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Low toxicity and anticancer activity of a novel liposomal
cisplatin (Lipoplatin) in mouse xenografts

TEN I B OU LIK AS

R egulon, Inc. 715 North Shoreline  B lvd, M ounta in V iew , C alifornia  94043, USA ,

Abstract. Cisplatin has been one of the most widely used and
most effective cytotoxic agents in the treatment of malignancies
but causes severe adverse reactions including nausea/vomiting,
renal toxicity, gastrointestinal toxicity, peripheral neuropathy,
asthenia, and ototoxicity. A liposomal formulation of cisplatin,
LipoplatinTM, was developed in order to reduce the systemic
toxicity of cisplatin. A single treatment of rats with 30 mg/Kg
Lipoplatin resulted in no toxicity whereas 2 or 3 weekly
administrations at 30 mg/Kg to rats gave neutropenia but no
nephrotoxicity. On the contrary, a single injection to rats of 5
mg/Kg cisplatin resulted in severe nephrotoxicity. Thus,
Lipoplatin is less toxic than cisplatin in rats. Intraperitoneal or
intravenous injection of Lipoplatin to SCID (severe combined
immuno deficient) mice with subcutaneous breast MCF-7 or
prostate LNCaP human tumors resulted in size reduction of the
tumors; histological examination of the treated tumors in
xenografts was consistent with apoptosis in tumor cells; thus,
Lipoplatin appears to exert its cytotoxic effects to tumors in a
mechanism similar to that of cisplatin. The preclinical studies
reported here set the foundation for the clinical use of Lipoplatin
as an exciting new drug with lower toxicity than cisplatin,
endowed with proapoptotic properties.

Introduction

C is pla tin, or c is-dia minodic hloro-platinum (II), is  a  c orners tone  in
c he mothe ra py and one  of the mos t effec tive and pote nt a ntica nce r
drugs . In the  1960’s  Ba rne tt R osenbe rg s e re ndipitously dis covered
its  c hemotherape utic  ca nc e r ac tivity (1). Initia l clinica l tes ts by
H ill a nd c o-w orkers in 1971 showe d tha t c is pla tin is ac tive a ga ins t
c erta in ma ligna ncies  (review ed in re f. 2). For ove r 25 yea rs 
c is pla tin c ontinue d to pla y an importa nt role  among c ytotoxic 
a ge nts  in the  trea tme nt of e pithe lia l ma ligna ncies . C is pla tin,
usually
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usually in combina tion with other drugs, is  be ing use d a s first
line c he mothe ra py aga inst ca nc e rs  of the  lung, hea d-a nd-ne ck,
ova rie s, e s opha gus , s toma c h, c olon, bladder, tes tis , ce rvix, uterus
a nd a s  s ec ond line  trea tme nt a gains t mos t othe r advance d c anc ers
s uc h a s ca nce rs  of the pa ncrea s , liver, kidne y, prostate  a s w ell a s
a ga ins t gliobla s toma s , me tas ta tic  me la nomas , a nd pe ritonea l or
ple ura l me s othe lioma s  (re vie we d in 3,4). Cisplatin ha s bec ome  in
2001 the  gold s tanda rd tre atme nt aga inst ce rvica l c ance r in
c ombination w ith radiothe rapy. Howe ver, the  c ontinued c linic a l
a pplic ations of cisplatin ha ve  be en impe ded by its  se ve re adverse 
rea ctions inc luding a cute  toxic ity s uc h a s na use a a nd vomiting
a nd c hronic  s ide  e ffe cts of ne phrotoxicity (5), ototoxic ity (6) a nd
neurotoxic ity (7). Inde ed, c is pla tin c aus es  s e ve re  re na l tubula r
damage , re duc es  glome rula r filtra tion, a nd re quire s  c onc urre nt
s aline  hydration a nd ma nnitol diure s is  to e liminate  una c ce pta ble
damage  to the  kidneys  (re vie we d in 8). Cisplatin induces
oxidative stress in renal tubular cells leading to apoptotic death
(9). O ther side  effe c ts  include  gas trointes tinal toxicity and
a sthe nia . A ls o peripheral ne urotoxic ity is the  dos e -limiting
proble m as s oc ia ted w ith c ispla tin; los s of vibra tion se nse ,
pares the sia  a nd se ns ory a taxia  ensue s after s e ve ra l tre a tment
c yc le s . Ototoxicity is a major dose-limiting side effect of
cisplatin administration due to its propensity to induce
destruction of hair cells and neurons in the auditory system
(6,8, 10, 11). The trophic factor neurotrophin-3 protected spiral
ganglion neurons (SGN) from cisplatin damage. Delivery of the
neurotrophin-3 gene using a herpes simplex virus (HSV)
amplicon vector and expression was able to partly bypass
damage by cisplatin and attenuate the ototoxic action of
cisplatin in organotypic cultures (12). C is pla tin is the  mos t
e me tic  c anc er drug in c ommon us e; a c ute e me sis  is media ted by
s erotonin relea s e from enteroc hroma ffin gut mucosa l c ells and
s timulation of s erotonin 5-H T3-re ce ptors  (review ed in 8).

