydrogenosomes and on the amounts
of T. vaginalis adhesins. Since DAB inhibition of ODC of
Tritrichomonas foetus destroyed hydrogenosomes, it was im-
portant to examine whether the decreased cell growth seen in
DAB-treated T. vaginalis resulted from damage to hydrogeno-
somes. The integrity of T. vaginalis hydrogenosomes was visu-
alized by transmission electron microscopy (Fig. 2). No sig-
nificant changes were observed in the overall architecture of
treated (Fig. 2C) versus control (Fig. 2A) trichomonads. Like-
wise, the number and nature of hydrogenosomes were similar
regardless of treatment (Fig. 2B and D). This suggests that
inhibition of polyamine metabolism in T. vaginalis has different
consequences from that seen for Tritrichomonas foetus (46).

We next wanted to determine whether DAB treatment af-
fected synthesis of the T. vaginalis AP65, AP51, and AP33 ad-
hesins that are also enzymes of hydrogenosomes (2, 20, 41).
SDS-PAGE and immunoblots of HeLa cell-binding proteins of
a ligand assay were probed with the MAb 12G4 to AP65 and
MAb F5.2 to AP33 (Fig. 3A2) and, as can be seen, almost

identical amounts of protein bands were detected for equiva-
lent numbers of control (lane C) and DAB-treated (lane DAB)
parasites. The multiple banding in the AP33 area (Fig. 3A2) is
the result of protease digestion of this adhesin, as shown pre-
viously (21). The stained duplicate gel (Fig. 3A1) also has the
proteins AP51 and AP23 in addition to AP65 and AP33 (14,
34). Further, a ligand assay, followed by SDS-PAGE and im-
munoblotting, was performed by using enriched membranes
from control (untreated) and 20 mM DAB-treated parasites.
Blots with MAb 12G4 gave identical intensities of protein
bands (Fig. 3A3). Identical results were obtained with the im-
mortalized MS-74 VECs used in the ligand assay as described
previously (24). Finally, we performed total protein immuno-
blotting with the same MAbs of T. vaginalis organisms grown in
iron-replete or normal medium in the presence or absence of
DAB. Not unexpectedly, higher amounts of the adhesins were
seen for both the control and DAB-treated trichomonads
grown in iron-replete medium compared to the normal grown
organisms (data not shown). Here, too, no difference in the
amounts of adhesins was seen between control and DAB-
treated parasites. These results indicate that inhibition of poly-
amine metabolism has no effect on the upregulation by iron of
transcription and translation of the adhesin genes.

Finally, immunofluorescence experiments (Fig. 3B) with
MAb 12G4 to AP65 (24) showed identical intensity of sig-

FIG. 3. Trichomonads treated with 20 mM DAB express identical amounts of adhesins as control, untreated parasites. (A) Panel A2 shows
immunoblots of a HeLa cell-binding proteins from a ligand assay (Materials and Methods) with AP65 and AP33 detected with MAbs 12G4 and
F5.2, respectively (21, 24). The left panel (A1) has duplicate Coomassie brilliant blue-stained gels after the ligand assay as in the right panel and
shows the other two AP51 and AP23 adhesins (14, 34). Multiple bands for AP33 in panel A2 are due to partial degradation by the trichomonad
cysteine proteinases, as described previously (21). Panel A3 shows immunoblot results for AP65 as in A2 of a ligand assay performed by using
enriched membranes from identical cell equivalents of control, untreated and 20 mM DAB-treated parasites. (B) Immunofluorescence was
performed with nonpermeabilized trichomonads with MAb 12G4, which reacts with surface AP65, as demonstrated recently (24, 38). No
fluorescence was obtained in the absence of anti-AP65 MAb but in the presence of fluorescein-conjugated secondary goat anti-mouse IgG, as
shown in the far right panel. The inset (bottom right) in the far right panel shows the bright-field microscopy picture of the cells used in the
secondary antibody control.
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nals for both control (untreated) organisms and 20 mM DAB-
treated trichomonads, reaffirming the presence of equal amounts
of AP65 regardless of inhibition of polyamine synthesis. No
fluorescence was obtained in control experiments without the
anti-AP65 MAbs.

