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Group B Streptococcus is the most common cause of bacterial
infection in the newborn. Infection in many cases causes persistent
pulmonary hypertension, which impairs gas exchange in the lung.
We purified the bacterial components causing pulmonary hyper-
tension and identified them as cardiolipin and phosphatidylglyc-
erol. Synthetic cardiolipin or phosphatidylglycerol also induced
pulmonary hypertension in lambs. The recognition that bacterial
phospholipids may cause pulmonary hypertension in newborns
with Group B streptococcal infection opens new avenues for
therapeutic intervention.

Group B Streptococcus (GBS) is the most frequent cause of
sepsis and meningitis in the human newborn (1). Despite

prompt treatment with antibiotics, neonates with GBS infection
are often quite ill and the fatality rate is 5% (2). Respiratory
distress, a prominent sign in these babies, is caused by pulmonary
hypertension induced by the GBS infection (3). The pulmonary
hypertension reflects an increase in pulmonary vascular resis-
tance, which impairs exchange of oxygen and carbon dioxide.
Infusion of live or heat-killed GBS into sheep promptly induces
pulmonary hypertension, with little or no effect on systemic
pressure (4). This response has been reproduced by many
investigators, who also established that the pulmonary hyper-
tension is not a consequence of simple embolization because
infusion of latex beads of the same size as GBS caused no change
in pulmonary physiology (5). The hypertension is mediated by an
increase in thromboxane A2, so that treatment with cyclooxy-
genase inhibitors such as indomethacin or with thromboxane
synthesis inhibitors prevents or reverses the increase in pulmo-
nary pressure (5, 6). However, the component(s) of GBS that
activate thromboxane synthesis are unknown. Guided by bioas-
says performed in neonatal lambs (7), we undertook the puri-
fication and identification of these components, using standard
biochemical techniques.

Materials and Methods
Purification and Analysis of Pulmonary Hypertensive Compounds from
GBS. Biochemical fractionation procedures were linked in series
to develop an initial purification protocol, which was modified to
give the final protocol described here. At each step, fractions
were assayed for pulmonary arterial hypertensive activity in 3- to
12-day-old lambs of �5 kg, as described (7). We previously
demonstrated that pulmonary arterial pressure measurements
were a valid surrogate for measurement of pulmonary vascular
resistance in this animal model (7). Fractions were infused
peripherally into the femoral vein, not directly into the pulmo-
nary artery. Fractions were considered active if they increased
pulmonary arterial pressure by at least 50% in at least two lambs
tested on different days.

GBS type III, strain 878 was grown to mid- or late-log phase
(7), washed with sterile normal saline, heat-killed by incubation
in a 60°C water bath for 90 min, pelleted by centrifugation, and
resuspended in saline to an OD of 2.0 at 650 nm. Heat-killed
GBS (3-gm wet weight) were extracted with 40 ml of 2:1
chloroform�methanol by stirring in a glass-stopped flask at 4°C
for 5–6 days. The organic solvent was removed by vacuum

centrifugation (Thermo Savant, Holbrook, NY) and the result-
ing pellet was redissolved in methanol. The solution was applied
to an anion exchange column (TosoHaas DEAE-5PW, Tosoh
Bioscience, Montgomeryville, PA) in an Agilent model 1100
HPLC (Agilent Technologies, Palo Alto, CA) with methanol
running at 0.5 ml�min. Then the solvent was changed to 45:45:10
chloroform�methanol�water. The chloroform�methanol was
held constant and a linear sodium chloride gradient to 150 mM
was developed over 4 min. The active material was eluted by the
salt gradient, dried in the vacuum centrifuge, and redissolved in
10% methanol. This solution was applied to a C18 reverse-phase
column (Vydac 218TP5205, Hesperia, CA) run at 0.2 ml�min. A
gradient to 100% methanol was run over 9 min, and then another
gradient to 100% chloroform over 10 min. The contents of the
eluted fractions were monitored by negative ion mode electro-
spray MS (8) (Agilent model 1946). The structure of the active
compounds was established by using both positive and negative
ion mode tandem MS (LCQ Classic and TSQ 700, Finnigan-
MAT, San Jose, CA).

Synthetic Lipids. The dioleoyl forms of diacylglycerol, phospha-
tidic acid, phosphatidylglycerol, and cardiolipin were obtained
from Avanti Polar Lipids. Their purity was confirmed by RP-
HPLC and their identity by MS. Multilamellar liposomes were
formed by drying from chloroform and rehydration with GBS
buffer with vigorous vortexing. Unilamellar vesicles of defined
size were prepared with the Avanti miniextruder. Mass spectro-
metric analysis established that extrusion did not change the
phospholipid content.

Purification of Apolipoprotein H and Thromboxane Assay. We puri-
fied the protein from outdated human plasma (National Insti-
tutes of Health Blood Bank) by using a heparin column (9)
(TosoHaas 5PW, Tosoh Biosep, Tokyo). It was quantitated from
the area of the peak on the HPLC (10), using a molar absorbtivity
of 47,000. Thromboxane A2 was analyzed by ELISA as throm-
boxane B2, its stable degradation product (Amersham Pharmacia).

