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Abstract Renal cell carcinoma (RCC) remains one of the
greatest challenges of urological oncology and is the third
leading cause of death in genitourinary cancers. RCCs are
highly vascularized and are amenable to antiangiogenic
therapy. Endostatin (ES) is a fragment of collagen XVIII
that possesses antiangiogenic activity. In this study, we
examined the potential of erythrocyte PpIX fluorescence
spectroscopy for monitoring the efficacy of antiangiogenic
therapy in metastatic renal cell carcinoma (mRCC), using
an orthotopic metastatic mouse model. Balb/C-bearing
Renca cells were treated with NIH/3T3-LendSN cells.
Lung weight, nodule area, microvascular area (MVA), and
erythrocyte PpIX fluorescence were evaluated. Emission
spectra were obtained by exciting the samples at 405 nm.
There was a significant decrease in lung wet weight, lung
nodule area and MVA in the treated group compared to the
control group (P<0.001). Significant differences in auto-
fluorescence shape were observed in the 620-650 nm
spectral region. The most intense fluorescence peak was
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observed at ~632 nm. The autofluorescence of the
control samples was about 53% higher than that of
normal blood (P<0.05). In the group treated with ES, the
autofluorescence was about 54% lower than in the control
group (P<0.05). Fluorescence intensity was positively
correlated with the nodule area (R*=0.8859; P<0.001)
and MVA (R?=0.9431; P<0.001) in the ES-treated group.
These results demonstrate that the spectroscopic analysis
method allows a selective detection of tumor masses. This
preliminary study suggests that PpIX fluorescence may be
useful as a biomarker for antiangiogenic cancer therapy.

Keywords RCC - Endostatin - Porphyrin - Fluorescence -
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Introduction

Angiogenesis is a physiological process involving the
growth of new blood vessels from pre-existing vessels.
Unregulated angiogenesis, however, is a crucial step in
tumor growth and progression. Its quantification by micro-
vessel counting is of prognostic value in several types of
malignancies [1].

RCC represents about 85% of the newly diagnosed renal
cell cancers, which occur at an estimated rate of 4.4-11.1
cases per 100,000 people per year [2—4].

Surgery may be curative when patients present with
localized disease. However, many patients who are initially
resected eventually relapse, and the prognosis in these cases
is poor. In fact, among patients choosing excision of a
localized RCC, approximately 20% will subsequently
experience recurrence of the disease. RCC metastases to
the lungs are the most frequent, with prevalence rates as
high as 72% and 76% in autopsy studies [5, 6].
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RCC is a highly vascularized tumor. It secretes several
growth factors, such as vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF), and
soluble vascular endothelial growth factor receptor 2
(VEGFR2). Elevated serum levels of growth factors and
imaging techniques have been used to monitor patients after
surgery [7]. RCC is amenable to antiangiogenic therapy, as
evidenced by the recent approval of new antiangiogenic
agents that target the VEGF/VEGF receptor pathway [8, 9].
Along with these exciting new therapeutic agents, including
ES gene therapy, comes the challenge of detecting useful
biomarkers to monitor patients receiving these therapies.
Although many patients benefit from antiangiogenic ther-
apies, it is not always possible to achieve stabilization of
the disease. Thus, the development of noninvasive bio-
markers of disease response and relapse is a crucial
objective to aid in the management of these patients [10].

ES is a 20-kDa fragment cleaved from a collagen XVIII
COOH terminus that inhibits endothelial cell proliferation,
migration, invasion, and tube formation, and has dramati-
cally reduced tumor growth and metastasis in several
mouse models, with no serious side effects observed [11—
15]. In a previous study performed by our group,
subcutaneous injection of ES-transduced cells resulted in
significant anti-tumor effects in a murine model of renal
carcinoma. Histological analysis of treated tumors showed
decreased microvascular density, massive necrosis and foci
of apoptotic cells, which were associated with leukocyte
infiltration [8].

Fluorescence spectroscopy is currently one of the most
widely used spectroscopic techniques in the fields of
biochemistry and molecular biophysics. Natural tissue
fluorophores such as NAD-(P)H and FAD, structural
proteins such as collagen, elastin, and their crosslinks, and
the aromatic amino acids tryptophan, tyrosine, phenylala-
nine and porphyrins display characteristic excitation wave-
lengths with an associated characteristic emission [16, 17].
Biophysical changes that accompany dysplastic progression
often lead to alterations in the optical characteristics of
tissues. Optical technologies sensitive to these alterations
can lead to the development of quantitative, noninvasive,
real-time diagnostic tools [16].