The  ma jor mec ha nis m of cis platin cytotoxicity aris e s from
its  ta le nt to re ac t mono- or bi-func tiona lly w ith D NA . Cisplatin
induces 1,2-intrastrand d(GpG) and d(ApG) crosslinks, which
comprise 90% of the cisplatin adducts (13). To a smaller
degree, cisplatin induces 1,3-intrastrand d(GpTpG) crosslinks.
Cisplatin can also crosslink together two G residues between
DNA strands that poses a more difficult task to the cellular
repair mac hinery a nd c a n ha lt DN A  polyme ra s es  on s ite s along
the  D N A conta ining a dducts  (14, 15). Cisplatin adducts are
repaired by the nucleotide excision repair (NER) pathway
involving recognition of the damage by High Mobility Group
(HMG) nonhistone proteins and mismatch repair proteins.
Binding of HMG-domain proteins to cisplatin-modified DNA
has been postulated to mediate the antitumor properties of the
drug (16). Complexe s of the tes tis -s pe c ific  prote in, tsH MG , w ith
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the  ma jor c is pla tin 1,2-intras tra nd cros s -links se e m to enha nce 
c is pla tin c ytotoxicity by bloc king repair of the se  le sions ,
pre sumably more  effe c tive ly tha n HM G s in othe r tis s ue s; this 
c ould expla in the effec tivenes s  of c is pla tin a ga ins t te s ticular
c ance r (17).

Over twenty years of intensive work toward improvement
of cisplatin, and with hundreds of platinum drugs tested, has
resulted in the introduction of the widely used carboplatin and of
oxaliplatin used only for a very narrow spectrum of cancers.  A
number of interesting platinum compounds including nedaplatin,
the orally administered platinum drug JM216, the sterically
hindered platinum (II) complex ZD0473, the trinuclear platinum
complex BBR3464, the active trans platinum complex JM335,
and the liposomal form SPI-77 are under clinical evaluation
(reviewed in 18). Although the effectiveness of cisplatin is high
its toxicities justify the demand of improved formulations of this
drug.

This article reports the properties of a new interesting drug
based on a liposome formulation of cisplatin, LipoplatinTM.  This
liposomal formulation of cisplatin was developed in order to
reduce the systemic toxicity of cisplatin and to enhance tumor
targeting. The type of liposome particles used in Lipoplatin is a
proprietary formulation of an average size of 110 nm. A polymer
coating is used that supposedly endows liposome particles with
the ability to pass undetected by the macrophages and immune
cells, to remain in circulation for long periods in body fluids and
tissues and to extravasate preferentially and infiltrate solid
tumors and metastases through the altered and often
compromised tumor vasculature.

The aim of this study was i) to assess the toxicity and
plasma pharmacokinetics of Lipoplatin in rats; and ii) to
investigate the tumor response of Lipoplatin in mouse
xenografts.

Materials and methods

Pre par ation and char acter istic s  of Lipoplatin. Cisplatin was
purchased from Heraeus /Flavine (mw 300). The lipid shell of
Lipoplatin is composed of 1,2-DiPalmitoyl-sn-Glycero-3-
[Phospho-rac-(1-glycerol)] (sodium salt) also known as
dipalmitoyl phosphatidyl glycerol (DPPG, mw 745, Lipoid
GmbH), soy phosphatidyl choline (SPC-3, mw 790 Lipoid
GmbH), cholesterol (CHOL, mw 386.66, Avanti Polar Lipids)
and methoxy-polyethylene glycol–distearoyl phosphatidyl
ethanolamine lipid conjugate (mMPEG2000-DSPE, mw 2807,
Genzyme). The ratio of cisplatin to lipids is 8.9% cisplatin and
91.1% total lipids (w/w). Repeated extrusions are performed
using a Thermobarrel Extruder (Northern Lipids Inc., Vancouver
BC) through membranes of pore sizes of 0.2, 0.1, 0.08 and 0.05
µm pore sizes (Whatman) under pressure in ultrapure nitrogen.
About 15 passages are being used and the average particle
diameter and size distribution at a 90o angle are controlled with
dynamic light scattering (N4+ nanoparticle analyzer, Beckman-
Coulter). The type of liposome particles used in LipoplatinTM is
a proprietary formulation of an average size of 110 nm (Fig. 1).

The  a nionic  lipid DPPG gives  to Lipoplatin its  fus oge nic 
prope rties  with re spe ct to e ntrance  through the ce ll me mbrane .
The  tota l lipid to c ispla tin ra tio in Lipopla tin is  10.24 mg lipid/mg
c is pla tin. For c ompa ris on, the  cisplatin lipos omal formula tion of

Figure 1. Schematic representation of the Lipoplatin particle.

SPI-77 c ontains  71.43 mg lipid pe r mg cis platin (19) tha t is 7
times  more  lipid per mg c ispla tin c ompare d to Lipopla tin. The 
c onte nt of Lipopla tin in c hole s te rol is 11.6% (w /w ) of the  tota l
lipid.  It is  c a lc ula te d tha t 1.3 mg c holes te rol a re be ing inje cte d
per mg c is pla tin in its  Lipopla tin formulation.

Lipoplatin is  be ing provided in 50-ml cle ar glas s via ls  of
3mg/ml (conce ntration refe rs  to c is pla tin). A lthough cis platin is 
light-se ns itive , its  Lipopla tin formulation a ppe ars  to be le s s
s ensitive to light be ca us e  liposome s  s hie ld the drug. H owe ve r,
Lipoplatin da ma ge as  a function of its  e xposure time to light is
under inve s tiga tion a nd a s  a  prec aution it is  re comme nde d to be 
s tore d in the  da rk.

