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One of the main and distinctive features of malig-
nant tumors that considerably restrict the efficacy of
cancer therapy is their ability to progress towards the
appearance of drug resistance, invasion and metastatic
spread of cancer cells. In fact, tumor metastasis re-
mains the major cause of death for cancer patients. At
the same time tumor drug resistance results in low ef-
ficacy of anticancer agents and continues to be a ma-
jor and largely unsolved problem of cancer therapy.
Despite the availability of approximately 60 different
agents for the systemic therapy of cancer, refractori-
ness to treatment develops in the majority of cases.

Targeting of tumor angiogenesis represents a new
strategy for the development of anticancer therapies that
prolong or stabilize the progression of tumors [1]. The
hypothesis that the process of the formation of new blood
vessels from preexisting vasculature (tumor angiogene-
sis) can be considered as a target for anticancer therapy,
was firstly proposed in 1971 [2] and is currently under
intense experimental and clinical investigations [3–7]. The
progress of antiangiogenic therapy was supposed to be
connected with its low toxicity against normal tissue and
its efficacy against drug resistant tumors [8]. In 1991, the
data on the cytotoxicity of antiangiogenic agents against
drug-resistant solid tumors have been reported [9].

In spite of the fact that over 75 antiangiogenic agents
are presently in clinical trials, none is currently approved
for cancer therapy. Analysis of the results obtained in
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Aim: to reveal the differences in the production of vascular endothelial growth factor (VEGF) by Lewis lung carcino-
ma (LLC) and its cisplatin-resistant variant (LLC/R

9
) and to study the biological correlates between these differen-

ces and metastasis. Results: in vitro investigations showed that in the absence of cisplatin treatment cisplatin-
resistant LLC/R

9
 cells produced increased level of VEGF in comparison with parental cells. The treatment of LLC/R

9

cells with cisplatin in relatively low concentrations resulted in the decreased level of VEGF production. Meanwhile
the same concentrations of cisplatin enhanced VEGF production by LLC cells. In vivo the dynamics of serum VEGF
level in LLC-bearing mice was found to differ from that in mice with LLC/R

9
 by lower level of VEGF and by the

existence of an essential lag time in the production of this factor. Unlike LLC, the dynamics of serum VEGF level in
LLC/R

9
- bearing mice was characterized by absence of time delay and an increased level of VEGF. It has been shown

that such differences in circulating VEGF are accompanied by the distinction in metastatic lung injury. The volume of
lung metastases in mice with LLC/R

9 
was considerably higher than that in the animals with LLC, although the

maximum number of lung metastases in animals with resistant tumor was by 22% less than in mice with parental one.
Conclusion: Revealed changes in the secretion of VEGF give ground to suggest that intracellular mechanisms,
providing increased production of VEGF by Lewis lung carcinoma cells in response to cisplatin action, are part of the
adaptive reactions of tumor cell and underlie the formation of drug resistance of malignant tumors.
Key words: VEGF, drug resistance, metastasis, cisplatin, Lewis lung carcinoma.

experimental investigations and clinical trials showed
that there are several obstacles for the use of antian-
giogenic drugs limiting the efficacy of antiangiogenic
therapy [10], i.e. the establishment of the appropriate
doses and scheduling of antiangiogenic drugs, reve-
lation of biological correlates and determination of the
best ways to combine these treatments with chemo-
therapy. Moreover, the regimens of antiangiogenic ther-
apy significantly depend on the angiogenic profiling that
is predominantly produced by tumor cells [1]. Indeed
angiogenic profiles may be different for tumors of dif-
ferent origin and different sensitivities against chemo-
therapeutic drugs [11]. As far as metastatic process is
accompanied by substantial changes of cellular com-
position of malignant tumors [12, 13] changes in an-
giogenic profile should be expected during growth and
metastasis of malignant tumors.

To overcome the above-mentioned obstacles, fur-
ther preclinical research is required in order to reveal
reliable biological correlates for determining the optimal
antiangiogenic treatment. It is well recognized now that
among a number of proangiogenic factors produced by
cancer cells, vascular endothelial growth factor (VEGF)
plays a critical role in tumor-associated angiogenesis
promoting tumor growth, invasion and metastasis [14].

That’s why our work is aimed on revealvement of
the differences in the production of VEGF between
Lewis lung carcinoma (LLC) and its cisplatin-resistant
variant and to study the biological correlates between
these differences and metastasis.

