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Palliative systemic radionuclide therapy with 8Sr-chloride is a
useful intervention for patients with bone pain from metastatic
prostatic cancer. Although this radionuclide is highly effective, its
mechanism of action remains unresolved. This investigation
sought to determine whether systemic radionuclide therapy
decreases the production of cell adhesion molecules (E-
selectins) that participate in the metastatic process. Methods:
Sera were collected from 25 men with metastatic (stage 1V)
prostate carcinoma who received 8Sr-chloride palliative therapy
and from 10 age-matched healthy volunteers. The serum concen-
tration of E-selectin was quantified by an enzyme-linked immuno-
sorbent assay. Sera from 5 patients who received 2 courses of
radionuclide therapy were also included in the analysis. Results:
A 2.8-fold decrease in serum E-selectin concentration occurred
within 2 mo of radionuclide therapy (P < 0.0001). At 10 mo,
however, the concentration increased to a mean (*+SD) of
151.2 + 51.3 ng/mL, surpassing the baseline concentration. This
pattern coincided with symptomatic improvement and subse-
quent health status deterioration. For patients who received 2
courses of radionuclide therapy, a second fall in serum E-selectin
concentration followed the second radionuclide treatment.
Conclusion: A significant decrease in serum E-selectin concen-
tration was observed after systemic radionuclide therapy. This
finding suggests that expression of cell adhesion molecules, an
important determinant of metastatic progression, may be inhib-
ited by 8Sr-chloride.
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The management of bone pain from prostate cancer offers
many challenges to patients and clinicians. Although opioid
analgesia remains the mainstay for palliating the pain
associated with advanced prostate carcinoma (stage IV),
systemic radionuclide therapy (¥Sr, !53Sm, and '#%Re) has
emerged as a useful therapeutic option (/-5). In particular,
radionuclide therapy offers significant palliation without the
side effects of opioids (e.g., mental status deterioration and
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constipation). Additionally, for multifocal metastases, sys-
temic radionuclide therapy offers an alternative to wide-field
(hemibody) external beam irradiation, which is accompa-
nied by significant bone marrow toxicity (6). Evidence
suggests that combined chemotherapy and radionuclide
therapy may offer, in addition to palliation, some survival
benefit to patients with advanced prostate cancer (7).
Despite these developments, little is known about the
mechanisms underpinning the palliative or survival benefits
of #Sr-chloride.

A long list of diagnostic and prognostic markers for
human prostate cancer has been identified (8). Of these, the
role of cell adhesion molecules (CAMs), a complex network
of protein and carbohydrate molecules that mediate cell—cell
and cell-matrix interactions in tumor invasion and metasta-
sis, may have some bearing on #Sr-chloride mechanisms of
action, because CAMs mediate the adhesion of prostate
cancer cells to endothelium and other tissues (9-11). This
investigation was undertaken to determine whether #Sr-
chloride therapy reduces the production of the adhesion
determinant E-selectin, a carbohydrate expressed on human
prostate cancer cells and vascular endothelial cells.

MATERIALS AND METHODS

Patients

According to institutional guidelines, 25 men (mean age = SD,
76 * 8.3 y) with androgen-independent, histologically confirmed
prostatic adenocarcinoma were investigated. All patients had
multiple skeletal metastases (Soloway grade 2 or higher) on
99mTc-methylene diphosphonate bone scintigraphy (12). Twenty
patients were treated once with #Sr-chloride (166.5 * 11.1 MBq);
5 patients were treated twice with this dose at approximately a
10-mo interval. Ten age-matched volunteers with no evidence of
prostate cancer served as a control group. All patients reported
significant improvement in their quality of life within 2 mo of
radionuclide therapy, according to their responses to the McGill
Pain Questionnaire (Fig. 1), a validated instrument of monitoring
pain response (/3). No complications or morbidity occurred as a
result of radionuclide therapy in this cohort.