Animal studies. All animal studies and protocols have been
approved by the Ethics committee and were under the auspices
of the Molecular Medicine Research Institute (MMRI) in
Mountain View, California.

Injections of rats with Lipolatin for pharmacokinetic studies.
For pharmacokinetic studies 60 Wistar female rats, 2-3 months
of age were used of an average body weight of 150g. Rats were
injected in the intraperitoneal cavity with approximately 1.5 or
2.25 ml 3 mg/ml Lipoplatin giving a final dose of either 30 or
45 mg/Kg.  Two animals per time point were used. Rats were
sacrificed at 2 min, 7 min, 15 min, 30 min, 1h, 2h, 4h, 8h, 24h,
3 days, 5 days, 7-8 days postinjection and and total platinum
levels in plasma was determined using a furnace Atomic
Absorption instrument (AA700 Perkin Elmer). In addition, two
repeated injections on days 1 and 8 followed by analysis for
plasma platinum on day 15 or three repeated injections on days
1, 8 and 15 followed by analysis for plasma platinum on day 22
were performed with 30 mg/Kg Lipoplatin.
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Injections of rats with Lipolatin for toxicology studies. Blood
from rats used for plasma pharmacokinetic studies was also
analyzed (1 or 7 days postinjection) for bone marrow, renal,
hepatic and gastrointestinal functions by an independent
microbiology laboratory. The parameters examined were
hemoglobin, hematocrit, leukocytes, granulocytes, platelets,
SGOT transaminase, SGPT transaminase, alkaline phosphatase,
total bilirubin, urea, uric acid and creatinine.

Injections of animals with e mpty  lipos om es . Empty liposomes
(without cisplatin) of the type used for the formulation of cisplatin
were prepared using the extrusion method as described above. A
single i.p. injection to 4 Wistar rats of empty liposomes at 57
mg/Kg did not cause any detectable toxicity.

Tox ic ity  of Lipoplatin and c is platin in SCID m ic e by i.p v er s us  i.v.
adm inistration. 12 SCID mice with human breast tumors (MCF-
7 xenografts) were injected once intraperitoneally with 15
mg/Kg Lipoplatin and the animals were observed for about 15
days for deaths. Free cisplatin in saline was also injected to four
animals once i.p. at a dose of 15 mg/Kg and the animals were
observed for about 15 days for deaths.

Eight SC ID  mice  with huma n bre a st tumors  (MCF-7
xenografts) of an avera ge  s ize  of tumors  a t s ta rt of expe riment of
90 mm3 we re  inje c te d onc e i.v. w ith 15 mg/Kg Lipoplatin and the
animals were observed for about 15 days.

Lipoplatin effic ac y s tudie s on MC F-7 m ous e xe nografts . Sixty
SCID mic e w ere impla nte d w ith M CF-7 huma n bre a st c a nc er
c ells  (a pproxima te ly 5x106 ce lls  in D MEM medium) and w ere 
a llow e d to grow  into subc uta ne ous  tumors  for 3 w ee ks to an
a ve ra ge siz e of 90 mm3 (± 10 mm3 SD ). Fifty tw o a nima ls with
tumors  w ere  s ele cted and divide d into tw o groups  of 27 a nd 25
a nima ls ea c h. The first group (27 a nimals ) wa s  tre a te d
intra venous ly w ith Lipopla tin (5 mg/Kg) onc e per w e ek s tarting
on da y 21 (±4 da ys ) w he n the  de sire d tumor siz e wa s  rea c he d.
The  c ontrol group (25 a nimals) wa s left untre a te d. Tumor s iz e s
w ere mea sured tw ic e per w e ek in two dime nsions  a nd tumor
volume s we re re c orde d. Anima ls  we re  sa crifice d a t a pproximate ly
49 da ys pos timplanta tion.

Lipoplatin effic ac y s tudie s on LN CaP m ous e xe nografts . Fifty
SCID mic e w ere impla nte d w ith LNC aP huma n pros ta te  ca nc e r
c ells  (a pproxima te ly 3x106 ce lls  in R PM I medium) and w ere 
a llow e d to grow  into subc uta ne ous  tumors  for a bout 3 we e ks  of a n
a ve ra ge siz e of 55 mm3 (± 10 mm3 SD ). Forty a nimals w ith tumors 
w ere s elec ted a nd divided into tw o groups  of 25 and 15 a nima ls
e ac h. The first group (25 anima ls ) w as  trea te d w ith Lipoplatin (2.5
mg/Kg) onc e  per we ek starting on da y 21 (±5 da ys ) w he n the 
des ire d tumor s ize  of 55 mm3 wa s rea che d. The control group (15
a nima ls) w a s le ft untre ate d. Tumor s iz es  we re  me as ure d twice  pe r
w ee k in tw o dime ns ions and tumor volumes  we re  re corde d.
A nima ls we re sa c rific ed a t a pproxima te ly 49 da ys 
pos timplantation.

D os e dense  Lipoplatin tre atm ent of LNC aP and Panc-1 m ous e
x enogr afts . 5 SCID  mic e  w ere  implante d w ith LNC a P human

prosta te  c a nc er ce lls  a nd 5 with Pa nc-1 (huma n panc re atic ca nce r
c ells ) a nd grew  to a  tumor volume  of ~ 100 mm3. A nimals w ere
divide d into control (n=2) a nd trea ted w ith Lipopla tin (n= 3).
Lipoplatin trea tme nt la ste d for ove r 60 days a nd the dos ing
s chedule  w a s cha nged from we ekly tre atme nts  of Lipoplatin to
tre atments  tw ic e  per we ek us ing 5 mg/K g Lipoplatin i.v.