Results
Purification and Identification of the Active Components. Guided by
bioassays performed in neonatal lambs, we undertook the pu-
rification of the GBS components which induce pulmonary
hypertension. Biologically active material was extracted from
GBS by a mixture of chloroform and methanol, and two com-
ponents were purified by anion exchange. The mass spectrum of
the two active fractions established that they were phosphati-
dylglycerol and cardiolipin (Fig. 1 A and B). Each caused
pulmonary hypertension in the lamb assay.

The structure of the largest peak in the cardiolipin mass
spectrum was established to be dipalmitoyl, dioleoyl cardiolipin
by fragmentation in the mass spectrometer. The mass expected

Abbreviations: GBS, group B streptococcus; GBS buffer, 50 mM sodium phosphate, 150 mM
sodium chloride, pH 7.4.

‡J.C. and G.K. contributed equally to this work.

¶To whom correspondence should be addressed. E-mail: rlevine@nih.gov.

www.pnas.org�cgi�doi�10.1073�pnas.0931493100 PNAS � April 29, 2003 � vol. 100 � no. 9 � 5087–5090

BI
O

CH
EM

IS
TR

Y



from the structure of this cardiolipin is 1,405 Da, equal to the
experimentally measured value. The largest peak in the phos-
phatidylglycerol spectrum is palmitoyl, oleoyl phosphatidylglyc-
erol, with the calculated and observed masses being 748.5 Da.
The other peaks in the mass spectra are from phospholipids with
fatty acids of different chain lengths. The observed distribution
of fatty acids matches that expected for GBS (11).

Synthetic Phospolipids Are Biologically Active. To assure that these
phospholipids were the bioactive material rather than a minor
component of the preparation such as peptidoglycan, we tested
pure, synthetic compounds by using the dioleoyl species. Both
phosphatidylglycerol and cardiolipin triggered an increase in
pulmonary arterial pressure within minutes of infusion into the
femoral vein of lambs, but diacylglyerol and phosphatiditic acid
were not active (Table 1).

Although both phosphatidylglycerol and cardiolipin were bio-
active, the increase in pulmonary arterial blood pressure increase
was more reproducible with cardiolipin, perhaps because of the
ease of rehydrating the dried preparations to form liposomes.
We therefore used cardiolipin for subsequent studies. As men-

tioned, GBS infusion is known to induce pulmonary hyperten-
sion by stimulating the production of thromboxane A2, and the
increase in pulmonary pressure closely tracks that of the plasma
thromboxane concentrations (Fig. 2A). We established that
synthetic cardiolipin has the same activity (Fig. 2B). A dose-
response curve shows half-maximal response at �10 nmol�kg
(Fig. 2C).

Effect of Apolipoprotein H. Apolipoprotein H is the major phos-
pholipid binding protein in plasma, with particular affinity for
cardiolipin (12). The concentration of apolipoprotein H in adult
serum is 170 mg�liter (13), and we found similar concentrations
in the neonatal lamb and piglet as well as FCS. Infusion of
apolipoprotein H should bind circulating bacterial phosphati-
dylglycerol or cardiolipin, but the rate of binding may not be fast
enough to prevent unliganded phospholipid from reaching the
pulmonary circulation (14). Binding could inhibit the hyperten-
sive effect, although it might actually promote the hypertensive
effect because apolipoprotein H binds to endothelial cells (15).
We therefore tested the effect of cardiolipin, which was mixed
with a equimolar concentration of purified apolipoprotein H and
allowed to stand overnight before testing, assuring that the
binding reaction had gone to completion (14). The peak hyper-
tensive effect and increase in plasma thromboxane were equiv-
alent to that of the cardiolipin infused without apolipoprotein H
(as in Fig. 2B). Thus, circulating apoplipoprotein H appears
sufficient to rapidly bind all of the infused cardiolipin, and
the bound form is bioactive. We conclude that apolipoprotein
H is unlikely to be useful in treating GBS-induced pulmonary
hypertension.

Inhibition of Cyclooxygenase Prevents Pulmonary Hypertension. Cy-
clooxygenase inhibitors such as indomethacin consistently block
thromboxane synthesis and the pulmonary hypertensive effect of
infused GBS in animals (6, 16–19). If the bacterial phospholipid
is the bioactive molecule of GBS, then indomethacin should also
prevent the pulmonary hypertensive response to cardiolipin.
Administration of a single dose of 5 mg�kg indomethacin
prevented the increase in pulmonary arterial blood pressure
caused by either GBS or cardiolipin. We then determined
whether indomethacin could reverse persistent pulmonary hy-
pertension caused by cardiolipin. A continuous infusion of
cardiolipin clamped the pulmonary arterial blood pressure at an
increased level (Fig. 3). Treatment with indomethacin lowered
the pressure, bringing it close to the control basal level even
though the cardiolipin infusion was continued. Increasing the
infusion rate or even administering a bolus of �100 nmol�kg
cardiolipin did not increase the pulmonary pressure.