Serum Analysis
Sera were obtained at the time of treatment and every 2 mo up to
10 mo after #Sr-chloride therapy. In 5 patients, who were treated at
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The McGill Pain Questionnaire

PRI: § A E M(S) M(AE) M(T) PRI(T)
(1-10) (11-15) (16) (17-19) (20) (17-20) (1-20)
1 FLICKERING 11 TIRING B
QUIVERING EXHAUSTING
PULSING
THROBBING 12 SICKENING B
BEATING SUFFOCATING
POUNDING
_ 13 FEARFUL
2 JUMPING FRIGHTFUL
FLASHING TERRIFYING
SHOOTING
14 PUNISHING
3 PRICKING GRUELLING
BORING CRUEL
DRILLING VICIOUS
STABBING KILLING
LANCINATING [
IS WRETCHED B
4 SHARP BLINDING
CUTTING r
LACERATING 16 ANNOYING
‘TROUBLESOME
5 PINCHING MISERABLE
PRESSING INTENSE
GNAWING UNBEARABLE
CRAMPING
CRUSHING 17 SPREADING
— RADIATING .
6 TUGGING PENETRATING CONSTANT
PULLING PIERCING PERIODIC
WRENCHING
ICH 18 TIGHT BRIEF
7 HOT NUMB
BURNING DRAWING
SCALDING SQUEEZING
SEARING TEARING
—
8 TINGLING 19 COOL
ITCHY CcoLD @ SLEEP: FOOD INTAKE:
SMARTING FREEZING GOOD GOOD
STINGING 20 NAGGING ACCOMPANYING FITFUL SOME
™ | CAN'T SLEEP LITTLE
9 DULL NAUSEATING SYMPTOMS: NONE
SORE AGONIZING NAUSEA COMMENTS:
HURTING DREADFUL HEADACHE COMMENTS:
ACHING TORTURING DIZZINESS
HEAVY DROWSINESS
- CONSTIPATION
10 TENDER 0 No pain DIARRHEA
TAUT 1 MILD ACTIVITY: COMMENTS:
RASPING 2 DISCOMFORTING COMMENTS: GOOD
SPLITTING 3 DISTRESSING SOME
4 HORRIBLE LITTLE
5 EXCRUCIATING NONE
FIGURE 1. McGill Pain Questionnaire. PRI = pain rating index; S = sensory; A = affective; E = evaluative; M = musculoskeletal;
T = total; PPI = present pain intensity.

the 10-mo stage, additional serum samples were obtained until 14
mo. Fresh or frozen (—70°C) sera were analyzed for E-selectin
concentration using a commercially available enzyme-linked immu-
nosorbent assay kit according to the manufacturer’s specifications
(British Biotechnology Products, Ltd., Abingdon, UK). Patient sera
(0-200 ng/mL) were serially diluted with the zero standard
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available from the diagnostic assay. Parallel inhibition curves were
obtained, signifying that patient serum E-selectin bound with the
same affinity as standard human E-selectin. Inter- and intra-assay
variability was 7.5% and 8.3%, respectively. Serum prostate-
specific antigen (PSA) was also measured at the same time as
E-selectin, according to common laboratory methods (/4).
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FIGURE 2. Time-interval changes in serum E-selectin concen-
tration after systemic radionuclide therapy. O = healthy volun-
teers (n = 10). @ = patients with androgen-independent meta-
static prostate cancer (n = 25).

Statistical Methods

Descriptive methods were used to obtain the mean and SD for
the indicated data. Significance between means was established by
1-way ANOVA and the Tukey test, including normality and equal
variance testing. Significance was established for an a of 0.05, and
the power for the statistical comparisons was >0.85 at an a of 0.05.

RESULTS

Changes in serum E-selectin levels during the 10-mo
interval after radionuclide therapy are indicated in Figure 2.
No statistically significant change occurred in serum E-
selectin concentration over that interval for the control
group. The baseline, pretreatment E-selectin concentration,
which was 1.5 times greater for the prostate cancer group
(141.6 * 43.7 mg/mL) than for the control group (92.5 *
20.0 ng/mL; P < 0.002), was consistent with the literature
(7). A 2.8-fold decrease in serum E-selectin concentration
occurred within 2 mo of radionuclide therapy (P < 0.0001).
At 10 mo, however, the concentration increased to 151.2 +
51.3 ng/mL, surpassing the baseline concentration. This
pattern coincided with symptomatic improvement and subse-
quent deterioration of health status. Figure 3 shows the
results from 5 patients who received 2 doses of radionuclide

E-selectin [ ng mI” serum ]

PSA [ ng ml™ serum ]

FIGURE 4. Linear regression analysis of serum PSA versus
E-selectin concentration.

therapy. The pattern indicates a second fall in serum
E-selectin concentration after the second radionuclide
treatment.

