
Abstract. Sirolimus, and its antiproliferative capacity, was
studied in vivo in three different syngenic rat tumours in the
liver. Sirolimus is an inhibitor of the cytosolic mTOR-kinase,
associated with the phosphoinositide-3-kinase/Akt pathway.
After one week of daily sirolimus treatment, initiated on the
day of tumour-cell inoculation, a dose-response relationship
was shown at doses between 0.01 mg/kg/day and 1 mg/kg/day,
decreasing tumour weight from 0.5±0.1g in control rats
(n=9) to 0.09±0.04g for sirolimus 1 mg/kg (n=9). Treating
established liver adenocarcinoma (n=15), sirolimus halved
the tumour weight (1.4±0.2g vs 0.7±01g, p=0.005). Trough
concentration in blood was 6.4±0.2 ng/ml after five days of
daily treatment with 1 mg/kg sirolimus intraperitoneally. At
this dose, there was no decrease in food consumption or rat
weight, but decrease in weight of spleen, and increase in
weight of liver (p<0.01). The three tumours studied, an
nitrosoguanidin-induced adenocarcinoma, a Leydic cell
sarcoma and a hepatoma, all responded, establishing
sirolimus as a promising anticancer drug.

Sirolimus might be a potential cancer therapeutic, which is

approved and used for allograft antirejection purposes due

to its inhibition of T- and B-lymphocyte activation. It is a

macrocyclic lactone bacterially produced by Streptomyces
hygroscopicus. The target for sirolimus is the mammalian

target of rapamycin (mTOR), which is a 290kDa

evolutionary conserved cytosolic serine/threonine kinase

that is inhibited (1). The coordination between cell growth

and cell cycle progression is important for tumours to grow,

and for this coordination mTOR is important (2). This

makes it attractive to inhibit mTOR. Blocking a tyrosine

kinase, and hence protein translation in cancer cells, is a

novel anticancer strategy with clinical impact (3).

The anticancer effects of sirolimus could depend on at

least six different, but associated, mechanisms (reviewed in

the discussion), which all relate to the effect on mTOR,

which is an energy sensor and a vital enzyme in regulating

cell growth.

The dose-response curve was studied in vitro in direct cell

cytotoxicity tests. A broad sensitivity was shown, but with the

finding that there are two populations of cell lines, differing

in sensitivity and inhibited by 1nM or 1000 nM sirolimus. The

sensitivity of mTOR seemed equal in both groups (4, 5).

When used to inhibit lymphocytes in the clinical setting, the

dose of sirolimus (MW 914 g/M) is adjusted to the trough

level, aiming at 10-20 Ìg/ml, and administered once daily.

Based on these and earlier findings, mainly in vitro
studies (6), we investigated the antitumour effect of

sirolimus in relevant phamacological doses on three

different experimental tumours in the rat, which have been

characterised and are in use in our laboratory (7).

Materials and Methods

Animals. The rats were housed with three to four rats in each cage.

They were fed pellets containing a balanced diet, as well as water

ad libitum. The room temperature was controlled and the light/dark

cycle was 12/12 hours. Food consumption/day and cage was

monitored. Inbred Lister-Hooded (LH) rats were used for the

hepatoma series (n=12). For the adenocarcinoma and the Leydig

cell sarcoma, we used Wistar/Furth rats (n=90, B&K Universal,

Sollentuna, Sweden). The ethical committee for animal

experiments at Göteborg University, Sweden, approved the study.

Anaesthesia. Pentobarbital (Apoteksbolaget, Umeå, Sweden), 36

mg/kg intraperitoneally, was used for anaesthesia during laparotomy. 

Tumour. As hepatoma, a 3-methyl-diaminobenzidine-induced

syngenic rat hepatoma from generation 484-525 was used. The

Leydig cell sarcoma (LTW) is a syngenic sarcoma originally

described in 1981 (8), and the adenocarcinoma is a nitrosoguanidin-

induced syngenic colonic adenocarcinoma (NGW), that originates

from the Wallenberg Laboratory in Lund, Sweden (9). The syngenic

tumours were maintained by serial transplantation.

Treatment model. The viability of the cells were checked by the

Nigrosin dye exclusion method. One million cells in suspension

were injected into the centre of a liver lobe through a midline

incision. If treated adjuvantly, the animals were initially randomly
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allocated. Sirolimus was administered intraperitoneally (i.p.) once

daily, in different doses (0.01mg/kg-10 mg/kg). The control rats

received injections with saline.

Treatment was started on the inoculation day, and tumour

weight and blood tests were studied on the final day after 5 or 7

days of treatment. When treating established tumours, treatment

started after a laparotomy was done on day 5 or 7. After assessing

the tumour volume, treatment was given daily for 5 or 7 days.