H is tology s tudie s. Tumors (as well as liver, intestine, kidney,
heart, spleen and lung) from Lipoplatin-treated and control
mouse MCF-7 xenografts were removed immediately after the
animals were euthanisized, embeded into paraffin, cut and
stained with standard methods (H&E) for histology studies.

Results

Tox ic ity  of e mpty lipos om e s. Animal studies have shown that
there are no adverse effects after i.v. or i.p. single injection to
animals of empty liposomes of the type used for formulation of
cisplatin into Lipoplatin at concentrations of 57 mg/Kg total
lipids compared to doses of Lipoplatin of 57 mg/Kg (near the
LD50 of Lipoplatin).

Tox ic ology  data of Lipoplatin on rats. Tewnty-one Female Wistar
rats (2 months-old approximately 150 g body weight) were
injected i.p. with ~1.5 ml 3 mg/ml Lipoplatin (30 mg/Kg). The
animals were sacrificed at 7 days postinjection and blood was
collected into heparinized tubes or into non-heparinized tubes
with glass beads for complete biochemical and hematological
analyses. Two rats were injected a second time at 30 mg/Kg
after one week and sacrificed on day 15 from the first injection.
In addition, two rats were injected 3 times with 30 mg/Kg
Lipoplatin on days 1, 8, 15 and sacrificed on day 22 for
complete biochemical and hematological analyses. Table 1
shows the levels of key parameters used to assess toxicity.

Intraperitoneal injection of rats with Lipoplatin appears to
give normal values for bone marrow, hepatic and kidney
functions compared to control untreated animals at 7 days
postinjection. The toxicology data on rats after a single i.p.
injection  of Lipoplatin are almost normal. Grade III neutropenia
was observed only with repeated weekly doses of 30 mg/Kg in
rats. No nephrotoxicity was observed even with repeated doses
of 30 mg/Kg Lipoplatin in rats. Severe nephrotoxicity was
observed with rats treated once with 5mg/Kg cisplatin. Two rats
treated with 10mg/Kg cisplatin died of toxicity.

Tox ic ity  of Lipoplatin in SC ID  mice . When 12 SCID mice with
human breast tumors were injected once intraperitoneally with
15 mg/Kg Lipoplatin none of the SCID mice died. When free
cisplatin in saline was injected once i.p. at a dose of 15 mg/Kg
all MCF-7 xenografts (n=4) died in the next 15 days, in
accordance with an LD50 of 12mg/Kg i.p. administration of
cisplatin in mice. This demonstrates that Lipoplatin is less toxic
than cisplatin.

Intravenous injections of Lipoplatin are more toxic than
intraperitoneal injections; when SC ID  mice  with huma n bre a st
tumors  (ave ra ge  size  of tumors  at s tart of experime nt of 90 mm3)
w ere injec ted once  i.v. w ith 15 mg/Kg Lipoplatin a ll M C F-7



BOULIKAS: LIPOPLATIN AGAINST CANCER12

Table I. Changes in bone marrow, hepatic and kidney functions in rats after i.p. injection of Lipoplatin or cisplatin.

Normal
values in

men

Control 30 mg/Kg
Lipoplatin,
Sacrificed

at 24h

30 mg/Kg
Lipoplatin.
Sacrified at

7 days

30 mk/Kg
Lipoplatin on

days 1, 8.
Sacrificed on

day 14

30 mg/Kg
Lipoplatin on
days 1,8,15.
Sacrificed on

day 22

5 mg/Kg
cisplatin.

Sacrificed on
day 7

HEMOGLOBIN (gr/dl) 13-17 16.9 14 15.6 13.8 16.5 15.8

Hematocrit HCT (%) 39-52 45 41.5 38 37 44 38

LEUKOCYTES /mm3 4,500-
10,000

7,500 6,500 8,600 4,300 2,600 4,000

GRANULOCYTES (neutrophils) %
of leukocytes
(counts/mm3)

48%-68% 31%
2,325

44%
2,860

28%
2,400

12%
516 grade III

25%
650 grade III

80%
3,200

PLATELETS (1,000/mm3) 140-400 624 646 472 582 860 430

SGOT transaminase (U/L) 2-46 125 171 80 108 164 251 Grade I

SGPT transaminase (U/L) 2-49 42 62 41 41 45 84 Grade I

ALKALINE PHOSPHATASE
(U/L)

100-290 105 308 Grade
I

112 205 106 119

Total BILIRUBIN (mg%) 0.2-1.0 0.71 0.69 0.8 0.7 0.66 0.82

BLOOD UREA (mg%)
Blood Urea Nitrogen (BUN)

20-50 38 32 25 51 32 518 Grade IV
toxicity

Blood uric acid (mg%) 3.0-7.0 1.7 2.51 1.7 1.2 1.3 0.8

CREATININE (mg%) 0.6-1.4 0.33 0.28 0.46 0.57 0.33 5.69 Grade II
toxicity

mouse  xe nogra fts  die d w ithin 15 days . Although the  poor
c ondition of the  a nimal w ith la rge tumors  a nd dise a se  progre s sion
a re  de te rmina nt fa ctors  of mortality, the  une quivoc al c onc lus ion
tha t the  toxicity of Lipopla tin is low er with i.p. versus  i.v.
a dministra tion route  ca n be dra wn. Studies are underway to
determine the LD50 of Lipoplatin. Preliminary studies with i.p.
injection to Balb/c mice give an approximate LD50 for Lipoplatin
around 57 mg/Kg.