No correlation between serum E-selectin concentration
and PSA was observed (Fig. 4). The Pearson product
moment correlation of these data did not show a significant
relationship between any pair of variables (P > 0.05; r =
0.131; 2 = 0.0173; Spearman rank coefficient of correla-
tion = —0.0998).

DISCUSSION

The results suggest that systemic radionuclide therapy
disrupts the production of E-selectin adhesion molecules.
This disruption is reproducible after the initial and second
treatment with 39Sr-chloride (Fig. 3), and the duration of
decreased serum E-selectin concentration corresponds to the
100-d deposition interval of 8Sr in metastatic lesions (15).
These data do not reveal whether this disruption is a primary
effect, indicating action of the radionuclide on the vascular
endothelium or metastasized tumor cells, or a secondary
effect, indicating mediation by other molecules (e.g., prosta-
cyclins). Prostacyclins have known antimetastatic activity,
and they may exert this effect, in part, by inhibiting
CAM-mediated adherence of prostate cancer cells to endo-

FIGURE 3. Time-interval changes in se-
rum E-selectin (A) and PSA (B) concentra-
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tions after 2 courses of systemic radionu-
clide therapy. Data represent patients with
metastatic prostate carcinoma (n = 5).
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thelial cells in target organs (/6). In addition, discordance
between serum E-selectin and PSA concentration (Fig. 4)
implies distinct mechanisms for each in the setting of
skeletal metastatic disease and may partly explain metastatic
progression despite PSA normalization.

Accordingly, the mechanisms underlying CAM-mediated
cell adhesion are themselves extraordinarily complex, but
their significance in cancer metastases requires some under-
standing to be appreciated. E-selectin is a cell surface
glycoprotein found on vascular epithelial cells, as well as on
prostate cancer cells (e.g., prostate cancer cell lines, PC-
3LNCaP, and DU145). E-selectin is expressed in response to
inflammatory cytokines (e.g., interleukin-1 and tumor necro-
sis factor—a).

Serum E-selectin concentration and serum PSA levels do
not correlate, for reasons that are likely multiple. PSA is a
serine protease produced at high concentrations by normal
and malignant prostatic epithelium. It is secreted mainly into
seminal fluid. Only minor amounts of PSA leak into
circulation from normal prostate glands, but the release of
PSA from diseased prostate glands is increased. Conse-
quently, the histologic origin of the 2 serum markers is quite
different. Similarly, ®Sr is localized in regions of osteoblas-
tic activity that generally neighbor vascular endothelium.
Although no direct evidence exists that 89Sr localizes in
endothelial cells, the current results may be related to
cell-mediated mechanisms linked by the proximity of such
cells (osteoblasts and endothelial cells).

A wide range of cells interacts with E-selectins, including
neutrophils, monocytes, T-cells, natural killer cells, and an
assortment of carcinoma cells such as breast and colon as
well as melanomas. The carbohydrate determinants, sialyl
Lewis A and sialyl Lewis X, frequently expressed on such
human cancer cells, serve as the ligands for the E-selectins.
The initial adhesion mediated by E-selectins triggers the
activation of integrin molecules through the action of several
common cytokines and results in the extravasation of cancer
cells. Cancer cells also produce humoral factors that facili-
tate endothelial cell surface expression of E-selectins. The
degree of surface carbohydrate ligand expression is highly
correlated with the frequency of hematogenous metastases
and the prognostic outcome of patients (/7).

E-selectin also participates in a variety of chronic inflam-
matory diseases (e.g., rheumatoid arthritis, psoriasis, and
asthma) in a manner that suggests it plays a role in
endothelial proliferative mechanisms such as those common
during angiogenesis. Importantly, angiogenesis-related meta-
static proliferation may be blocked through inhibition of
E-selectin production (16).

The adhesion of cancer cells to vascular endothelium, an
important event in hematogenous metastasis, may be dis-
rupted by radionuclide therapy. Increased expression of
CAMs leads to augmentation in the adhesiveness of cancer
cells to vessel walls, and radionuclide therapy appears to
block this expression. Inhibition of such processes may
undermine the metastatic course and, in the case of prostate

cancer, retard the spread of bony metastatic disease. Such a
radionuclide-mediated process may explain halted progres-
sion of metastatic skeletal disease in patients with index pain
sites who were treated with 39Sr-chloride (/7).