Protoporphyrin, a porphyrin derivative, is the intermedi-
ate metabolic precursor of the heme molecule. The insertion
of ferrous iron into protoporphyrin IX (catalyzed by the
enzyme ferrochelatase) is the last step in heme biosynthesis.
In erythrocytes, a small portion of protoporphyrin normally
escapes this metabolizing process and can be found as free
erythrocyte protoporphyrin IX (FEP) or as zinc protopor-
phyrin (ZP), an alternative chelate to heme [17]. Measure-
ment of both forms has potential as a screening test for
diseases. Protoporphyrin IX (PpIX) accumulates in
cancerous tissues as a consequence of tumor-specific
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metabolic alterations. Several studies have been per-
formed to define the potential of autofluorescence for
cancer diagnosis [18-20].

In a previous study [20], our group demonstrated the
autofluorescence of blood PpIX in xenoimplanted SCID
mice and an increase in fluorescence intensity at ~635 nm
as a function of growth of the subcutaneous tumor mass. In
another work, tumor-bearing kidneys in different progres-
sion stages were analyzed by ex-vivo spectroscopy, and a
nice correlation between the growth of the tumor mass and
fluorescence intensity was found [21].

The aim of this work was to evaluate the potential of
fluorescence spectroscopy for monitoring antiangiogenic
cancer therapy.

Materials and methods
Cell lines

NIH/3T3-LendSN-clone 3 was utilized for endostatin
expressing. The cells were maintained in DMEM with high
glucose content (4.5 g/l at 25 mM), and supplemented with
100 U/ml penicillin, 50 mg/ml streptomycin, and 10% fetal
bovine serum (Life Technologies). The ES level produced
by NIH/3T3-LendSN was 1.36 pg/mL [8].

Renca, a murine RCC line of spontaneous origin in a
BALB/c mouse was kindly donated by Dr Isaiah Fidler D.
V.M., Ph.D. (from The University of Texas M. D. Anderson
Cancer Center, USA). The cells were maintained in RPMI
supplemented with 10% fetal bovine serum (Life Technol-
ogies) buffered with fresh 2 mM L-glutamine (Life
Technologies), 100 U/ml penicillin, and 100 mg/ml
streptomycin.

Both cell lines were maintained in a humid chamber at
37°C in an atmosphere containing 5% CO2.

Animals

Male Balb/C mice (10—12 weeks old) were obtained from
the Animal Facility of IPEN/CNEN-SP, Sao Paulo, Brazil.
They were kept in a pathogen-free isolator unit, and food
and water were autoclaved. All animals were maintained on
a daily 12-hr light/12-hr dark cycle. Twenty-five mice were
used in the experiment (Normal group - N=5; Control
group-N=10; ES-treated group - N=10).

Orthotopic RCC tumor model

The experimental protocol was approved by the Animal
Experimentation Ethics Committee.

Mice were anesthetized by subcutaneous injection with
Ketamine and Xylazine, 100 mg/kg and 10 mg/kg body
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weight, respectively. The left kidney was exteriorized via
flank incision, and 10 ul of Renca cells were inoculated (1 x
10° cells/animal) into the renal subcapsular space, using a
Hamilton syringe with a 27 gauge needle. The kidney was
then returned, the peritoneum sutured, and the incision
closed using surgical clips.

Nephrectomy

The left kidney was removed by unilateral nephrectomy 7
days after Renca cells inoculation. The animals were
randomly divided into two groups of 10 mice each: one
of them was the control, and the other received a
subcutaneous inoculation of 3 x 10° NIH/3T3-LendSN
cells (ES production level = 1.36 pg/mL).

Five normal mice were used as lung and erythrocyte
donors. Ten days later, the animals were killed and
exsanguinated.

Blood collection and histological analysis of the lung

At the end of the experiment, the animals were sacrificed
following the guidelines for euthanasia of the American
Veterinarian Medical Association. A total of 500 pL of
blood were collected from each animal and centrifuged at
3,000 rpm for 15 min. The formed elements were used for
porphyrin extraction.