Tumours were well circumscribed, and the registered tumour

weight was wet-weight. Liver tumour volume was estimated by

measuring the largest (a) and the smallest (b) perpendicular

diameter. Volume was calculated as V = (a + b2) /2.

Drug. Sirolimus (Rapamune®) 1 mg/ml, as a suspension, was

purchased from Wyeth (Philadelphia, USA).

Laboratory. Haemoglobin, leukocyte count and thrombocytes were

checked at the Chemical Laboratory at Sahlgrenska University

Hospital, Sweden. AST, ALT and ALP were analysed with a

Boehringer-Mannheim multichannel analyser. Sirolimus was

analysed with a HPLC-method at the Chemical Laboratory,

Huddinge University Hospital, Stockholm, Sweden.

Statistics. The results are given as mean ± SE. Group comparisons

were made using nonparametric test as indicated or ANOVA when

relevant. Differences were considered to be significant when

p<0.05.

Results

NGW adenocarcinoma. In animals treated with daily i.p.
injections from the day of tumour cell inoculation in the

liver, a dose-response relationship was established in 42 rats.

On the seventh day after inoculating 1 million cells in the

liver, the tumour weight showed an inverse relationship with

the given sirolimus doses up to 1 mg/kg. The tumour weight

of the control rats (0.55±0.14, n=9) decreased with

increasing sirolimus concentrations (0.01 mg/kg: 0.42±0.08,

0.1 mg/kg: 0.36±0.05, 1 mg/kg: 0.09±0.04, 10 mg/kg:

0.12±0.06), Figure 1. The behaviour of the rats was normal

up to 1 mg/kg. In the 10 mg/kg group, one animal died

without known cause on day 5, and we did not explore this

concentration any further. The weight of the animals did not

differ between control rats (195±2), sirolimus 0.01 mg/kg

(193±2), sirolimus 0.1 mg/kg (193±4) and sirolimus 1 mg/kg

(189±2). The weight of the rats receiving 10 mg/kg was

significantly higher (210±1, p=0.02).

Food consumption. Food consumption was measured as dry

food/rat/day. Between the cages, it did not differ between

control rats (10.9±0.5 g/day, n=23) and sirolimus 0.01

mg/kg (11.8±0.3 g/day, n=11), sirolimus 0.1 mg/kg

(11.1±0.4 g/day, n=11), or sirolimus 1 mg/kg (10,6±0,6

g/day, n=23). Food consumption was, however, significantly

lower in the 10 mg/kg sirolimus group (8.2±1.5 g/day, n=6,

p=0.04 Kruskal-Wallis). 

Weight of liver and spleen. Compared with control rats, the

weight of liver was increased (> 8%) in all sirolimus groups

(p<0.01). This increase was not due to accumulation of

interstitial water, since the dry weight of the liver was also

higher after sirolimus treatment (30.9±0.2,n=7 versus
28.7±0.3, n=8, p= 0.002, Mann-Whitney), whereas the

weight of the spleen was significantly lower for all groups

except for sirolimus 0.01 mg/kg, Table I.

To study the effect on established NGW adenocarcinoma

(n=15), tumour volume was assessed after one week (Table

I), and daily i.p. sirolimus treatment (1 mg/kg) was given.

There was a significant reduction in tumour volume

(p=0.003) and tumour weight (p=0.005) after 7 days of

treatment (Table II).

LTW sarcoma. For LTW sarcoma, two doses (0.4 and 2

mg/kg) were compared with control. Treatment was given

for one week after tumour cell inoculation in the liver.

Animal weight did not differ between the groups (p=0.7),

but tumour weight was half in the sirolimus groups

(p<0.01). There was no statistical dose-response effect

between the two sirolimus doses (p=0.25) (Table III).

In an additional series in 15 animals with established

LTW tumours, the treatment effect of sirolimus was

compared with the control. Tumour volume was assessed

on day 5, before they were randomised to treatment, with

no difference between groups. After 5 days of i.p.
treatment with sirolimus 1mg/kg, there was a significant
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Figure 1. Tumour weight (gram±SE) after seven days of treatment after
one million tumour cells were inoculated in liver. Control (saline,n=9),
sirolimus 0.01 mg/kg (n=10), sirolimus 0.1 mg/kg (n=10), sirolimus 1
mg/kg (n=9) and sirolimus 10 mg/kg (n=3). There were significant
differences (p<0.01) between control and sirolimus doses higher than 0.01
mg/kg.



reduction in tumour volume (p=0.002, Mann-Whitney)

and tumour weight (p=0.03), as compared to control

(Table IV).

