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Giardia lamblia trophozoites were killed in vitro by 1% fresh human milk in the presence of bile. A similar
effect was achieved in the absence of bile with milk which had been stored for at least 24 h at 6C. This killing
activity was found to be caused by unsaturated fatty acids. Depending on their chain length and the number
of double bonds, the concentrations of unsaturated fatty acids required for a 50% killing effect varied between
15 and 36 ,M. The saturated palmitic and stearic acids, as well as various substances related to fatty acids,
showed only a slight killing effect. Bile enhanced and serum suppressed the action of fatty acids on the
protozoan parasite. The possible site of interference of unsaturated fatty acids within G. lambiw and the
reasons for the obvious inefficacy of dietary fatty acids in giardiasis are discussed.

Giardia lamblia (synonym, Giardia intestinalis) is a
binucleate flagellate and aerotolerant protozoan parasite
which belongs to the order Diplomonadia. Infection of
humans and mammals with G. lamblia is widespread, and
the spectrum of manifestations ranges from asymptomatic
passage of cysts to various forms of diarrhea with
malabsorption (10). Infection of humans and animals alike
with G. lamblia follows the ingestion of cysts from contam-
inated water or food (7, 8). After the ingestion of cysts,
excystation occurs in an acidic environment, readily pro-
vided by the stomach. Subsequently, the trophozoites colo-
nize the proximal small intestine, where they are exposed to
digestive enzymes (i.e., pancreatic lipase), bile (which stim-
ulates growth in vitro [18]), and nutrients.

Recently, Gillin et al. (12, 13) reported a parasiticidal
effect of human milk on G. lamblia and suggested that the
bile salt-stimulated lipase (BSSL) from milk was required for
the killing effect. Results of this study provide evidence
indicating that human milk-dependent killing of G. lamblia is
caused by long-chain unsaturated fatty acids contained in the
lipid fraction of milk.

MATERIALS AND METHODS

Microorganism. Trophozoites of G. lamblia WB (ATCC
30957) were cultured at 37°C in filter-sterilized TYI-S-33
medium (9), as modified by Keister (18). After 72 h ofgrowth
trophozoites were harvested by centrifugation for 10 min at
200 x g and washed twice in 8 mM potassium phosphate (pH
7.2) containing 0.85% NaCl.
Milk samples. Fresh bovine milk was obtained from the

Institut fur Zuchthygiene, University of Zurich. The fresh
human milk was obtained from the Neonatology Unit, Uni-
versity Hospital Zurich, and originated from 14 different
women between 23 and 35 years of age and from 1 to 40 days
postpartum. The samples were used either immediately or
after storage at 25, 6, -25, and -70°C.

Chemicals. Palmitic acid (hexadecanoic acid; C16:0),
stearic acid (octadecanoic acid; C18:0), oleic acid (cis-9-
octadecenoic acid; C18:1), linoleic acid (cis-9-cis-12-
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octadecadienoic acid; C18;2), linolenic acid (cis-9-cis-12-cis-
15-octa-decatrienoic acid; C18:3), elaidic acid (trans-9-
octadecenoic acid), oleyl alcohol (cis-9-octadecen-1-ol),
methyl oleat (methyl-cis-9-octadecenoate), ethyllinoleate
(ethyl-cis-9-cis-12-cis-15-octadecatrienoate), and (+)-ax-
tocopherol were purchased from Fluka, Buchs, Switzerland,
and were of the highest available purity. Bile (bovine bile
B-8381), a mixture of free and conjugated bile acids, was
obtained from Sigma Chemical Co., St. Louis, Mo.

Determination of fatty acids in milk samples. Free fatty
acids in fresh and stored human milk were extracted by a
modified method of Folch (19) with the following solvent
system: CHCl3-CH30H (2:1 [vol/vol]). The fatty acids were
determinated quantitatively as the methyl esters by gas
chromatography.

Susceptibility test. The protozoans were suspended in the
culture medium, but without bile and serum, and adjusted to
a cell density of 6 x 105 to 8 x 105 per ml. All experiments
were initiated by the addition of either milk or fatty acids to
test tubes containing 1 ml of parasite suspension and other
test substances appropriately diluted with the culture me-
dium described above. The final assay volume was 1.5 ml,
containing 4 x 105 to 6 x 105 trophozoites per ml. The fatty
acids and related compounds were tested at the following
concentrations (in nanomoles per milliliter [micromolar]): 2,
5, 10, 20, 30, 40, 50, 100, 150, 200, 250, 300, 400, 500, 1,000.
Control incubations lacking milk, fatty acids, and other test
components were included in each experiment. The test
tubes were mixed carefully by inversion and then incubated
for 3 h at 37°C. Unless otherwise indicated, the experiments
were terminated by chilling the tubes on ice for 15 min. The
numbers of living Giardia cells in untreated controls (at least
five per experiment) and in treated samples were determined
by microscopic counting of the motile organisms in a
Neubauer hematocytometer. Dead trophozoites, if visible,
could be easily recognized as immobile cells which were
accompanied by swelling and discharge of cytoplasmic com-
ponents. Survival was expressed as the average percentage
of living organisms in treated cultures in relation to untreated
ones. These controls contained 4 x 105 to 6 x 105 cells and
were taken as a 100% reference. Each experiment was
repeated three to six times.
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TABLE 1. Effect of human milk on G. lamblia trophozoites
in vitro