The lung was excised, washed in PBS, fixed in 10%
PBS-buffered formalin for 24 h, and then routinely
processed for paraffin-embedding. Histological analysis
was performed in 4 pm sections stained with hematoxylin
and eosin.

Assessment of tumor and vascular areas in the lungs
from both control and treated animals was performed by
morphometry. Images were collected at a lower magnifica-
tion (20x) using a Nikon Eclypse E600 microscope, in at
least 20 independent fields. The vascular and nodule areas
were quantified as follows: grids were projected on random
fields of lung sections at a 20x magnification, and the
number of grid intersections overlaying stained vessels and
nodules was counted. Data were expressed in pixels as the
relative area of vessels and nodules within the metastatic
lung, considering the images in 1280x1024 pixels, and
each pixel representing 0.32 pm.

Porphyrin extraction

Three volumes of analytical-grade acetone were added to
the 250 pL of erythrocytes, thoroughly mixed, and
centrifuged at 3,000 rpm for 15 min. The mixture was then
centrifuged at 4,000 rpm for 15 min. The clear supernatant
was transferred to a clean tube and maintained at 4°C until
spectrofluorimetric analysis.

ELISA analysis

ES was measured in tissue homogenates from lungs of
animals subjected to the different treatments, using a Mouse
Endostatin ELISA Kit (USCN Life Science & Technology
Company, Double Lake, MO), according to the manufac-
turer’s instructions. The endostatin concentrations were
assayed at least in triplicate, and the reproducibility of the
assay was confirmed.

Fluorescent spectral analyses

The samples were excited at 420 nm and analyzed with a 1-
mm path length in a Jobin Yvon (Longjumeau, France)
Fluorolog-3 spectrometer with front-face collection geom-
etry and a 0.2-nm resolution. The entrance and exit slits
were adjusted respectively at 5 and 2 mm.

Statistical analysis

The results are presented as means = SE. Single compar-
isons of the mean values were performed by Student’s ¢ test.
Multiple comparisons of mean values were performed using
one-way ANOVA followed by Bonferroni’s test, using
GraphPad Prism version 4.0 for Windows® (GraphPad®
Software, San Diego, CA, USA), http://www.graphpad.
com. A probability (P) value of less than 0.05 was
considered statistically significant.

Results

At the end of the experiment, the ES serum levels of the
normal and of the ES-treated group were measured. ES
serum levels were higher in the control group than in
healthy mice (P<0.05). As shown in Fig. 1a, subcutaneous
inoculation of NIH/3T3-LendSN cells (ES group) resulted
in a 2.75-fold increase of the circulating ES levels (normal
vs ES P<0.001).

To quantify the lung tumor burden, the lung of each
animal was isolated and immediately weighed (wet weight).
The mean lung wet weight for the groups studied was:
control group = 0.78+0.08; ES-treated group = 0.28+0.01.
As expected, the lung wet weight was increased in the
control group compared to normal animals (0.18+£0.01 P<
0.001). In the ES-treated group, there was a significant
decrease of lung weight compared to the control group (P<
0.001) Fig. 1b.

Histological and morphometric analysis

Booming proliferation of tumor cells and severe destruction
of lung tissue were observed by HE staining in the control
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Fig. 1 Orthotopic metastatic animal model of RCC. a ES serum
levels of normal and experimental groups (normal vs control *P<
0.05; normal vs ES group ***P<0.001); b Mean lung wet weight of
normal and experimental groups: lung weight of ES-treated group was
significantly lower than of control group (***P<0.001) (ANOVA)

group, whereas in the animals treated with ES the lung
tissue was better preserved (Fig. 2a and b).

Metastatic foci in lung parenchyma were significantly
smaller in the treated groups (P<0.001) (Fig. 3a).

Microvascular morphometry of the tumors showed that,
in the treated groups, the microvascular area (MVA) was
significantly decreased (P<0.001) (Fig. 3b), demonstrating
the efficiency of ES for antiangiogenic cancer therapy.

Fluorescence analyses

The samples were excited at 420 nm, and emission was
collected between 600 nm and 730 nm. The spectrum
consisted of two main peaks around 632 and 690 nm,
respectively. The most intense fluorescence peak was
observed at ~632 nm. The PpIX autofluorescence of the
control samples was about 53% higher than that of
normal blood (P<0.05). In the ES-treated group, the
autofluorescence was about 54% lower than in the control
group (P<0.05). The reduction in autofluorescence pro-
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duced by the ES treatment resulted in values that did not
differ significantly from the normal group (Fig. 4).