W he n w e injec te d i.p. 27 M CF-7 mous e  xenografts with 7.5
mg/Kg Lipopla tin per dose  once  pe r w ee k for 2 months (8
injec tions ) to a  c umula tive dos e of 60 mg/K g, none  of the anima ls 
die d. All a nima ls ha d s .c . tumors  of a bout 90 mm3 at the
beginning of the  s tudy and the re wa s  a  de la y in dis ea se 
progre ss ion. Untreated animals were sacrificed because of large
tumor sizes developed much earlier compared to Lipoplatin-
treated animals (see below).

Pharm acokinetic s  of Lipoplatin in r ats . Twenty-four female
Wistar rats, 2 months of age, approximately 150 g each, were
injected i.p. with 45 mg/kg Lipoplatin (formulated at 3 mg/ml in
cisplatin). Plasma pharmacokinetics were performed with blood
samples taken at 0 min (control, noninjected), 2 min, 7 min, 15
min, 30 min, 1h, 2h, 4h, 7h, 24h, 46h, 8days post-injection. Two
animals were used per time point (red and green lines) and the
average numbers were taken (blue line).

At the 45 mg/kg dose, the area under the plasma
concentration-time curve (AUC), determined using the linear

trapezoidal method with extrapolation to infinity (20), was
149.6 µg.h/ml.

The Cmax (maximum concentration of total platinum in
plasma reached) was 22.2 µg/ml. The total body clearance (Cl)
was 0.3 ml/gr.h. It was calculated from Cl = Di.v./AUC, where
Di.v. is the intravenous dose of Lipoplatin and AUC the relative
area under curve for this specific dose.

The Kel (elimination rate constant) was 0.097 h-1. It was
calculated by linear regression analysis of the logarithmic
plasma concentration-time curve from the formula Kel=
[Ln(Cp1)-Ln(Cp2)]/(t2-t1) where t1 and t2 are the starting and
ending time points of measurements and Cp1 and Cp2 the
starting and ending concentrations of total platinum in plasma
for t1 and t2 respectively.

The t1/2 (elimination half-life) was 7.14 h. It was
calculated from the formula: t1/2 = 0.693.(1/Kel). 1/Kel is the
MRT (Mean Residence Time), the statistical moment analogy
to half-life t1/2 (20). In effect, the MRT represents the time for
63.2% of the administered dose to be eliminated. The Vss

(volume of distribution at steady state) was 3.1 ml/g. It was
calculated from the formula: Vss = Cl.(1/ Kel).

Reduction of human tumors with Lipoplatin in MCF-7 human
breast cancer xenografts. The re  is  a  re duc tion in tumor s iz e in
SCID mic e bea ring human tumors  grow n from bre a st M C F-7
c ance r c ells after trea tme nt w ith Lipopla tin (Fig 3). The first
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Figure 2. Pharmacokinetics of platinum in plasma of rats after i.p.
injection of Lipoplatin (45 mg/Kg). (A), Total platinum levels in
plasma up to 7h. (B), Total platinum levels in plasma up to 8 days
(192h). Blood plasma reached a maximum in platinum at 15 min and
thereafter it constantly dropped. Platinum levels reached zero at 8 days.
At the 45 mg/kg dose the AUC (area under curve) was 149.6 µg.h/ml,
the Cmax 22.2 µg/ml, the Cl (total body clearance) 0.3 ml/gr.h, the Kel

(elimination constant) 0.097 h-1, the t1/2 (elimination half-life) 7.14 h
and the Vss (volume of distribution at steady state) 3.1 ml/g.

group (n=27 a nimals) wa s tre ate d with Lipopla tin s tarting on da y
21. The control group (n= 25 anima ls ) w as  le ft untre ated.

Tumor size s  in the  Lipopla tin group we re  on the ave ra ge 
50% of tumor volume the y had on day 21 (c ompa re 90 mm3 to 45
mm3). As  it c a n be  se en in Fig 3, tumor volume  w a s 160 mm3

(±35 mm3 SD ) in control anima ls  a t 49 days pos t-impla nta tion
c ompa red to a n a ve ra ge volume of 45 mm3 (± 15 mm3 SD ) in the 
Lipoplatin-trea ted group. Thus , tre a tment w ith Lipoplatin ga ve a
75% re duction in tumor volume c ompa red to the  control group
(untre ated).

Reduc tion of hum an tumors  with Lipoplatin in LNC aP human
prostate  c anc er  xe nografts . A  s imila r s tudy wa s c onduc te d using
human pros tate LNC aP xe nogra fts . The  firs t group (25 anima ls )
w as  trea te d i.v. w ith Lipoplatin starting on da y 21 (±5 da ys ) w he n
the  de sire d tumor siz e of 55 mm3 wa s rea che d. The control group
(15 a nimals ) wa s  left untrea te d.