MATERIALS AND METHODS
Experimental animals and tumor strains.  The

study was carried out on 2-2.5 months old C57Bl/6
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Fig. 1. The level of in vitro VEGF production by P- (1) and R-cells (2)

mice weighing 20-23 g obtained from the vivarium of
R.E. Kavetsky Institute of Experimental Pathology,
Oncology and Radiobiology of NAS of Ukraine
(IEPOR) (Kyiv, Ukraine). All investigations with ani-
mals were performed according to the rules of Ethic
Committee.

Lewis lung carcinoma (LLC) cells used as tumor
cells sensitive to cisplatin (their IC50  for cisplatin was
0.008 ± 0.0027 mg/ml) were obtained from the Na-
tional Bank of Cell Lines and Tumor Strains (IEPOR,
Kyiv, Ukraine). Cisplatin-resistant LLC/R9 cells (IC50

was 0.013 ± 0.002 mg/ml) were kindly gifted to us by
prof. V.F. Chekhun from the Department of Anticancer
Therapy of IEPOR (Kyiv, Ukraine).

In vivo experiments. LLC and LLC/R9 cells (106)
were transplanted by intramuscular injection to 14 and
27 animals, respectively. Animals were examined and
blood serum samples were taken at the next time points:
LLC-bearing mice – at days 13, 17, 21, 24 and 28 after
tumor cell inoculation, LLC/R9-bearing mice - at days
10, 15, 20, 24 and 29 after tumor cell inoculation (3-
7 animals per each time point).

VEGF levels in blood serum were determined by
immunoassay as described in [15].

The growth kinetics of primary tumors as well as
the volume and total number of lung metastases were
evaluated by routine methods. The number of lung
metastases (as a portion of their total number per
mouse) was also analyzed in vascular phase (metasta-
sis volume > 1 mm3).

In vitro study. The level of VEGF production was
determined in R and P-cells variants, obtained from
cisplatin-resistant LLC/R9 and parental LLC corre-
spondingly by routine trypsin disaggregation of prima-
ry tumor tissues.

Both R and P-cell variants were plated into 96-well
plates (Nunclon, Denmark) at the density 2 x 104 cells/
well and cultured in RPMI 1640 (Sigma, USA) (in a vo-
lume 0.2 ml/well) supplemented with 2 mM glutamine,
10% FBS and 40 µg/ml gentamicine at 37 oC in hu-
midified atmosphere containing 5% CO2. Cytotoxicity
of cisplatin in the range from 0.5 mg/ml to 0.0005 mg/ml
was evaluated by the measurement of the number of
viable cancer cells by MTT calorimetric assay [16]. Af-
ter 24 h incubation, samples of cultural medium were
collected, the number of viable cells was determined in
units of extinction (E540), and VEGF level was mea-
sured by immunoassay [15]. Cell-free complete cul-
ture medium and negative control cell culture (non-
treated) were used as controls.

The level of VEGF production per cell was calcu-
lated by formula VEGFcell = VEGFtotal/E540, where VEGFcell

is the amount of VEGF per cell; VEGFtotal – the total
VEGF level in samples of culture medium (ng/ml), and
E540 reflects the number of viable cells per well; the in-
dex was expressed in relative units.

All investigations were carried out in triplicate.
The statistical analysis of the results was per-

formed using descriptive methods, Student’s t-test,
correlation analysis and nonlinear regressive analysis.

RESULTS AND DISCUSSION
Scanty investigations have shown the increase of

the level of proangiogenic factors secretion by tumor
cells resistant to antiangiogenic therapy [17]. The re-
sults of our investigations revealed that LCC cells re-
sistant to cisplatin are also characterized by increased
level of VEGF production.

In vitro it was found that the level of VEGF produc-
tion by R-cells derived from LLC/R9 was 2.6 times high-
er (p < 0.001) than that by Ð-cells (Fig. 1).

In vivo study of serum VEGF level in LLC/R9-bea-
ring mice confirmed the results obtained in vitro. The
dynamics of the serum VEGF level in mice bearing cis-
platin-resistant tumor significantly differs from that in
mice with the parental LLC, and is characterized by a
higher level of VEGF production, at least at the initial
phase of the primary tumor growth (Fig. 2).