Although the number of samples was too small to
perform rigorous statistical analyses, the fluorescence
intensity ratio was positively correlated with the nodule
area (R°=0.8859; P<0.001) and MVA (R*=0.9431; P<
0.001) in the ES-treated group (Fig. 5a and b).

Discussion

A variety of antiangiogenic agents are currently available for
the treatment of many types of cancer and there is an urgent
need for reliable, sensitive, and quantitative in vivo measure-
ment techniques for evaluating the antiangiogenic therapies.

Fig. 2 Microscopic view of the HE-stained lung tissues (a,b). a
Control group: numerous large tumor nodules almost completely
replacing normal parenchyma (arrows); b ES-treated group: small
tumor nodules seen within the lung tissue (arrows) Magnification
(40%)
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Fig. 3 Effect of ES treatment on mRCC. a Lung nodule area: ES-
treated group with nodule area significantly smaller than in the control
group (*P<0.001); b MVA: Microvascular density significantly
decreased in the ES-treated group compared to control (*P<0.001)
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Fig. 4 Erythrocyte PpIX fluorescence intensity in blood samples from
the normal, control and ES-treated groups. There is a significant
difference between normal and control (¥*P<0.05). ES treatment
produced a significant reduction in erythrocyte PpIX fluorescence.
(*P<0.05). The ES-treated group did not differ significantly from the
normal group (ANOVA)
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Fig. 5 Correlation analysis. a Nodule area vs erythrocyte PpIX
fluorescence; b MVA vs erythrocyte PpIX fluorescence (P<0.001 for
both)

In this study, we used a Balb/C orthotopic metastatic
model of RCC to evaluate the efficacy of ES gene therapy
and also the potential of fluorescence spectroscopy for
monitoring the antiantiogenic therapy.

In a previous study [21], our group demonstrated the
autofluorescence of blood PpIX in a primary tumor model of
RCC and the increase in fluorescence intensity at ~635 nm as
a function of growth of the subcutaneous renal tumor mass.
In the present work, we demonstrated that distant RCC
metastases also show a distinct and enhanced fluorescence
band (around 632 nm) produced by protoporphyrin. An
abnormal PpIX metabolism has been observed in blood,
plasma, serum and other tissues of cancer patients, indicating
that cancer cells accumulate substantially more PpIX than
the normal cells and tissues [22-25]. The enhanced
fluorescence of endogenous porphyrins in cancerous tissues
is assumed to be a consequence of the tumor-specific
metabolic alterations which can be caused by tumor
hypervascularity [26, 27].

In the ES-treated group, the lung tumor burden was
significantly inhibited. Our morphometric data show that
sustained release of ES by NIH/3T3-LendSN-clone 3
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promoted a significant reduction in nodule area and MVA.
Previous studies have demonstrated that the mean micro-
vessel diameter increases as the cancer stage progresses
[28]. The reduction of tumor vessels and, consequently, of
tumor volume is evidence that the antiangiogenic therapy was
effective. The PpIX levels in the endogenous erythrocytes of
the ES-treated group were 54% lower than in controls,
indicating that PpIX fluorescence could be used to monitor a
mRCC antiangiogenic treatment. In human colorectal cancers,
PpIX fluorescence was used to discriminate metastatically
involved lymph nodes from all other palpable nodes.
Moreover, the PpIX fluorescence level was also reduced in
primary tumors after neoadjuvant treatment [27].

Microvessel density is nowadays widely accepted as an
indicator of disease severity across a broad range of
cancers, including melanomas, genitourinary, non-small
cell lung, and even hematological cancers [28, 29].
Previous studies have compared microvessel density with
patient survival in RCC. Other studies have demonstrated
an inverse relationship between microvessel density and
RCC prognosis [10]. In this study, we demonstrated that the
erythrocyte autofluorescence is positively correlated with
nodule area and MVA, indicating that fluorescence spec-
troscopy may be useful as a biomarker for antiangiogenic
cancer therapy.

Conclusions

The reduction of lung nodule areca and MVA demonstrates
that mRCC is responsive to ES therapy. There was a good
correlation between the histological and morphometric
diagnosis with the fluorescence spectroscopy data, indicat-
ing that this technique may be helpful in the fight against
cancer.
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