The current data represent an initial step in linking
radionuclide therapy to the events associated with cancer
metastasis. Although the exact mechanisms accounting for
the palliative and disease-controlling effects of systemic
radionuclide therapy are likely to be deciphered at the
molecular level, the current data point to some directions for
further exploration.

CONCLUSION

Measurement of serum E-selectin concentration showed
that production of this cell adhesion determinant decreases
immediately after systemic radionuclide therapy with Sr-
chloride. This finding also occurs in patients who are treated
a second time, thereby establishing a direct association
between such therapy and E-selectin production.

REFERENCES

1. Ben-Josef E, Porter AT. Radioi
Med. 1997;29:31-35.

2. Janjan NA. Radiation for bone metastases. Cancer. 1997;80:1628-1645.

3. Papatheofanis FJ, Windisch PA, Matuszewski KA. Systemic radionuclide pallia-
tive therapy for metastatic carcinoma with strontium 89. J Pharm Prac.
1997:10:352-360.

4. Krishnamurthy GT, Swailem FM, Srivastava SC, et al. Tin-117m (4+)DTPA:
pharmacokinetics and imaging characteristics in patients with metastatic bone
pain. J Nucl Med. 1997;38:230-237.

5. Srivastava SC, Atkins HL, Krishnamurthy GT, et al. Treatment of metastatic bone
pain with Tin-117m stannic diethylenetriaminepentaacetic acid: phase VI clinical
study. Clin Cancer Res. 1998;4:61-64.

6. Quilty PM, Kirk D, Bolger JJ, et al. A comparison of the palliative effects of
strontium-89 and external beam radiotherapy in metastatic prostate cancer.
Radiother Oncol. 1994;31:33-40.

7. Tu SM, Delpassand ES, Jones D, Amato RJ, Ellerhorst J, Logothetis CJ.
Strontium-89 combined with doxorubicin in the treatment of patients with

drogen-independent p cancer. Urol Oncol. 1996;2:191-197.

8. Gao X, Porter AT, Grignon DJ, Pontes JE, Honn KV. Diagnostic and prognostic
markers for human prostate cancer. Prostate. 1997,31:264-281.

9. Lynch DF, Hassen W, Clements MA, Schellhammer PF, Wright GL Jr. Serum
levels of endothelial and neural cell adhesion molecules in prostate cancer.
Prostate. 1997;32:214-220.

10. Bird MI, Foster MR, Priest R, Malhotra R. Selectins: physiological and
pathophysiological roles. Biochem Soc Trans. 1997;25:1199-1206.

11. Kannagi R. Carbohydrate-mediated cell adhesion involved in hematogenous
metastasis of cancer. Glycoconj J. 1997;14:577-584.

12. Soloway MS, Hardeman SW, Hickey D, et al. Stratification of patients with
metastatic prostate cancer based on extent of disease on initial bone scan. Cancer.
1986;61:195-202.

13. Melzack R. The McGill Pain Questionnaire: major properties and scoring
methods. Pain. 1975;1:277-299.

14. Wu JT. Assay for prostate specific
solutions. J Clin Lab Anal. 1994;8:51-62.

15. Ben-Josef E, Lucas RD, Vasan S, Porter AT. Selective accumulation of stron-
tium-89 in metastatic deposits in bone: radio-histological correlation. Nuc! Med
Commun. 1995;16:457-463.

16. Daneker GW, Lund SA, Caughman SW, Staley CA, Wood WC. Anti-metastatic
prostacyclins inhibit the adhesion of colon carcinoma to endothelial cells by
blocking E-sel pression. Clin Exp M 1996;14:230-238.

17. Porter AT, McEwan AJB, Powe JL, et al. Results of a randomized phase-III trial to
evaluate the efficacy of strontium-89 adjuvant to external beam irradiation in the
management of endocrine resi m ic p cancer. Int J Radiat Oncol
Biol Phys. 1993;25:805-813.

in the of bone Ann

igen (PSA): probl and possibl

1024 THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 41 ¢ No. 6 ¢ June 2000