Inhibition of polyamine metabolism enhances adherence
mediated by adhesins of T. vaginalis to MS-74 VECs. Since
DAB-treated and control, untreated organisms had identical
amounts and functional host cell binding adhesins, we next
performed a typical adherence assay to measure the levels of
parasite binding to host cells. To our surprise, treatment with
20 mM DAB enhanced adherence to the immortalized human
MS-74 VECs by ca. 4- to 20-fold, as shown in two representa-
tive experiments (Fig. 4A and B, respectively). The increase in
adherence was reproducible but varied among experiments.
Since AP65 has been recently determined to be a prominent
adhesin (24), additional adherence assays were done with du-
plicate DAB-treated parasites pretreated with rabbit anti-
AP65 IgG and NRS IgG antibodies. Figure 4C illustrates an-

other representative experiment with triplicate samples. The
data are presented as the number of parasites bound to the
VEC monolayer for statistical analysis. The asterisk indicates
that the inhibition by rabbit anti-AP65 IgG antibody was sig-
nificant (P � 0.001) for both control, untreated and 20 mM
DAB-treated organisms. As shown for the DAB experiment
(right side), there was no inhibition of adherence with the NRS
IgG control antibody, and NRS was without effect in the con-
trol parasites (not shown). The insert illustrates the percent
adherence levels between control, untreated (	) versus anti-
body-treated (�) trichomonads to better show the extent of
inhibition by antibody. As expected based on our earlier study
(24, 38), the anti-AP65 antibodies decreased levels of parasites
bound to VECs, indicating that the enhanced adherence in
DAB-treated parasites was still mediated by the adhesins.

Exogenous putrescine reverses the enhanced adherence of
DAB treatment. It was of interest whether the addition of 40
mM putrescine to DAB-treated trichomonads used to rescue
growth arrest had an effect on the elevated levels of adherence.

FIG. 4. (A and B) Two representative experiments of comparative adherence assays of 20 mM DAB-treated versus control, untreated
T. vaginalis handled identically. The adherence assay was performed as described in Materials and Methods. Parasites treated with 20 mM DAB
(gray bars) showed �4-fold (A)- to 20-fold (B)-increased levels of adherence compared to control, untreated parasites (open bars). Inhibition of
adherence was achieved by addition of 50 �g of rabbit anti-AP65 IgG (Ab, hatched bars) to 20 mM DAB-treated trichomonads prior to addition
to host cell monolayers. Each graph represents the average from quintuplet samples in respective experiments. The controls were normalized to
100% for comparison. The value for adherence in the samples in each experiment did not vary by �5% of the average. (C) Data from a
representative experiment with triplicate samples. The data are presented as the number of parasites bound to the VEC monolayer for statistical
analysis. The asterisk indicates that the inhibition by rabbit anti-AP65 IgG antibody (75 �g) was significant (P � 0.001) for both control, untreated
and 20 mM DAB-treated organisms. NRS refers to normal rabbit serum used identically in inhibition experiments performed simultaneously and,
as shown for the DAB experiment (right side), there was no inhibition of adherence. In separate adherence experiments not shown here, NRS was
without effect in the control parasites. The inset illustrates the percent adherence levels between control, untreated (	) versus antibody-treated
(�) trichomonads, and results were normalized to 100% for control organisms for comparison. Ab, antibody.
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Indeed, as indicated in Fig. 5, exogenous putrescine (40 mM)
pretreatment of DAB-treated organisms prior to the adher-
ence assay decreased levels of adherence. No similar effect was
evident upon pretreatment of the VECs (data not shown).
These results reinforce the notion that polyamine metabolism
and secretion of putrescine affects the true levels of VEC
recognition and binding as a consequence of deficient pu-
trescine production. Further, the data suggest that the de-
creased adherence results from putrescine interacting with the
parasite and not the host cell surface.

Proteinase activity is unnecessary for adherence by DAB-
treated parasites. Earlier we showed that cysteine proteinase
activity was required for optimal adherence to epithelial cells
(13, 26, 36). Therefore, it was important to determine whether
proteinase activity was again necessary for adherence by DAB-
treated trichomonads. As seen in Fig. 6, only a slight decrease
by �20% in adherence was evident in DAB-treated organisms
incubated with 1 mM TLCK (gray bars labeled 20 mM DAB).
In contrast, �70% inhibition of adherence was seen in control
parasites without DAB incubated with TLCK (clear bars la-
beled Control), as before (13), which was statistically signifi-
cant (asterisk, P � 0.001). The inset graph is included to better
illustrate the extent of inhibition of adherence by TLCK-
treated control parasites. These data suggest that there is a
diminished role for proteinase activity in the absence of poly-
amine metabolism and putrescine secretion.