% final concn of
test medium

Expt Preincubation of milk supplemented % trophozoite
with: survivala

Milk Bile Serum

A Control, none 0 0 0 100 (25)
1 0 0 96(25)
5 0 0 88(3)
1 0 10 98 (25)
1 0.05 0 0 (25)
1 0.05 10 98 (25)

B Incubation, 3 min, 80'C 1 0 0 95 (5)
1 0 10 98(5)
1 0.05 0 95 (5)
1 0.05 10 97 (5)

C Incubation, 3 h, 37°C, mixed 1 0 0 99 (5)
with supplements 1 0 10 100 (5)

1 0.05 0 0 (5)
1 0.05 10 8 (5)

D Incubation, 3 min, 80°C, and 1 0 0 99 (5)
then 3 h, 37°C, mixed 1 0 10 100 (5)
with supplements 1 0.05 0 96 (5)

1 0.05 10 98 (5)

aNumber of experiments is given in parentheses; standard deviation was
always less than 20%.

RESULTS

A very slight G. lamblia-cidal effect was observed when
the trophozoites were incubated in the presence of 5% fresh
human milk, whereas 1% was essentially ineffective (Table
1, experiment A). In the presence of bile, however, supple-
mentation of the test samples with 1% fresh human milk
resulted in complete killing of the Giardia population (exper-
iment A). This effect was abolished by the addition of serum.
No lethal effect was found when the organisms were incu-
bated in the presence of bile and milk which previously had
been inactivated for 3 min at 80°C (Table 1, experiments B
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TABLE 2. Influence of storage on the concentration of fatty
acids in human milk and the consequences for G. lamblia

Total Distribution of
Storage fatty unsaturated fatty acids Concn of
time (h) acids in (~LM) ustred Effect on

at 60C milk fatty acids G. lamblia
(mg/liter) C18:1 C18:2 C18:3 in test (iiM)

0 250 273 178 11 5.3 None
12 290 353 215 55 7.0 None
24 1,380 1,140 553 184 24.2 Lethal
48 3,850 6,220 3,340 368 107.8 Lethal
72 5,530 8,777 4,920 549 154.0 Lethal

and D). However, under similar conditions, the parasites
were destroyed by milk which had been preincubated with
bile for 3 h at 37°C (experiment C). Under the conditions of
experiment C the protective effect of serum was only mar-
ginal. Interestingly, no G. lamblia-cidal effect was observed
on replacement of human milk by bovine milk, not even after
preincubation for 6 days at 25°C (data not shown).
Our assumption that the observed killing effect of human

milk was produced by free fatty acids was corroborated by
chemical analyses of milk samples. Free fatty acid contents
increased considerably during storage (Table 2). The main
unsaturated component in the milk sample of a 28-year-old
woman, 12 days postparturition, was oleic acid, followed by
linoleic and linolenic acids. In agreement with previously
published results (19), further analyses have shown that lipid
content and composition in the milk is influenced by nutri-
tional status. Additional experiments demonstrated that the
killing activity of fresh and inactivated human milk could be
initiated by supplementing unsaturated fatty acids in the
same quantity as found in human milk (Table 2).
Analogous results were obtained with fresh and inacti-

vated bovine milk. The effect of a variety of long-chain fatty
acids on the vitality of G. lamblia is summarized in Fig. 1.
Concentrations of unsaturated fatty acids necessary for a
50% killing effect varied between 15 and 36 puM, the more
unsaturated fatty acids being more active. The saturated
stearic acid showed only a slight activity even at excessively

100 150 200
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FIG. 1. G. lamblia-cidal effect of fatty acids in the presence of bile (closed symbols) and in the absence of bile (open symbols). For clarity
not all data points are shown. The standard deviation of the means was a maximum of 20%. Symbols: * and *, stearic (C18i0); A and A.
linolenic (CI8:3); rO and *, linoleic (CG8:2); 0 and *, oleic acid (C18l).
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FIG. 2. G. lamblia-cidal activity of linoleic acid (C18:2) in the
absence (-) and presence (----) of serum, and in the absence (l)
and presence (G) of bile.

high concentrations, and a similar finding was obtained with
palmitic acid. The effect of unsaturated fatty acids on G.
lamb/ia was enhanced by bile (Fig. 1), while serum sup-
pressed the action of the acids on the organisms (Fig. 2).
Only a small G. lamblia-cidal effect was found by incubation
with various compounds related to fatty acids (Fig. 3).
Interestingly, the replacement of the cis configurational
isomer oleic acid by the trans form (elaidic acid) resulted in
a reduced killing effect (Fig. 3). Further studies demon-
strated that the killing activity was not markedly changed at
reduced oxygen pressures or when tocopherol, a radical
scavenger, was added to the test medium (data not shown).