A s shown in Fig. 4, tumor volume  re ac he d a ve rage s iz es  of
80 mm3 (± 20 mm3 SD ) in control untre ated anima ls  a t 49 days

Figur e  3. Shr inkage of Human Br ea st tumor s (MCF- 7)  impla nted into
SCI D mic e w ith L ipoplatin fr om da y 21 post- inocula tion to da y 49.
E mpty re cta ngle s show  a ve r age tumor  pr ogr ession in untr e ated anima ls;
solid re cta ngle s show  a ve r age tumor  size s w ith L ipoplatin tr e atme nt

Figur e  4. Shr inkage of human pr osta te tumor s ( LN Ca P) impla nte d into
SCI D mic e a fter  Lipopla tin tre a tment. Empty c irc le s show  a ve r age
tumor  pr ogr ession in untr e ated anima ls ( 15 pe r  group) ; e mpty re cta ngle s
show a ve ra ge tumor  size s w ith L ipoplatin tr ea tme nt.

pos t-impla nta tion compa re d to a n ave ra ge  volume of 40 mm3

(±13 mm3 SD ) in the  Lipoplatin-tre ated group. Tumor s ize s in
the  Lipopla tin group shrunk on the a ve ra ge 69% of tumor
volume  on day 21 pos timpla ntation (the  be ginning of Lipoplatin
tre atment) (c ompare 80 to 55 mm3). How ever, tre a tment w ith
Lipoplatin ga ve  about 50% re duc tion in tumor volume  c ompared
to the 
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Figur e  5. A ppea r ance  of  r e pr ese ntative  mouse xenogr af ts fr om a contr ol
group (top)  a nd a gr oup of  a nimals tre ate d with Lipopla tin ( bottom).
SCI D mic e w er e impla nte d w ith a pproximate ly 7x106 L NCaP huma n
prosta te  c a nc er  ce lls. Tr e atme nt with Lipopla tin of  the  anima ls show n in
the  bottom wa s w ith 5 mg/K g Lipopla tin tw ic e per  w e ek f or 8 w ee ks.

tumor volume re a ched in the control group a t 49 da ys pos t-
impla nta tion.

The  differe nc e betwe e n the  M CF-7 and LNC a P studies 
(Figs . 3,4) w ith res pec t to tumor re duction a ris es  not only from the 
dos ing differenc e but a ls o from differenc es  in res ponse  of the tw o
tumor type s  to Lipoplatin. A dditiona l studies  where  the  dosing
s cheme s we re compa ra ble  a nd the  tumor progres s ion w as 
follow ed be yond 50 da ys  ha ve  c onfirmed differe nc es  in re spons e
of va rious  tumors in mous e  xenografts to Lipopla tin.

Indepe ndent s tudie s w ere undertaken us ing LNC a P and Panc -
1 (human pa nc re a tic c ance r c ells) in mous e xe nogra fts  e xce pt that
the  trea tme nt la sted for a  longer pe riod and the  dosing sc he dule w as 
c ha nge d from we e kly tre atments  of Lipopla tin to tre atme nts  tw ic e
per w e ek. U sing a dos ing s cheme  of 5 mg/K g Lipopla tin tw ic e per
w ee k on LN C aP xe nogra fts, with the tre atment s ta rting a fte r a 
tumor volume of 100 mm3 wa s a ttained, it ha s  bee n s how n tha t the 
tre atment w as  s a fe  a nd the  a nimals s urvived for a muc h longe r
period c ompared to untrea ted a nimals ; untre ate d anima ls  we re 
s ac rific ed be ca use  of large tumor s ize s. For e xa mple 12 or 16
Lipoplatin inje c tions  w ere  a dministe re d s afely; anima ls  re ce ive d a 
80 mg/Kg c umula tive dos e ove r a  period of 8 w e eks w ithout
dea ths . Re pre se nta tive anima ls  are s hown in Fig. 5. The  anima l

Figur e  6. T umor  histology (10x ma gnifica tion)  af te r  L ipoplatin tr e atme nt
of MCF-7 xe nogr a fts. (A ), Contr ol untr ea ted tumor. Inva sion of the  solid
tumor  (r ight)  to myotubule s (lowe r c entr e ) ha ving the  a ppe ar a nc e of
pink r ounde d bundles in this se ction is e vide nt in the untre a te d a nima l.
T he  f a r le f t bor de r r epre sents the skin of the  a nimal. ( B) , H istologic a l
a ppea r ance  of  the MCF-7 tumors af te r  L ipoplatin. I nva sion of  the solid
tumor  to myotubule s ( lowe r  lef t) is abse nt in Lipopla tin-tre a te d a nima ls.

w ith the  la rge hemorrha gic  tumor to the top is  a  re pres e ntative 
from a  group of untre ated anima ls  a t a bout 50 da ys  post-
impla nta tion of LN Ca P tumor ce lls . The  mice  s how n to the 
bottom a re  re pre se nta tive s  of a  group tre ated with 16 i.v.
injec tions  of Lipopla tin (5 mg/Kg) twice  pe r w ee k s ta rting from a 
tumor volume of 90 mm3.