DAB treatment inhibits contact-dependent cytotoxicity. We
next reasoned that the rate and extent of contact-dependent
host cell killing as described before (10, 12, 27, 29) and medi-
ated by cysteine proteinases would be augmented in the DAB-
treated organisms with elevated adherence levels. The results
of Fig. 7A show the dramatic 90% decreased level of killing of
MS-74 VECs for the DAB-treated (column D) compared to
control, untreated trichomonads (column C). Altering the ra-
tio of untreated to DAB-treated parasites (columns C/D) in
the suspension added to VEC monolayers showed decreasing

levels of cytotoxicity with increasing numbers of DAB-treated
parasites. Lastly, the addition of exogenous putrescine to the
parasite suspension prior to addition to VECs had no effect in
elevating cytotoxicity levels (Fig. 7B). However, both spermine
and spermidine at sublethal concentrations (�50 and 25 �M,
respectively) did produce some increased killing of VECs.
Greater amounts of spermine and spermidine were toxic to
both parasite and MS-74 VECs. These data suggest that a fully
functional polyamine metabolism is required for optimal host
cytotoxicity.

Cysteine proteinase patterns remain unchanged by DAB.
Given the absence of cytotoxicity, we tested for qualitative and
quantitative differences in patterns of cysteine proteinases af-
ter inhibition of polyamine synthesis. One dimensional SDS-
PAGE with gelatin copolymerized with acrylamide as a sub-
strate gave no detectable changes in the overall expression
pattern and activity as shown in Fig. 8. The arrows point to the
electrophoretic mobilities of proteinase activities reported to
be involved in cytotoxicity (11, 12, 27).

DISCUSSION

The polyamines putrescine, spermine, and spermidine are
ubiquitous small positively charged molecules important for
cell growth and differentiation (51). Unlike most eukaryotic
cells, T. vaginalis lacks de novo synthesis of and is dependent
upon the host for spermine, which is then back-converted to
spermidine (57). Although trichomonad polyamine metabo-
lism and adverse effects of inhibition of ODC in Tritrichomonas

FIG. 5. Two representative experiments showing a return to de-
creased levels of adherence of the 20 mM DAB-treated trichomonads
supplemented with 40 mM putrescine. The 20 mM DAB-treated par-
asites were preincubated with 40 mM putrescine (bar labeled DAB�
Put) before addition to cell monolayers in the adherence assay. The
open bars represent control, untreated trichomonads normalized to
100% for comparison. The shaded bars represent 20 mM DAB-treated
parasites (labeled DAB), and hatched bars represent of 20 mM DAB-
treated organisms supplemented with 40 mM putrescine (DAB�Put).
Each graph represents the average from quintuplet samples in respec-
tive experiments. Statistical analysis showed that the individual sam-
ples did not vary �5% from the average.

FIG. 6. Representative experiment with quintuplicate samples
showing that cysteine proteinases are not required for adherence of 20
mM DAB-treated (shaded bars labeled DAB) versus control, un-
treated (open bars labeled control) trichomonads. The data are pre-
sented as numbers of trichomonads bound to VECs for statistical
analysis, along with error bars. The inset shows results for the control,
untreated parasites as the percent adherence to better illustrate the
extent of decrease in adherence by TLCK-treated organisms, and
results were normalized to 100% for control organisms for comparison
as was done in Fig. 4C. A 1 mM TLCK pretreatment of control
parasites inhibited adherence by �70% (�) and by �20% in 20 mM
DAB-treated organisms (u). In this experiment, 20 mM DAB treat-
ment resulted in an �9-fold increase in the level of adherence com-
pared to control, untreated trichomonads.
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foetus have been characterized (46), this area of investigation
for T. vaginalis is lacking and was the focus of our investigation.
We wanted to determine for T. vaginalis if decreased amounts
of putrescine by inhibition of ODC affected hydrogenosomes
(46) and properties associated with little or no production of
hydrogenosome proteins, as recently demonstrated for the
nonadherent, drug-resistant MR100 trichomonads (24).