DISCUSSION
Results of this study support the conclusion that the G.

lamblia-cidal effect produced by human milk is due to the
action of long-chain unsaturated fatty acids. In human milk
these acids are formed by activation of BSSL or during milk
storage. In contrast, no killing effect was found with bovine
milk, in which free fatty acid formation is absent (3, 4, 21).

Killing activity of fresh human milk in the absence of bile
salts, as first reported by Gillin et al. (12, 13), was not
observed in this study. A possible explanation for this
discrepancy could be that Gillin et al. did not use entirely
fresh milk, so that lipolysis may have occurred (Table 2)

(1-3, 5, 6, 14, 20). In addition, Gillin et al. (12, 13) have found
a similar G. lamblia-cidal effect by incubating G. lamblia in
the presence of BSSL purified from human milk or, alterna-
tively, by treating the organisms with a pancreatic lipase
preparation which was found to contain a BSSL-related
activity. Recently Gillin et al. (11) have amended their
previously obtained results and have reported that the ob-
served killing activity of human milk against G. lamblia is, in
fact, dependent on the presence of sodium cholate (bile salt),
which is in agreement with our results. Furthermore, we
observed a lethal effect on the protozoan parasites by
treatment with pure, long-chain, unsaturated fatty acids. The
magnitude of the effect was dependent on the nature of the
fatty acid tested. Free fatty acids were found in the lipid
fraction of human milk (19) but not in bovine milk; indeed,
the latter showed killing activity only on the addition of free
fatty acids.
These results demonstrate that the G. lamblia-cidal activ-

ity was not dependent on BSSL or antibody.
The effect of unsaturated fatty acids was enhanced by bile,

possibly through its detergentlike action. Interestingly, the
deleterious effect paralleled the degree of unsaturation. The
protective effect of serum is most easily rationalized by its
content of free fatty acid-binding proteins such as albumin.
Indeed, incubation of G. lamblia with [3H]oleic acid resulted
in the binding of more than 60% of the radioactivity to the
organisms separated from the medium by centrifugation. If
serum (10%) was present, less than 10% bound to the pellet
fraction (unpublished data). The killing activity of unsatur-
ated fatty acids was so dependent on the geometric arrange-
ment of the double bond that the trans-configurational iso-
mer was virtually inactive. This is in keeping with the
suggestion that fatty acids interact with the trophozoite
membrane in a stereochemically specific way. The lower G.
lamblia-cidal activity observed with compounds related to
unsaturated fatty acids indicated that the free carboxylic
group was important for this effect.

Despite the sensitivity of G. lamblia toward long-chain
fatty acids in vitro, the organisms readily survive in an in
vivo environment containing an abundant supply of these
substances. This obvious discrepancy is explained by the
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FIG. 3. Effect of fatty acids and related compounds on G. lamblia. For clarity not all data points are shown. The standard deviation of

the means was a maximum of 20%o. Symbols: 0, oleic acid (cis-C18:l); 0, elaidic acid (trans-C18:1); O, methyl oleat; *, oleyl alcohol; -,
linolenic acid (C18:3); *, ethyllinoleate.
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fact that products of lipolysis in the small intestine are
dispersed in liposomes or bile micelles for absorption by
enterocytes and therefore are not available in free form in
sufficient concentrations. Alternatively, the bacterial flora of
an intestine occupied by G. lamblia may be unusual in that it
can give rise to the deconjugation of bile (22). As a conse-
quence, fatty acids may loose their destructive ability.
To our knowledge this is the first report on the killing

activity of fatty acids against a protozoan parasite. Although
the biological activity of these compounds has been previ-
ously demonstrated for viruses, bacteria, and yeasts, its
molecular basis is as yet unknown (15-17, 23). It has been
suggested, however, that long-chain fatty acids and their
derivatives can affect unicellular organisms by interacting
with their lipid membranes, possibly resulting in perturba-
tions of the lipid phase, thereby causing changes in mem-
brane permeability. Because of their direct exposure to the
host, the cell surface structures of parasitic organisms ap-
pear to be very particular sites for chemotherapeutic attack.
Thus, the observed specific effect of physiologically occur-
ring long-chain unsaturated fatty acids against G. lamblia
may open up a new approach for drug development against
the causative agent of the widespread disease caused by this
protozoan parasite.
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