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that have shown the greatest success and promise so far. TheirOxygen Radical-Mediated Pulmonary
lack of immunogenicity, simplicity and ease of production make

Toxicity Induced by Some Cationic them attractive vectors for gene therapy (1). Cationic liposomes
have been reported to successfully transfect cells both in vitroLiposomes
and in vivo (1–3). Cationic lipid based gene delivery protocols
have also been used in clinical trials (4,5). However, their
relatively low transfection efficiency compared to that of the

Sujatha Dokka,1 David Toledo,2 Xianglin Shi,3 viral vectors makes them far from ideal.
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Another concern regarding the use of cationic liposomes
is their toxicity. Cationic lipids were considered to be safe
initially, however, increasing evidence has suggested that theyReceived January 3, 2000; accepted February 15, 2000
may cause some toxic effects in vivo (6–8). Experimental data

Purpose. The objectives of this study are to investigate the toxicity indicate that in vivo toxicity does not correlate well with in
associated with polycationic liposomes and to elucidate the underlying vitro toxicity. In general, cationic liposomes are better tolerated
mechanism. We tested the hypothesis that the positive charge of lipo- in vitro suggesting that other factors involved in vivo are respon-
somes is a key determinant of toxicity by testing differently charged

sible for the toxicity. Scheule et al. (6) have shown significantliposomes in mice.
lung toxicity following a nasal instillation of up to 300 nmolMethods. Differently charged liposomal systems including cationic
of lipid complexed with 400 nmol of pDNA. They observedliposomes, LipofectAMINE and DOTAP, and neutral and negative
a dose-dependent lung inflammation associated with cationicliposomes were evaluated for their toxicity after pulmonary administra-
lipids. Song et al. (8) have demonstrated acute toxicity at hightion in mice. LDH assay and differential cell counts were performed

to measure toxicity and pulmonary inflammation, respectively. Reactive positive charge ratios of cationic lipid to plasmid DNA. Freim-
oxygen intermediates (ROI) were assessed by chemiluminescence. ark et al. (7) reported that intratracheal instillation of lipid alone
Results. Instillation of cationic liposomes elicited dose-dependent tox- or plasmid/lipid complex induced cytokine production and cel-
icity and pulmonary inflammation. This effect was more pronounced lular influx in the lung airway. We have also found in this study
with the multivalent cationic liposome LipofectAMINE as compared

that cationic liposomes cause an inflammatory response in ato the monovalent cationic DOTAP. Neutral and negative liposomes did
dose-dependent manner when administered intratracheally.not exhibit lung toxicity. Toxicity associated with cationic liposomes

The mechanism by which cationic liposomes facilitatecorrelated with the oxidative burst induced by the liposomes. Lipofec-
gene transfection is still not completely understood. Since bio-tAMINE induced a dose-dependent increase in ROI generation. This
logical membranes are negatively charged (9), it has been sug-effect was less pronounced with DOTAP and absent with neutral and

negative liposomes. gested that liposomes interact with cells through a nonspecific
Conclusions. ROI play a key role in cationic lipid-mediated toxicity. charge interaction. Cationic liposomes form complexes with
Polyvalent cationic liposomes cause a release of ROI which are respon- DNA through electrostatic interactions. The excess positive
sible for the pulmonary toxicity. charge of the complexes allows non-specific interactions with
KEY WORDS: cationic liposomes; charge; toxicity; reactive oxy- cell membranes. This property which results in efficient trans-
gen intermediates. fection, may be also responsible for causing cellular toxicity.

Cationic lipids are also excellent surfactants with a potential
INTRODUCTION of causing membrane solubilization, poration, and lysis. They

can also change the membrane properties by interacting withWith our increasing knowledge of human inherited and
membrane proteins such as protein kinase C (10) which playacquired diseases at a molecular level, the use of gene therapy
an important role in signal transduction and gene regulation.to restore a missing function or to treat certain diseases has

The origin of toxicity caused by cationic liposomes is notbecome a clinical reality. Currently, however, the rate-limiting
well understood. We hypothesized that the positive charge ofstep in its successful application is the development of safe
liposomes plays an important role in lung toxicity. Using differ-and efficient gene delivery vehicles. Vectors proposed for gene
ently charged liposomes, we found that the multivalent cationicdelivery fall into two categories, viral and nonviral. Viral vectors
liposome LipofectAMINE was much more toxic than the mono-have provided high gene transfection. However, the safety con-
valent cationic liposome DOTAP, and that neutral and negativecerns and the immunological profile of viral vectors have
liposomes were not toxic at the relevant concentrations.steered research towards the development of efficient non-viral

Reactive oxygen intermediates (ROI) have been identifiedcarriers. Cationic lipids represent a class of nonviral vectors
as key mediators of pulmonary damage induced by various
stimuli (11). To further identify the cause of toxicity, we studied
the effect of different liposomes on free radical generation. We