Hepatoma. Twelve Lister-Hooded rats were inoculated with

a hepatoma cell suspension and treated daily with i.p.
injections of sirolimus (1 mg/kg, n=6) or saline (n=6).

Tumour weight after 5-day treatment, starting at the day of

tumour inoculation in the liver, was significantly lower after

treatment with sirolimus (control 0.5±0.2 g, and sirolimus

0.08±0.03 g, p<0.02).

Sirolimus concentration and liver laboratory tests. Sirolimus

trough concentration (±SE) was measured in 22 rats, 24

hours after the last dose. After five days of i.p. sirolimus 1

mg/kg, the concentration was 6.4±0.2 ng/ml. 

In tumour-bearing animals (NGW, n=28), treatment with

sirolimus halved the leukocyte count (p<0.001). A minor,

but statistically significant, increase in haemoglobin and

decreases in platelets, alanine aminotransferase (ALT) as

well as alkaline phosphatase (ALP), were seen (Table V).

Discussion

An inhibitory effect of sirolimus on tumour growth was shown

in these experiments with an NGW adenocarcinoma, a

hepatoma and a LTW sarcoma. Sirolimus inhibited the

establishment of tumour, studied by administering sirolimus

from the day of tumour cell inoculation, as well as reducing the

growth of an already established tumour, which add these

tumours to the list of tumours responding to sirolimus in vivo
(6, 10). The dose-response effect shown here is of importance,

but the optimal administration dose, rate and route remain to

be determined. Although the administration route in this

experiment had been established earlier, conclusions regarding

adequate tumour-inhibiting concentrations are not easily

drawn. The i.p. route of administration compared with plasma

could enhance drug exposure in the liver (measured as area

under curve) (11). The tumour sirolimus concentration in the

liver could hence be higher than indicated by the measured

trough levels. To check administration routes other than the

i.p., a one-week treatment with sirolimus perorally (1 or 5

mg/kg, n=14, NGW adenocarcinoma) resulted in a

significantly reduced tumour weight as well (unpublished

results). Further studies of the tumour pharmacokinetics of

sirolimus and the necessary tumour-inhibiting concentration in

the liver parenchyma are needed (12). The measured trough

level of sirolimus was adequate in relation to what is known

about maintaining the mTOR- inhibiting effect in lymphocytes,

used for immunosuppression. The leukocyte count was halved

and the weight of spleen significantly reduced. 

Interestingly, a novel observation is that there was a slight

increase in the weight of the liver after treatment with sirolimus,

and this effect was statistically significant after the 0.01 mg/kg

daily dose, which was not effective in tumour weight reduction.

Whether this relates to mTOR as a sensor for ATP and energy

(13), or other mechanisms, remains to be elucidated.

The reduction in tumour weight and volume was not

associated with cachexia, measured as weight of the rats.

The tumour-inhibiting effects in these series do not seem to

be mediated by the nutritive stimuli, and showed consistency

both in inhibiting cells trying to establish a tumour, as well

as inhibiting an already measurable tumour. 
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Table I. Weight of liver and spleen related to treatment in rats with
adenocarcinoma.

Treatment Liver Spleen N=

(g±SE) (g±SE)

Control 6.0±0.1 0.54±0.01 26

Sirolimus 0.01 mg/kg 6.7±0.2 * 0.54±0.2 10

Sirolimus 0.1 mg/kg 6.8±0.2 * 0.49±0.02 * 10

Sirolimus 1 mg/kg 6.6±0.1 * 0.44±0.01 * 27

Sirolimus 10 mg/kg 6.6±0.2 * 0.45±0.02 * 3

The asterisk (*) mark a statistical difference (p<0.01) between control

animals and treatment groups

Table II. Tumour volume and weight in established NGW
adenocarcinoma in liver.

Treatment Tumour Tumour Tumour Body 

volume volume weight weight 

pre treatment day 7 day 7 day 7 

(mm3±SE) (mm3±SE) (gram±SE) (gram±SE)

Control 93±13 880±144 1.4±0.2 201 ±3

(n=7)

Sirolimus 109±14 361±44 * 0.7±0.1 # 204 ±3

(n=8)

Statistical differences between control and sirolimus group. Asterisk

(*), p=0.003, or a cross (#), p=0.005.

Table III. LTW sarcoma weight, 7 days after inoculation and treatment.