Growth arrest by treatment of T. vaginalis with DAB to
inhibit ODC (46) was the only property that was affected and
in common with Tritrichomonas foetus inhibition of polyamine
metabolism. Polyamines modulate iron uptake in mammalian
cells through the formation of polyamine-iron complexes in-
corporated via the polyamine transport system (22). However,
the addition of spermine and spermidine to iron-replete me-
dium of DAB-treated trichomonads (Fig. 1C) failed to restore
growth (data not shown). Further and as expected (8, 14, 34),
growth-arrested, DAB-treated parasites placed in iron-replete
medium increased the amounts of adhesins as detected by
MAbs in immunoblots. This suggests that transcription and
translation of the adhesin genes per se is unlinked to poly-
amine metabolism essential for growth of T. vaginalis (33).
These data also suggest that products of polyamine metabolism
are not involved in any way in the uptake of iron and in
iron-mediated upregulation of expression of adhesins (34). No
change was observed in the synthesis of the adhesins that have
identity to hydrogenosomes enzymes, as evidenced by the
amount of protein bound to host cells in a ligand assay. Both
stained total proteins and immunoblots gave similar if not
identical amounts of adhesins (Fig. 3). Likewise, the patterns
and extent of fluorescence on the surface were similar between
control, untreated and DAB-treated parasites (Fig. 3).

In contrast to Tritrichomonas foetus inhibition of putrescine
synthesis, there was no obvious deleterious effect on T. vagi-
nalis hydrogenosomes (Fig. 2). Further, it would appear that
polyamines are not involved in modulating protein expression
of T. vaginalis organisms, as has been shown for mammalian
cells (28, 49). It was remarkable and unexpected that DAB
inhibition of ODC increased levels of adherence up to 20-fold

(Fig. 4 and 5) while simultaneously lacking previously de-
scribed contact-dependent killing of host cells (Fig. 7). The
fact that pretreatment of DAB-treated parasites with poly-
clonal rabbit antibody to AP65, a prominent adhesin (24, 38),
decreased adherence (Fig. 4) suggests strongly the involvement
of adhesins in the increased ability to bind host cells. Likewise,
that exogenous putrescine added to DAB-treated organisms
immediately lowered adherence more in line with the un-
treated, control trichomonads (Fig. 5) indicates a direct in-
volvement of putrescine with the T. vaginalis surface. Remark-
ably, the addition of both putrescine and anti-AP65 antibody to

FIG. 7. Contact-dependent cytotoxicity of levels of immortalized human MS-74 VECs by T. vaginalis. (A) Cytotoxicity results using different
ratios of untreated and 20 mM DAB-treated parasites (columns C/D). The results were compared to the control, untreated (100/0, column C) and
20 mM DAB-treated (0/100, column D) organisms. The results are averages of three experiments, each with seven samples. (B) Results obtained
with 20 mM DAB–treated parasites supplemented with millimolar amounts of putrescine (Put) and micromolar amounts of spermine (Sp) and
spermidine (Sd). The numbers underneath the bars represent the amounts added. The cytotoxicity levels were compared to those of the control,
untreated (column C) and 20 mM DAB-treated (column D) organisms, and the controls were normalized to 100% for comparison. The results
are the average of three experiments, each with seven samples.

FIG. 8. One-dimensional substrate SDS-PAGE analysis of T. vagi-
nalis T016 grown in the absence (lane C) or presence (lane DAB) of 20
mM DAB. Clear regions of the gel represent proteinase digestion of
gelatin as substrate copolymerized with acrylamide. Arrows indicate
two regions of proteinase activity shown to be involved in contact-
dependent cytotoxicity (11, 12, 27).
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DAB-treated organisms produced no enhanced decreased ad-
herence compared to putrescine alone (Fig. 5). Although we
do not know exactly the reason for this, it is likely that the
amount of putrescine (40 mM) is in excess, and upon imme-
diate coating of the parasite surface there is diminished acces-
sibility by antibody to the adhesins. The amount of putrescine
that was used in these experiments was chosen to be consistent
with the experiments performed in Fig. 5 and because this was
the amount that rescued the parasites in growth experiments
(Fig. 1B). It is conceivable, therefore, that in vivo the secreted
putrescine may coat the parasite surface, thereby further at-
tracting host macromolecules, the net result of which is mask-
ing adhesins for VEC recognition. These data may indicate
that during infection, trichomonads are in effect less efficient
at target cell attachment, albeit retaining the ability to be
cytotoxic. The advantage that this affords to the survival of the
parasite is discussed below.