1 West Virginia University, Department of Basic Pharmaceutical Sci- observed that the highly charged cationic liposome Lipofect-
ences, Morgantown, West Virginia 26506. AMINE caused a marked inflammatory response as determined2 Rhone-Poulenc Rorer Central Research, Collegeville, Pennsylvania by neutrophil influx and oxidative burst of lung cells. This
19426.

effect is charge related and can be reversed by pretreatment3 National Institute for Occupational Safety and Health, Pathology and
of mice with the free radical scavenger PBN (N-ter-butyl-a-Physiology Research Branch, Morgantown, West Virginia 26505.
phenylnitrone). Hence, our results suggest that ROI play a key4 To whom correspondence should be addressed. (e-mail:

yrojanasakul@hsc.wvu.edu) role in cationic lipid-mediated toxicity.
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METHODS first lavage was assayed for LDH activity. LDH activity was
determined by monitoring the oxidation of pyruvate coupled

Animals with the reduction of NAD at 340 nm using an LDH assay kit
(Roche Diagnostic Systems, Montclair, NJ).Male Balb/c mice (4–6 weeks old) were obtained from

Jackson Laboratories (Bar Harbor, ME). The mice were fed
Administration of PBNwater and food ad libitum. Intratracheal instillations of test

agents were performed by anesthetizing the animals with a For this procedure, the spin trapping agent PBN was
mixture of ketamine and xylazine (45 and 8 mg/kg, i.p., respec- administered in vivo by i.p. injection at a dose of 300 mg/
tively) and challenged by aspiration. The animals were placed kg, 20 min before instillation of liposomes after dissolving it
on a board in a supine position. The animal’s tongue was in PBS.
extended with lined forceps and 50–100 ml of the test solution
was placed on the back of the tongue. Chemiluminescence

Chemiluminescence (CL) assay of BALC was conductedLiposomes
in a total volume of 0.25 mL HEPES buffer. CL is a measure-
ment of ROI generated by BALC during respiratory burst (12).Cationic liposomes used in this study were LipofectAM-
Zymosan was added to the test medium to initiate the metabolicINE (Gibco BRL, Gaithersburg, MD) and DOTAP (Boehringer
burst of the cells that produce CL. Resting CL was determinedMannheim, Indianapolis, IN). LipofectAMINE is a 3:1 mixture
by incubating 0.25 3 106 BALC at 378C for 5 min with 0.04%of cationic lipid DOSPA and neutral lipid DOPE. The neutral
(w/v) luminol (Sigma) followed by the measurement of CL forliposome used in this study was palmitoyl-oleoyl phosphatidyl-
15 min. To determine zymosan-stimulated CL, the assay wascholine (Sigma, St. Louis, MO) and the negative liposome was
modified to include 1 mg unopsonized zymosan (Sigma), whicha mixture of palmitoyl-oleoyl phosphatidylcholine and dioleoyl
was added to the assay immediately prior to measurement ofphosphatidylglcyerol (Sigma). The neutral and negative lipo-
CL. CL measurement was conducted with an automated lumino-somes were reconstituted in sterile water according the manu-
meter (Wallace, Inc., Gaithersburg, MD) at 390–620 nm forfacturer’s instructions. The neutral and negative liposomes were
15 min.extruded through polycarbonate membranes to achieve the same

size as that of LipofectAMINE and DOTAP. Briefly, the lipid
solution was briefly vortexed, followed by incubation at 508C RESULTS
for 10 min and then sequentially extruded through polycarbo-
nate membranes with the following pore sizes: 1.0, 0.6 and 0.2 Charge Dependent Toxicity of Liposomes
mm. The size of the liposomes were measured by dynamic laser

To test the hypothesis that the charge of the liposome isscattering using Coulter N4SD particle sizer (Hialeah, FL).
responsible for toxicity, we tested differently charged liposomesThe mean particle size of different liposomes are as follows:
on lung inflammation and damage. Cationic liposomes used inLipofectAMINE, 160 nm; DOTAP, 189 nm; neutral, 171 nm;
this study were LipofectAMINE and DOTAP. LipofectAMINEand negative, 174 nm.
is a commercially available liposome that has been successfully
used in vitro (13). In our experience, we have found that Lipo-

Bronchoalveolar Lavage fectAMINE is superior to most other commercially available
liposomes for in vitro gene transfection of lung cells. The cat-At selected time intervals, treated mice were euthanized
ionic lipid present in LipofectAMINE has 4 protonatable amineswith an intraperitoneal injection of 0.25 mL sodium pentobarbi-
on its headgroup at physiological pH. DOTAP is a monovalenttal (Western Medical Supply, Arxadia, CA). A tracheal canula
cationic lipid. The neutral liposome used in this study is phos-was inserted and the lungs were lavaged through the canula
phatidylcholine and the negative liposome is a mixture of phos-using ice-cold PBS. Five lavages (0.8 mL each) were collected.
phatidylcholine and phosphatidylglycerol.The first lavage was separated from the consecutive lavages.