To compare VEGF levels in cisplatin-resistant and
sensitive tumors, we analyzed the dynamic changes of
proangiogenic factor using Weibul’s function:

VEGF = VEGF0 * exp(α * (t – tlag)β) (1)
In the framework of Weibul’s model the dynamic

changes of the serum VEGF level are assessed by three
main parameters. The parameter α reflects the level of
VEGF secretion per cell. β considers the influence of

Table. Parameters of the model for the dynamic changes of VEGF level 
in blood serum of LLC and LLC/R9 -bearing mice during tumor growth 

Model parameters  Tumor type 
α (days-β) β tlag (days) 

LLC 1.66 ± 0.15 0.2 ± 0.036 17.0 ± 0.3 
LLC/R9 2.1 ± 0.07* 0.08 ± 0.01* 0.0 ± 0.0* 
* p < 0.01. 
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Fig. 2. Changes of serum VEGF level in LLC and LLC/R9-bea-
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the cellular composition of the primary tumor on VEGF
production by single cells. tlag is a delay in the serum
VEGF level produced by entire tumor. VEGF0  is the
level of VEGF in the blood serum of intact animals, and
for C57Bl/6 mice it was equal to 11.3 ± 1.5 ng/ml.

The parameters of the model for cisplatin-resistant
and parental tumors were determined from the best fit
of mathematical model (1) to experimental data using
nonlinear regression analysis.

Weibul’s mathematical model adequately describes
VEGF dynamic curves for both parental and resistant
tumors (Fig. 2), thus indicating that the changes of se-
rum level of VEGF during LLC and LLC/R9 growth re-
sult from the same intracellular, intercellular and intra-
tumor processes.

Comparison of the model parameters has showed
that the changes in the level of circulating VEGF during
LLC/R9 growth significantly differed from that for LLC.
This is testified by the presence of significant differences
in all parameters of the mathematical model. At the
cellular level these differences are due to the ability of
the cisplatin-resistant cells to produce an increased
VEGF level, which is supported by differences in the
parameter α. This result is in good agreement with
in vitro data obtained for R-cells.

An interesting feature of LLC (which makes it dif-
ferent from cisplatin-resistant variant) is the existence
of an essential lag time (equal to 17 days) in the pro-
duction of VEGF, not detected in LLC/R9–bearing mice.
One cannot explain such delay by low level of VEGF
secretion by P-cells (compared to their resistant coun-
terpart) due to the lack of significant correlation be-
tween the dynamic changes in VEGF levels and the
kinetics of LLC primary tumor growth (Fig. 3, a). Mean-
while, such a delay of VEGF level may result from the
cellular heterogeneity of LLC in the framework of which
only part of tumor cells actively produces VEGF
(VEGF+-subpopulation). Apparently, at the beginning
of tumor growth the cells of this subpopulation consti-
tute the minority of LLC cellular composition. Increase
of VEGF level in LLC-bearing mice at day 17th may be
associated with a progressive increase of VEGF+-sub-
population. The production of VEGF provides the cells
of this subpopulation with growth advantages that are
necessary for dominating in heterogeneous tumor. The
results of the latest investigations, which showed that
VEGF in addition to its key role in tumor angiogenesis,
is also one of the important factors in the survival of
cancer cells support the mentioned above point [18-
20]. In particular, using the cell line of human ovarian
carcinoma (which expresses high and stable level of
VEGF-164) it was shown that the expression of VEGF
markedly increases the survival of cancer cells both in
vitro and in vivo and conditions on their resistance to
apoptosis induced by cisplatin [18]. In [19] VEGF-C
secreted by human leukemia cells was shown to stim-
ulate cell proliferation and protect cancer cells from
apoptosis induced by cytotoxic agents through inter-
action of this proangiogenic factor with cancer cell re-
ceptor VEGFR-3 (FLT-4).

The importance of VEGF production for the survival
of tumor cells was supported by our findings obtained
in vitro. Thus, we showed that effect of cisplatin in con-
centrations less than IC50 on P-cells resulted in in-
creased VEGF production (Fig. 4), which apparently
can be considered as a part of the adaptive response
of the cell toward the cytostatic agent.