Treatment Tumour weight Rat weight 

N=6 in each group (gram±SE) (gram±SE)

Control 1.3±0.1 179±5

Sirolimus 0.4 mg/kg 0.6±0.05 185±5

Sirolimus 2 mg/kg 0.5±0.1 183±4



One could speculate that different mechanisms in the action

of rapamune could be of importance for the tumour-inhibiting

effects: (i) Growth factor inhibition. Growth factors like IGF-1

stimulate phosphatidylinositol 3-kinase (PI3K)/Akt and its

pathway. This pathway impacts cell survival and proliferation

(14). mTOR, localised in the cytosol, mediates many of the

signals regulated by PI3K/Akt, and senses the signals from

growth hormones. (ii) Blockage of nutrient stimuli. Together

with an evolutionary conserved protein, raptor, mTOR is also

a nutrient sensor, independent of the PI3K pathway. When

nutrients are deprived, mTOR is inhibited, which down-

regulates cell size. Since mTOR also has a regulatory role in

protein translation, this regulation makes sense (15). (iii) Cell
cycle (G1) arrest and apoptosis. mTOR regulates cell cycle-

regulating proteins. Sirolimus prevents phosphorylation of

downstream targets such as the S6 kinase (with the ribosomal

protein S6 as in important product) and inhibits the release of

the translation initiation factor (eIF)-4E-binding protein (14).

Both S6 kinase and 4EBP1 regulate translation of cell cycle-

regulating proteins, such as cyclin D1 and c-myc. Inhibiting

mTOR mediates a G1 arrest (16). By interaction with the

initiation factor (eIF)-4E-binding protein, in cells lacking a

functional p53, apoptosis is induced (17). By evading apoptosis,

the Akt-mTOR pathway can promote oncogenesis and, in cells

expressing Akt, sirolimus can restore the apoptotic program

(18). (iv) Anti-angiogenic. Sirolimus decreases the VEGF levels.

The anti-angiogenic effect has been studied in tumour cells

resistant to sirolimus in vitro, where tumour angiogenesis was

blocked (6). PI3K and mTOR are critical for VEGF-mediated

angiogenesis. Angiogenesis is also stimulated by HIF, which is

negatively regulated by mTOR inhibitors (19). (v) Tumour
invasion inhibition. The level of metallomatrixprotein 2

decreases, which is of known importance for basement

membrane degradation, tumour invasion and metastasis (20).

In an in vivo mouse model, a decreased rate of pulmonary

metastases was observed (10). (vi) Anti-inflammatory. COX-2

and iNOS mRNA (with their products NO and PGE2) levels

were inhibited in macrophages in an in vitro model (21), and

the production of radical oxygen species was also reduced in

another one (22).

The different mechanisms of probable importance for the

tumour inhibition makes it attractive to combine sirolimus

with other drugs aiming at increasing, e.g., the anti-

angiogenetic or metallomatrixprotein-inhibiting effects. The

optimal combination probably differs between tumour stage

as well as tumour biology, and more mechanistic studies are

needed (23, 24). It is now also evident that, in tumours

expressing Akt, sirolimus might restore the apoptotic capacity

and reverse sensitivity to cytostatic drugs (18). Although highly

selective, targeting mTOR along the PI3K/Akt pathway, the

broad effect on several tumour lines seems promising. The

reported up-regulation of the PI3K pathway in hepatocellular

and colon carcinoma offers hope that sirolimus can be used

clinically. Sirolimus is on track to clinical studies. We are now

conducting a phase II trial in hepatocellular carcinoma and

have observed clinical reponse (unpublished results), which

may offer promise for sirolimus use in the clinic. 
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Table IV. Established LTW sarcoma in liver treated for 5 days with sirolimus.

Established LTW Tumour volume Tumour weight Rat body Liver Spleen 

sarcoma Day10 (mm3±SE) (gram±SE) weight weight weight

(gram±SE) (gram±SE) (gram±SE)

Control  (n=7) 648±131 0.859±0.209 211±5 6.05±0.18 0.62±0.02

Sirolimus (n=8) 148±42 0.328±0.098 209±3 6.47±0.05 0.53±0.02

Table V. Blood cells and liver enzymes in rats with adenocarcinoma
treated with sirolimus compared with control.

Control Sirolimus 1mg/kg i.p. N= p=

Leukocytes 4.9±0.4 2.4±0.3 28 < 0.001

(x109/l)

Platelets 872±29 667±35 28 < 0.001

(x109/l)

Haemoglobin 128±4 143±2 7 < 0.01

(g/l)

AST 4.4±0.8 3.2±0.5 8 0.23

(Ìkat/l)

ALT 1±0.1 0.7±0.03 8 0.02

(Ìkat/l)

ALP 4.8±0.5 3.5±0.1 8 0.04

(Ìkat/l)
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