Discussion
Phosphatidylglycerol and cardiolipin are the dominant phospho-
lipids of GBS (20, 21), located mainly in the cell wall, although
their topography has not been established. Because infusion of
intact, heat-killed GBS cells induces the pulmonary hypertensive
effect, some of the molecules are presumably surface exposed

Fig. 1. Mass spectra of the bioactive material purified from GBS. (A) Earlier
eluting fraction from the Vydac column. The peaks from 700–800 are singly-
charged phosphatidylglycerol, free of cardiolipin. The structure is phosphati-
dylglycerol with fatty acids represented as FA. (B) Later eluting fraction from
the Vydac column. The peaks are singly and doubly charged cardiolipin, free
of phosphatidylglycerol. The structure is cardiolipin with fatty acids repre-
sented as FA. Both fractions were bioactive in the lamb assay.

Table 1. Effect of dioleolyl glycerol compounds on pulmonary
arterial pressure

Compound Change in pressure, mm

Dioleoyl glycerol 0
Dioleoyl phosphatidic acid 0
Dioleoyl phosphatidylglycerol �14
Dioleoyl cardiolipin �21

Values are the average from two 5-kg lambs given 35 nmol�kg of each
compound.
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and available for binding to pulmonary endothelial cell recep-
tors. In addition many bacteria, especially the Streptococci,
normally secrete some of the phospholipids, which they synthe-
size. In log phase this is 15% of the total synthesized, increasing
to 30% during stationary phase (22). Thus, patients infected with
GBS (23) may receive an endogenous infusion of the phospho-
lipids capable of inducing pulmonary hypertension.

Because GBS is sensitive to the penicillin class of antibiotics,
neonates suspected to have sepsis usually receive such antibiot-
ics. However exposure of Streptococci to penicillin induces an
immediate secretion of phospholipids (22, 24, 25). Then over the
next several hours penicillin causes an increase in lipid synthesis,
all of which is excreted (26). This might also occur with other
Gram-positive and negative infections in patients of any age
because excretion of phospholipids is a common response of
bacteria to certain antibiotics (22–25). Lipid excretion by Strep-
tococci may increase 15-fold with more than one-half of the
material excreted being phosphatidylglycerol and cardiolipin
(25). Thus, antibiotic treatment effects an increase in production
and excretion of the molecules which we showed cause pulmo-
nary hypertension.

In bacteria, both phosphatidylglycerol and cardiolipin synthe-
sis require phosphatidylglycerol synthase. Mutants lacking this
enzyme will be useful in identifying any other GBS components
capable of inducing pulmonary hypertension (27). One such
known molecule is CM101, an extracellular polysaccharide
produced by GBS, which is capable of inducing pulmonary
hypertension. However, it was present only in the culture media
and not in the GBS cells (28).

Indomethacin is available for i.v. administration in the new-
born to induce closure of a patent ductus arteriosus. It has not
yet been studied as a treatment for pulmonary hypertension, but
given that it prevents the pulmonary hypertensive effect of
cardiolipin, it seems appropriate to test its efficacy in neonatal
pulmonary hypertension.

The key finding in our study is that bacterial phospholipids
cause pulmonary hypertension. Identification of the receptors

Fig. 2. Thromboxane production and pulmonary hypertension induced by
GBS and cardiolipin. Pulmonary pressure is plotted in red by using the left axis
and thromboxane on the right. (A) GBS, 3 � 109 heat-killed cells. (B) Cardio-
lipin, 75 nmol. The same quantitative responses in pulmonary pressure and
thromboxane were observed when we infused 75 nmol of cardiolipin prein-
cubated with 75 nmol of purified human apolipoprotein H (12). (C) Cardiolipin
dose–response. Doses were injected in a randomized order into a 5-kg lamb,
and the line was fit by linear regression of a double reciprocal plot. The blue
circle was the response in a different lamb to cardiolipin purified from GBS.
Cardiolipin liposomes prepared by simple rehydration are multilamellar, but
because a liposome size effect has been observed by some investigators (29),
we also prepared unilamellar liposomes with diameters ranging from 0.1 to
5.0 microns; all were active.

Fig. 3. Cyclooxygenase inhibition blocks the effect of a continuous infusion
of cardiolipin. The red line plots the increase in mean pulmonary arterial
pressure, while the blue squares and line show the plasma thromboxane B2

concentration. Beginning at time 0, 13 nmol�kg�min cardiolipin was infused
through the femoral vein. A 5 mg�kg dose of indomethacin was then admin-
istered over 10 min (arrow 1). Next, the cardiolipin was increased to 27
nmol�kg per min, and then to 40 nmol�kg per min (arrows 2 and 3). Finally
boluses of 67 mg�kg, 133 mg�kg, and 667 mg�kg were infused (arrows 4, 5,
and 6). Pulmonary arterial pressure at time 0 was 22 mm.
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and pathways that are activated by these phospholipids may allow
discovery of therapeutic interventions.
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