H is tologic al appearance  of hum an tum or s after  sy ste mic
Lipoplatin tr eatme nt of MC F-7 x enogr afts . In order to e xplore
the  me chanism of tumor re duc tion ca use d a fter syste mic
tre atment of mouse  xe nogra fts w ith Lipoplatin we  pe rformed
his tology s tudie s. R e pres e ntative  tumors  from control a nd
Lipoplatin-trea ted a nimals  in a  s tudy similar to that s how n in Fig.
3 w ere  e xc ise d a fter eutha nizing the  a nimal a nd proce ss e d for
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Figur e  7. Tumor histology ( 40x magnif ic ation) after Lipoplatin treatment
of MCF-7 xenografts. ( A top), Tumor  f rom a  c ontrol untr ea te d a nimal.
N ote the  morphology of nuc le i a nd the monotonous ( homoge ne ous)
distr ibution of  ce lls in the  untr ea ted tumor. (B, bottom), Tumor  f rom
L ipoplatin- tr ea ted xe nogr a fts. The c ells in B ar e groupe d togethe r 
c ha ra c te ristic of apoptosis compa re d to the ir  homogeneous appea ra nce  in
A . Tumor  nuclei in the tr e ated anima l (da rk blue  in B) a re  la rger ,
c ha ra c te ristic of chr omatin de c onde nsa tion dur ing a poptosis c ompa r ed to
nuc le i siz e s in A.

his tology using pa ra fin-e mbe de d tis s ue  a nd H&E s ta ining (Fig. 6).
The  c ontrol untrea te d tumor shows  inva sion of the s olid MC F-7
tumor (right) to the  myotubule s  unde r the  s kin of the  a nimal (right
one -third of the  photogra ph) ha ving the a ppea rance  of pink rounde d
bundle s in the s ec tion shown in Fig. 6A. The left borde r (ha lf to
two-thirds  of the pic ture ) repres ents the  s kin of the  a nimal with the
e pide rmis a nd de rmis  (Fig. 6A). The  bottom (Fig. 6B ) is  a
c ha ra c te ris tic his tologic a l appea ra nce  of the  tumor a fte r tre atme nt
of the  a nimals bea ring subcuta neous  MC F-7 tumors  w ith
Lipoplatin. Inva sion of the solid tumor to myotubules  (low er le ft) is
a bs ent in Lipoplatin-trea ted a nimals . A highe r magnific a tion (Fig.
7) re vea ls  that tumors from Lipopla tin-trea te d mic e  dis pla y c ells 
w ith large r nuc lei c ompare d to tumors from untre ate d anima ls ;
a ppea rance  of la rge nuc le i is c ha ra c te ris tic of apoptos is arising
from c hroma tin dec ondensa tion, chromatin loop clea vage a nd

furthe r fra gmentation to nuc le osome -size  pa rticles . The  histologic al
a ppea rance  of the tumor in a  c ontrol untrea te d a nimal a lso s how s
tha t not only the morphology of nuc lei is  different but tumor tis sue 
dis pla ys  a  monotonous  (homogene ous) distribution of c ells (Fig.
7A). Follow ing Lipoplatin trea tme nt (Fig. 7B) the c ells  are groupe d
together in a  non-homogene ous dis tribution pa tte rn, c ha rac te ris tic 
of apoptos is and s hrinkage  e ve nts  in the  solid tumor.

Discussion

Lipoplatin, a new cisplatin formulation is described. The type of
liposome particles used in Lipoplatin is a proprietary
formulation of an average size of 110 nm that exhibits low
toxicity compared to cisplatin, in rats (Table I).

The major mechanism of cisplatin-induced cell death is via
induction of apoptosis (11, 21-26). Mismatch repair processing
is one of several factors involved in induction of apoptosis (27).
Carboplatin (23) and trans-platinum piperidine derivatives (28)
also activate apoptotic pathways. Therefore, it is not surprising
that Lipoplatin also appears to induce apoptosis (Figs. 6, 7).

The major limitation in the clinical applications of cisplatin
has been the development of cisplatin resistance by tumors.
Several mechanisms can contribute to cisplatin resistance. The
reduction in cisplatin accumulation inside cancer cells because
of barriers across the cell membrane is considered a major
mechanism of the acquired cisplatin resistance (29-32). A priori,
Lipoplatin is expected to enter cells via an entirely different
mechanism because of its liposome formulation. Liposomes may
be uptaken by cells via receptor mediated endocytosis, by fusion
via the cell membrane, or other mechanisms. Studies are in
process to elucidate the mechanism of Lipoplatin uptake in
various cancer cell types. An independent major mechanism of
cisplatin resistance arises from a faster repair of cisplatin
adducts (33, 34). It will be interesting to determine the type of
DNA repair pathways and genes induced by Lipoplatin.

A number of additional mechanisms determine resistance
of platinum compounds to a different extent such as induction of
different apoptotic pathways, upregulation in transcription
factors and antiapoptotic proteins, loss of p53 and other protein
functions, a higher concentration of glutathione and
metallothioneins in some type of tumor cells, genomic
imbalances, and modulation in the expression of genes that
mediate sensitivity to cisplatin (35-42). Tumors acquiring
resistance to cisplatin represent a major clinical drawback (43).
A number of experimental strategies to overcome cisplatin
resistance are at the preclinical or clinical level (reviewed in 18).
It will be interesting to determine sensitivity to Lipoplatin of
tumors previously treated with cisplatin or carboplatin with
acquired platinum resistance.

Coating the surface of liposomes with inert materials
designed to camouflage the liposome from the body’s host
defense systems was shown to increase remarkably the plasma
longevity of liposomes, in a way similar to the erythrocyte
coated with a dense layer of carbohydrate groups to evade
immune system (reviewed in ref. 44). The brain tissue-derived
ganglioside GM1 (45) or phosphatidylinositol (46) enhanced
circulation time of liposomes in the blood stream. Polyethylene
glycol (PEG) modification had been used for many years to
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prolong the half-lives of biological proteins (such as enzymes
and growth factors) and to reduce their immunogenicity (47).
PEG-coated liposomes circulated for remarkably long times
after intravenous administration (48-50). Whereas the half-life
of antimyosin immunoliposomes was 40 min, their coating with
PEG increased their half-life to 1000 min after intravenous
injection to rabbits (51). Lipoplatin with a PEG coating on its
surface is endowed with long circulation properties.