One may suggest that at least some part of VEGF
subpopulation consists of highly metastatic cells. Re-
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Fig. 3. Changes of tumor volume (1) and lung metastatic injury
during LLC growth.
(1) — Tumor volume is given as a portion of maximal recorded
volume during LLC growth
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ally it is known that in the framework of metastatic cell
dominance phenomenon [12, 21], the appearance of
distant metastases is preceded by the dominance of
highly metastatic cells. Our previous investigations
showed that exactly the 17th day is a particular time
point when LLC predominantly consists of highly meta-
static cells [13]. So, the increase in serum VEGF level
may be associated with active production of VEGF by
mentioned cells. The ability to produce the proangio-
genic factors by metastatic cells enhances their growth
advantages that are already peculiar to these cells and
are known to be necessary for them in order to domi-
nate in heterogeneous tumor [12, 21-23].

Unlike LLC, the changes in serum VEGF level in LLC/
R9-bearing mice during tumor growth are characterized
by the absence of time delay (tlag=0) and an increased level
of circulating VEGF even at the early stages of tumor growth
(Table, Fig. 2). If our mentioned considerations are correct,
then cisplatin-resistant tumor at the initial stage of growth
contains higher volume of VEGF+-subpopulation than LLC.
This conclusion is supported by high and significant corre-
lation (r = 0.74, p < 0.01) between the dynamic changes of
serum VEGF level and LLC/R9 growth kinetics (Fig. 5, a)
(in case of LLC such correlation was absent), and by the
shift in LLC/R9 metastasis curve to the left (Fig. 5, b). By
day 25, the number of lung metastases was significantly
higher (p < 0.05) in LLC/R9-bearing animals than in mice
with LLC.

Nevertheless, it should be noted that in both resistant
and parental tumors only part of the cells of VEGF+-sub-
population possesses high metastatic activity. This is ev-
idenced, by the continuous increase of serum VEGF lev-
el, and by the progressive decrease of the number of
metastatically active cells at the late stages of tumor
growth [13].

Differences in the serum VEGF level between LLC-
and LLC/R9 -bearing mice are accompanied by the dis-
tinction in metastatic lung injury. There is a significant
correlation between the blood serum VEGF level and
the number of lung metastases for LLC and LLC/R9 tu-
mors (r = 0.77, r = 0.64, p < 0.01 respectively). Howe-
ver, LLC/R9-bearing mice despite significantly (p < 0.05)
higher maximal serum VEGF level (177.6 ± 5.1 ng/ml
against 162.3 ± 4.7 ng/ml in LLC), have significantly lower
(p < 0.05) maximal  number of lung metastases (20.1 ±
1.3) than mice with LLC (25.1 ± 1.9).

The possible explanation of that fact is that the se-
rum VEGF level plays a critical role in the progressive
metastatic growth [14, 24-26], while the number of
metastases is mainly determined by the metastatic
potential of primary tumor. This explanation is supported
by a significant correlation observed between the level
of circulating VEGF in mice with LLC and the number
of metastases in vascular phase of their growth (r =
0.67, p < 0.01) (Fig. 3, c). In case of cisplatin-resistant
tumor, such correlation is absent due to redundant se-
rum VEGF level (which is higher than it is necessary
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for the induction of metastases vascularization) during
LLC/R9 growth. However, much higher VEGF level in
mice with LLC/R9 accounts for a significantly higher (p <
0.01) level of lung metastatic injury than that in mice
with LLC. The maximal volume of lung metastases in
animals with LLC/R9 was 20.9 ± 2.9 mm3  (Fig. 5, d),
while in mice with LLC – 5.1 ± 0.5 mm3 (Fig. 3, d).

It should be noted that though the volume of lung
metastases in mice with LLC/R9 was significantly high-
er (p < 0.05) than that in animals with LLC, there was
no significant correlation between the serum VEGF level
and the total lung metastasis volume at all stages of
tumor growth due to its negligible value (< 1% of the
primary tumor volume).

In conclusion, we showed that cisplatin resistant LLC
cells produce higher level of VEGF (in comparison with
parental cells) in the absence of treatment. The in vitro
treatment with cisplatin in relatively low concentrations
resulted in the decrease of VEGF production by LLC/R9

cells but enhanced VEGF production by parental LLC
cells. We suppose that intracellular mechanisms re-
sponsible for increased production of VEGF by LLC
cells in response to cisplatin action, represent the adap-
tive reactions of tumor cell and underlie the formation
of their drug resistance.
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ÏÎÂÛØÅÍÈÅ ÓÐÎÂÍß ÏÐÎÄÓÊÖÈÈ VEGF ÐÅÇÈÑÒÅÍÒÍÎÉ
Ê ÄÅÉÑÒÂÈÞ ÖÈÑÏËÀÒÈÍÀ ÊÀÐÖÈÍÎÌÎÉ ËÅÃÊÈÕ ËÜÞÈÑ