At physiological pH, polyamines are referred to as super-
cations (51). Thus, at the pH range of 4.0 to 7.0 of women in-
fected with T. vaginalis (7), polyamines such as putrescine and
spermine, which are transported from the host secretions, like-
ly readily bind to the trichomonal surface, and this may pro-
mote the uptake of spermine through the antiporter (53, 57).
Indeed, intracellular spermine is concentrated against a con-
centration gradient (53), which would be facilitated through
polyamine interactions with the parasite surface. A consequence
of putrescine and spermine on parasites may also be the bind-
ing of host macromolecules present in vaginal secretions, fur-
ther coating the parasite surface. This may account for the
ability of trichomonads to coat the surface with numerous
loosely and avidly associated host proteins, as has been dem-
onstrated previously by us (43–45). Equally noteworthy is the
fact that a trichomonad cysteine proteinase activity is required
for optimal adherence to epithelial cells (13). This earlier re-
port established that proteinase action upon the parasite, but
not host cell, surface increased adherence, and it was hypoth-
esized that the proteinase was required for unmasking of the
adhesins for more efficient epithelial cell recognition. The idea
that polyamines on T. vaginalis promote host protein coating,
therefore, has merit and would be consistent with a recent
study showing that MAbs to a 62-kDa proteinase decrease
parasite adherence to epithelial cells (26), possibly by blocking
the unmasking of host proteins covering the adhesins. This
notion is further reinforced by the fact that proteinase activity
is not required for optimal adherence in DAB-treated para-
sites, since inhibition of proteinases with TLCK had a minimal
effect on adherence compared to control organisms, as shown
in Fig. 6 and previously by us (13).

As mentioned above, equally noteworthy was the inhibition
of cytotoxicity mediated by adherence (10, 12, 29). Interest-
ingly, previous work showed decreased cytotoxicity in T. vagi-
nalis treated with �-difluoromethylornithine, another ODC
inhibitor, but the precise mechanism was undefined (16).
Numerous reports have shown a role for the trichomonad
cysteine proteinases in killing host cells (11, 12, 27). The ab-
sence of qualitative and quantitative differences in the complex
proteinase patterns (Fig. 8), including the proteinases with
electrophoretic mobilities purported to be involved in cyto-
toxicity (11, 12, 27), questions whether the proteinases play a
direct role in cell killing. One possible explanation for these

results is that other unknown cidal factors linked to polyamine
metabolism and that require proteinase processing are not
being synthesized in DAB-treated parasites. Importantly, the
secretion of putrescine in concert with the presence of protein-
ases has been found to be prerequisite for efficient mucolytic
activity, a property that may be required for parasite penetra-
tion of mucus for colonization of the epithelium (35, 42). Thus,
this finding shows that putrescine and proteinase(s) together
through an unknown mechanism may be required for cytotox-
icity but not for adherence. This observation on the absence of
cytotoxicity, despite the synthesis of the trichomonad protein-
ases and elevated adherence, may now allow us to develop
alternative strategies to examine for the factors induced by
polyamine metabolism that directly lead to host cytopathology.

To our knowledge, we show for the first time that polyamine
metabolism of T. vaginalis is directly linked to the capacity of
the parasite to adhere and kill VECs. We present evidence for
the association between polyamine metabolism, particularly
putrescine synthesis and secretion, and less efficient VEC bind-
ing, which, paradoxically, allows for contact-dependent host
cell killing (10, 29) for nutrient acquisition (43–45). The greatly
increased levels of adherence achieved by abolishing pu-
trescine synthesis would clearly not be favorable to survival of
the parasite in vivo, since this might produce a more vigorous
host response that would limit infection. Spermine acquisition
requires putrescine synthesis and secretion into vaginal fluids
in order to have intact polyamine metabolism. In this way, the
ability to lyse host cells, albeit with less-than-optimal adher-
ence, is complemented, and among the many nutrients avail-
able through host cell lysis may be spermine. Indeed, spermine
concentrations in women undergo distinct cyclic changes dur-
ing the menstrual cycle (23), necessitating a mechanism for
spermine acquisition that relies on the cytotoxic ability at the
expense of better adherence. Altogether, this complex, orches-
trated interactions between polyamines, host proteins, and
macromolecules, and the parasite surface permits successful
host parasitism that in turn ensures the non-self-limiting na-
ture of infection. In conclusion, future research targeting poly-
amine metabolism of T. vaginalis for increasing our knowledge
of trichomonal virulence and pathogenesis and for develop-
ment of novel chemotherapeutics should receive increased at-
tention.
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