Intratracheal instillations of differently charged liposomesBronchoalveolar lavage cells (BALC) were isolated by centrifu-
were performed in mice lungs. One day after instillation, micegation (500g, 10 min, 48C). The cell free supernatants were
were lavaged and bronchoalveolar lavage fluid (BALF) wascollected and used for biochemical measurements. For each
tested for LDH activity and cell counts. LDH activity is aanimal, the cell pellet was resuspended in 1 mL of HEPES
measure of toxicity. Inflammation is characterized by anbuffer, centrifuged (500g, 10 min, 48C), and the supernatant
increase in polymorphonuclear leukocytes (PMN) and hence,was decanted and discarded. The BALC pellet was then resus-
the cell counts are an indication of inflammation. There was apended in 1 mL HEPES buffer and cell counts and differentials
charge dependent toxicity of liposomes as determined by LDHwere determined using a Coulter Multisizer II (Coulter Electron-
(Fig. 1A). For a fair comparison, the dose of all liposomes wasics, Hialeah, FL).
fixed at a dose that is commonly used in gene transfection
protocols in vivo (14). The polycationic LipofectAMINE wasLactate Dehydrogenase (LDH) Assay
found to be most toxic, followed by DOTAP, which is monocati-
onic. Neutral and anionic liposomes did not exhibit significantLDH assay was performed to assess the effect of liposomes

on cellular toxicity. LDH is a cytoplasmic enzyme that is toxicity over PBS control ( p , 0.05). This toxicity correlated
with the inflammation induced. LipofectAMINE-inducedreleased when the cell membrane is damaged. Mice were

instilled with the test agents. After the treatments, bronchoal- inflammation, as determined by PMN count, was significantly
greater than that induced by other liposomes ( p , 0.01) (Fig.veolar lavage was performed and the supernatant from the
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of spermine. Spermine is the headgroup of the cationic lipid
present in LipofectAMINE. However, administration of sperm-
ine elicited neither a toxicity (Fig. 2A) nor an inflammatory
response (Fig. 2B) in comparison to the administration of equiv-
alent dose of cationic liposome ( p , 0.05). These results suggest
that both the cationic headgroup and lipophilic tail of the lipo-
some are required for toxicity induction, presumably through
its surfactant action.

Oxygen Radical-Mediated Toxicity of Cationic
Liposomes

Reactive oxygen intermediates (ROI) have been identified
as key mediators of pulmonary damage (11). We hypothesized
that the cationic liposome mediated toxicity was in part due to
the production of ROI by lung cells. To study the effect of
liposomal charge on ROI production, we instilled mice with
differently charged liposomes and lavaged the animals 24 hFig. 1. Comparison of toxicity induced by differently charged lipo-
after instillation. The lavaged cells were then tested for theirsomes. Intratracheal instillations were performed on mice with
basal and zymosan-induced oxidative burst. Consistent withLipofectAMINE, DOTAP, neutral and negative liposomes at a fixed
our toxicity data, we observed that cationic liposomes triggereddose of 200 nmol/mouse. Bronchoalveolar lavage was performed 24

h after instillation. The BAL was tested for (A) LDH activity and (B) an oxidative burst (Fig. 3A). Neutral and negative liposomes
PMN cell count as described in the Methods section. The values are did not exhibit a zymosan-induced CL response. Multivalently
the mean 6 SD of 3 animals. charged cationic liposome, LipofectAMINE, showed a greater

induction of ROI than the monovalently charged DOTAP. Lipo-
fectAMINE-induced ROI production was found to be dose-
dependent (Fig. 3B). Stimulation of lavaged cells with zymosan1B). Further studies have shown that there is a dose-dependent
in cationic liposome-instilled mice resulted in about 25–100increase in toxicity (Fig. 2A), as well as in the induction of
times enhancement of zymosan-triggered peak CL intensityinflammation (Fig. 2B) associated with instillation of Lipofec-
over the controls.tAMINE. These results suggest that toxicity of liposomes is

The role of ROI in cationic lipid-mediated toxicity wasdependent on the charge of the liposome and that toxicity is
further studied by administering a free radical trapper, PBN.seen only with cationic liposomes.
PBN has been used in previous studies as a spin trap for ROIThe positively charged headgroup of the liposome is
(11). It would be reasonable to assume that if oxygen radicalsresponsible for its cationic nature. To identify whether this
produced by LipofectAMINE are responsible for the toxicity,component of the cationic liposome is responsible for the

observed toxicity, we instilled mice with relevant concentrations

Fig. 3. (A) Comparison of ROI production by differently charged
liposomes. (B) Dose-dependent induction of ROI by LipofectAMINE.