Ã.È. Ñîëÿíèê, Î.Í. Ïÿñêîâñêàÿ, Ë.Â. Ãàðìàí÷óê

Öåëü: äàííàÿ ðàáîòà ïîñâÿùåíà ñðàâíèòåëüíîìó àíàëèçó óðîâíÿ ïðîäóêöèè ôàêòîðà ðîñòà ýíäîòåëèàëüíûõ êëå-
òîê (VEGF) êëåòêàìè êàðöèíîìû ëåãêèõ Ëüþèñ (LLC) è åå öèñïëàòèí-ðåçèñòåíòíîãî âàðèàíòà (LLC/R

9
) è

âûÿâëåíèþ ñâÿçè ìåæäó ïðîäóêöèåé VEGF è ìåòàñòàçèðîâàíèåì. Ðåçóëüòàòû: â îïûòàõ in vitro ïîêàçàíî, ÷òî
êëåòêè LLC/R

9
, íå ïîäâåðãàâøèåñÿ âîçäåéñòâèþ öèñïëàòèíà, õàðàêòåðèçîâàëèñü ïîâûøåííûì óðîâíåì ïðîäóê-

öèè VEGF ïî ñðàâíåíèþ ñ êëåòêàìè LLC. Ïîä âîçäåéñòâèåì öèñïëàòèíà â íèçêèõ êîíöåíòðàöèÿõ íàáëþäàëîñü
ñíèæåíèå ïðîäóêöèè VEGF êëåòêàìè LLC/R

9
 è ïîâûøåíèå ïðîäóêöèè ýòîãî ôàêòîðà êëåòêàìè LLC. Èññëåäîâà-

íèÿ in vivo ïîêàçàëè, ÷òî äèíàìèêà èçìåíåíèÿ óðîâíÿ VEGF â ñûâîðîòêå êðîâè ìûøåé ñ LLÑ, â îòëè÷èå îò
òàêîâîé ó ìûøåé ñ LLC/R

9
,
 
õàðàêòåðèçóåòñÿ ïîíèæåííûì óðîâíåì VEGF, à òàêæå íàëè÷èåì 17-ñóòî÷íîãî ëàòåíò-

íîãî ïåðèîäà â ïðîäóêöèè ýòîãî ôàêòîðà. Íàðÿäó ñ óêàçàííûìè ðàçëè÷èÿìè, èññëåäóåìûå ãðóïïû ðàçëè÷àëèñü
ïî ñòåïåíè ìåòàñòàòè÷åñêèõ ïîðàæåíèé ëåãêèõ, îáúåì êîòîðûõ ó ìûøåé ñ LLC/R

9 
áûë çíà÷èòåëüíî âûøå, ÷åì ó

ìûøåé ñ LLC, õîòÿ ìàêñèìàëüíîå êîëè÷åñòâî ìåòàñòàçîâ ó æèâîòíûõ ñ ðåçèñòåíòíîé îïóõîëüþ áûëî íà 22%
ìåíüøå, ÷åì ó ìûøåé ñ èñõîäíûì øòàììîì. Âûâîäû: îáíàðóæåííûå èçìåíåíèÿ â ïðîäóêöèè VEGF äàþò îñíî-
âàíèå ïðåäïîëàãàòü, ÷òî âíóòðèêëåòî÷íûå ìåõàíèçìû, îáåñïå÷èâàþùèå ïîâûøåííóþ ñåêðåöèþ ýòîãî ôàêòîðà
êëåòêàìè êàðöèíîìû Ëüþèñ â îòâåò íà äåéñòâèå öèñïëàòèíà, ìîãóò ÿâëÿòüñÿ ÷àñòüþ àäàïòèâíûõ ðåàêöèé  îïóõî-
ëåâîé êëåòêè è ëåæàòü â îñíîâå ôîðìèðîâàíèÿ ëåêàðñòâåííîé ðåçèñòåíòíîñòè çëîêà÷åñòâåííûõ îïóõîëåé.
Êëþ÷åâûå ñëîâà: ôàêòîð ðîñòà ýíäîòåëèàëüíûõ êëåòîê, ðåçèñòåíòíîñòü, ìåòàñòàçèðîâàíèå, öèñïëàòèí,  êàðöè-
íîìà ëåãêèõ Ëüþèñ.