The lipid shell imparts escape from immune surveillance
properties to Lipoplatin. Apart from this, a number of additional
properties of lipid molecules on the physiological processes are
known and many more are beginning to emerge.
Lysophospholipids, lysophosphatidic acid and sphingosine 1-
phosphate, have been reported to activate platelets; on the
contrary, the naturally occurring related
sphingosylphosphorylcholine (SPC) is an effective inhibitor of
human platelet activation by uncoupling agonist-activated
receptors from their effectors (52). Lysophosphatidic acid (LPA)
activates its cognate G protein-coupled receptors to exert diverse
cellular effects, including cell survival and apoptosis via
phosphoinositide 3-kinase (PI3K)/Akt signaling pathways; LPA
undertakes important roles in normal development and
pathological processes (53). Fatty acids modulate T lymphocyte
activation, act as ligands of nuclear receptors regulating cell
responses, influence the stability of lipid rafts, and modulate
eicosanoid metabolism in cells of the immune system (reviewed
in ref. 54). Anionic lipids, such as 1,2-dioleoyl-3-
phosphatidylglycerol (DOPG), appear to enhance the
permeability of membranes, especially with electroporation (55)
suggesting an ability of the anionic DPPG-containing Lipoplatin
for cell permeability. Association of liposomes composed of 75-
100 mol% egg phosphatidylglycerol (ePG), a fluid anionic
phospholipid, with cells was found to be mediated by the low
density lipoprotein (LDL) and its receptor (56). The preferential
interaction between the lung surfactant protein SP-B and the
negatively charged DPPG led to strong adhesion between
DPPG-containing vesicles and a monolayer mediated by Ca2+

ions, which eventually caused flattening and rupture of attached
liposomes (57).

One of the significant findings of this report is the lower
toxicity of Lipoplatin compared to cisplatin most likely arising
from alterations in its biodistribution, prolonged circulation,
preferential localization to tumors because of the compromised
endothelium of their vascular walls, and different mechanism of
interaction with the cell membrane, subcellular localization and
interaction with macro- and micro-molecules (DNA, RNA,
thiols in proteins, glutathione). The property of long circulation
of liposomes is a prerequisite for a passive tumor uptake (44); on
the contrary, conventional liposomes are rapidly removed from
blood by elements of the mononuclear phagocyte system, fixed
macrophages residing in liver, spleen, lung and bone marrow. It
is believed that binding of plasma proteins (lipoproteins,
immunoglobulins, complement) to the liposome surface triggers
such rapid macrophage uptake (50). Conventional liposomes are
taken up by the macrophages of the liver and are destroyed with
a half-life of circulation of the order of 20 min (reviewed in 58).

SPI-77 is a formulation of cisplatin encapsulated in
sterically-stabilized liposomes; the total lipid content of SPI-77
is 71 mg/ml and is composed of the neutral hydrogenated soy
phosphatidylcholine, cholesterol and the polymer mPEG-DSPE

at an approximate 51:44:5 molar ratio giving a drug to lipid ratio
of approximately 14 µg cisplatin per mg of lipid or 71.43 mg
lipid per mg cisplatin (19,59,60). This corresponds to ~7 times
more lipid per mg cisplatin in the SPI-77 formulation compared
to Lipoplatin. The SPI-77 liposome shell is identical to that of
D oxil/Ca elyx tha t is  unable to cros s  the  me mbrane of the  c ell;
D oxil ac cumulate s in the e xtra c ellular s pac e a nd a fte r degra dation
of the  lipid ca psule  by e xtrac e llula r lipas es  the relea s ed
doxorubicin e nte rs  the ce ll to a limited ma nne r (44). On the
contrary, the  a nionic  lipid DPPG is  expe c te d to give to Lipopla tin
fus oge nic prope rties  with re spe ct to e ntrance  through the ce ll
membra ne  in a cc ordanc e with studies  of othe rs  us ing a nionic
lipos ome s (55-57).

SPI-77 displays a different pharmacokinetic behavior
compared to cisplatin with a half-life of 134 h and urine
excretion reaching only 4% of the total dose in 72 h in Phase I
clinical trials (19). The toxicity profile of SPI-77 is also mild
compared to cisplatin (19,61) administered at doses of 260
mg/m2 against non-small cell lung cancer (62) or head and neck
cancers (63). SPI-77 at 350 mg/m2 has also been compared to
the standard carboplatin therapy in dogs with osteosarcoma (64).
The elimination half-life of Lipoplatin from blood in rats was
7.14h for a dose of 45 mg/Kg (see above and Fig. 2); the
elimination half-life further increases with decreasing dose in
animals; thus Lipoplatin has long circulation in blood of rats.

The most prevalent problem in cancer therapy is the
regrowth and metastasis of malignant cells after standard
treatment with surgery, radiation, and/or chemotherapy.
Additional hurdles arise from chemoresistance of tumors,
toxicity of currently available chemotherapy regimens and
inefficiency of cancer treatments especially for advanced stage
of the disease. The potential role of Lipoplatin and its ability to
overcome such hurdles in molecular medicine are under
investigation.
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