Fig. 2. Effects of LipofectAMINE and spermine on (A) LDH activity Intratracheal instillations were performed on mice with LipofectAM-
INE, DOTAP, neutral and negative liposomes (200 nmol/mouse). Bron-and (B) PMN cell count. Intratracheal instillations were performed on

mice with LipofectAMINE (25–200 nmol/mouse) or spermine (200 choalveolar lavage was performed 24 h after instillation and was
analyzed by chemiluminescence. The values are the mean 6 SD ofnmol/mouse). Bronchoalveolar lavage was performed 24 h after instil-

lation. The values are the mean 6 SD of 3 animals. 3 animals.
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then scavenging these radicals would reverse the toxicity. To has been shown that although all components of the cationic
lipid contribute to its transfection efficiency, the nature of thetest this hypothesis, we pretreated the mice with PBN (i.p., 300

mg/kg) 20 min before liposomal instillation. One day after headgroup plays a major role in transfection efficiency of the
lipid. The positively charged headgroup of most cationic lipidsinstillation, mice trachea were lavaged and the lavaged cells

were tested for oxidative burst, toxicity and inflammation. As consists of one or more amine groups with various degrees of
substitution. This domain facilitates both electrostatic interac-can be seen in Fig. 4A, PBN decreases oxidative burst induced

by liposome treatment. PBN by itself does not cause any produc- tions with negatively charged DNA to form the lipoplex as well
as interactions with target cells. Polyvalent headgroups havetion of ROI. It also decreases the toxicity (Fig. 4B) and inflam-

mation (Fig. 4C) induced by LipofectAMINE ( p , 0.01). These been reported to be superior to their monovalent counterparts
due to their capacity for greater DNA compaction (13) andresults support the role of ROI in LipofectAMINE-mediated

lung toxicity. non-specific cell interactions. However, for the same reason,
they are also toxic. We and others (6,7) have observed that
direct instillation of cationic lipid into the lungs elicits anDISCUSSION
inflammatory response which is dose-dependent. Forming a

Cationic lipids have been used successfully in both in vitro complex with plasmid DNA did not decrease the toxicity even
and in vivo gene transfer (1–3). However, there have been some when the net charge of pDNA/lipid complexes was neutral.
recent reports of toxicity associated with their use in vivo (6,7). The mechanism of toxicity of cationic liposomes has not
The principle objective of this study is to understand the influ- been well characterized. It has been suggested that the amphi-
ence of charge of the liposome on its in vivo toxicity profile. pathic nature of cationic lipid is responsible for toxicity because
We have tested the toxicity of differently charged liposomes in they are excellent detergents. This hypothesis is supported by
vivo in mice. This study has revealed four significant observa- our results. Spermine, the headgroup of lipid responsible for
tions: (1) charge of liposome is a key determinant of toxicity; the positive charge, is not toxic by itself at the relevant concen-
(2) cationic liposomes are more toxic than neutral/negative trations. Scheule et al. (6) have suggested that introducing a
liposomes and multivalent cationic liposomes are more toxic larger headgroup increases water solubility resulting in a greater
than monovalent cationic liposomes; (3) the cationic headgroup tendency to form micelles and hence, a potential for greater
of liposome by itself is not toxic but its presence in the cationic toxicity.
liposome causes toxicity; and (4) ROI are responsible for cat- Cationic liposomes have been reported to cause cellular
ionic liposome-mediated toxicity. influx and lung inflammation (6). Since inflammation is associ-

Cationic lipids are composed of a hydrophilic anchor con- ated with an elevated level of ROI, we tested whether positively
nected via a linker to a positively charged headgroup (1,2). It charged liposomes can induce ROI production. Using luminol

dependent CL assay, we demonstrated that cationic liposomes
did induce ROI production by lung cells. The role of ROI in
cationic liposome-induced lung inflammation was confirmed
by experiments using the spin trapping agent PBN. PBN has
been shown to reduce endotoxin-induced rat mortality through
its ability to trap intermediate oxygen and carbon-centered radi-
cals (15). We have shown here that in vivo pretreatment with
PBN decreases the ability of lung cells to release ROI in
response to stimuli. This pretreatment also decreased pulmonary
inflammation and toxicity induced by cationic liposomes.

We report here, for the first time, the role of ROI in cationic
lipid mediated toxicity. The data presented here suggest that
cationic liposomes cause inflammation and toxicity via a path-
way that involves the generation of oxygen free radicals because
scavenging these radicals decreases toxicity.
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