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The quinoline-3-carboxamide Linomide inhibits angiogenesis in vivo
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Abstract. Linomide (Roquinimex) has antitumor activity
when given in vivo (but not when applied in vitro) that has
been attributed to immune host mechanisms. Recent studies,
however, suggest that Linomide may also possess anti-
angiogenic properties. The aim of the present study was to
evaluate the antiangiogenic effect of Linomide using an in-
travital microscopic technique. Syngeneic pancreatic islets
were isolated and implanted into the dorsal skinfold chamber
of Syrian golden hamsters. This model allows detailed re-
peated in vivo observations and quantitative analysis of re-
vascularization of pancreatic islet grafts. The neovascular-
ization process of the islets is a highly reproducible phe-
nomenon that is completed within about 2 weeks, resulting in
a microvascular network very similar to that of islets in situ.
The plasma concentration profile of Linomide following a
single oral dose of the compound was determined. The
elimination of Linomide was fast, the half-life being
2.6 £0.2 h. Due to the short haif-life, the hamsters were given
Linomide twice a day. One group of animals (n = 9) was
force-fed Linomide (100 mg/kg per day) from the day of
implantation throughout the 2-week observation period, and
the results were compared with those obtained in a nontreated
control group (n="7). Atdays 6, 10, and 14 after implantation,
the neo-vasculature of the islets was examined. In the control
group, 91% +4% (mean T SEM) of the islets showed the
first signs of angiogenesis at day 6, whereas in the Linomide-
treated group the corresponding value was 48% £ 12%. At
days 10 and 14, the “take-rate” in the control group increased
to 94% 3% for day 0 and to 94% * 4% (n = 6) for day 14,
whereas in the treated group the corresponding take-rate was
67% *11% and 72% =+ 12%, respectively. The functional
capillary density in the control group at days 6, 10, and 14
was 223 717,348 £29, and 495 + 29 cmi- L, respectively, and
thatin the Linomide treated group was 91 =28, 181 £ 43, and
229 +47 cm-!, respectively. These results demonstrate that
Linomide suppresses the neovascularization of the islet
grafts by both delaying the onset of and reducing the per-
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centage of islets displaying angiogenesis as well as by de-
creasing the rate of proliferation of capillary endothelium of
the revascularized islets.

Key words: Linomide — Angiogenesis — Antiangiogenic

Introduction

Linomide (Roquinimex), a quinoline-3-carboxamide, has
been shown to possess anti-tumor activity when given in
vivo [10, 11, 13, 14] but not when applied in vitro [13]. Such
data suggest that the effects of Linomide are host-mediated,
and several studies have focused on the effects of Linomide
on immune cell functions. Those studies have revealed that
in mice, Linomide enhances natural killer (NK)-cell activity
[15], inhibits autoimmunity in MRL/1 mice [32], and en-
hances the proliferation of mitogen-stimulated T-cells [17].
When given systemically to rats, Linomide enhances the
delayed-type hypersensitivity reaction to bacterial antigens
[30}, enhances mitogen-stimulated proliferation of T-cells
[31], and inhibits the growth of a wide variety of Dunning
prostate tumors [13] and dimethylbenzanthracene-induced
mammary tamors [31]. However, in rats, Linomide treat-
ment does not enhance either NK-cell numbers or NK-cell-
induced cytotoxicity 28 days after treatment [13], nor does
treatment of rats with anti-asialo GMi, which suppresses
NK cytotoxicity, interfere with Linomide antitumor effect
[13]. Furthermore, Linomide has been shown to evoke an-
titumor effects in nude rats [13]. These data are suggestive
of Linomide having other than direct immunomodulating
properties. In a recent study [34] it was demonstrated that in
a newly developed in vivo assay of angiogenesis [24], Li-
nomide had dose-dependent antiangiogenic activity in rats.
In the same study, in vitro assays using human umbilical-
vein endothelial cells indicated that Linomide had cytostatic
but not cytotoxic activity and that Linomide affected both
chemotactic migration and invasion of human umbilical-
vein endothelial cells.



To elucidate in more detail the proposed antiangiogenic
properties of Linomide we decided to implement a newly
developed intravital microscopic model using the hamster
skin-fold preparation with syngeneically transplanted islets
of Langerhans [19]. This model allows repeated intravital
microscopic analysis and quantitative evaluation of the re-
vascularization process of pancreatic islet isografts.

The aim of the present study was to assess the effects of
Linomide on the angiogenic response that is induced when
islets are implanted in the dorsal skinfold chamber of the
hamster. The choice of islets of Langerhans as inducers of
physiological, controlled angiogenesis in this model allows
us to separate Linomides antiangiogenic effects from its
antitumor effects and also provides us with a highly re-
producible method that facilitates the evaluation of the an-
tiangiogenic effects of Linomide. For elucidation of the
dosage regimen, the pharmacokinetics of Linomide was
studied.

Materials and methods

Animal model and surgical techniques. The dorsal skinfold chamber in
the hamster has previously been described in detail [5]. In brief, male
Syrian Golden hamsters (55—70 g) were anesthetized using sodium
pentobarbital (Nembutal, 50 mg/kg, i.p.). Two symmetrical titanium
frames were implanted into the dorsal skinfold so as to sandwich the
extended double layer of skin. One layer of the skin was completely
removed in a circular area measuring 15 mm in diameter. The under-
laying thin layer of muscle (musculus cutaneous max.) and the sub-
cutaneous tissue was covered with a coverslip incorporated in one of the
frames. In addition, a permanent catheter was passed from the dorsal to
the ventral side of the neck and inserted into the jugular vein.

Islet isolation and implantation. Islets of Langerhans were isolated after
staining with neutral red by a modified collagenase technique [16],
which allows the isolation of 500—800 islets from a hamster donor
pancreas. A handpicking procedure guarantees that single exocrine-free
islets of equal size (200—-250 pm in diameter) are obtained for trans-
plantation. At 2 days after implantation of the skinfold chambers, the
transplantation of islets was performed by removing the coverslip and
carefully placing about ten islets on the skeletal muscle within the
chamber using a micro-pipette. One group of hamsters (n = 9) was
force-fed Linomide twice a day starting at the day of transplantation of
islets. Linomide was mixed with sterile water to a final concentration of
15 mg/ml and given so as to correspond to a dose of 100 mg/kg per day.

Intravital microscopy and analysis. Unanesthetized animals were im-
mobilized in a plexiglass tube that was attached to the microscope stage
(Leitz, Biomed). Fluorescence microscopy was performed using epi-
illumination by a Leitz Ploemopak epi-illuminator equipped with an 12
filter block and video-triggered stroboscopic illumination from a xenon
arc (Strobex 236; Chadwick Helmuth, Mountain View, Calif.,, USA).
Observations were made using a Nikon X10 (numerical aperture, 0.30)
and a Leitz X25 (numerical aperture, 0.60) objective. At the day of islet
implantation, an overview video print (Sony Color Video Printer UP-
3000) was taken using a Leitz PL 1.6X (numerical aperture, 0.05) ob-
jective, and the positions of the implanted islets were marked to fa-
cilitate the localization of islets at later observations. Observations were
performed at 6, 10, and 14 days after the implantation of islets using i.v.
injections of 0.2 ml 5% fluorescein isothiocyanate (FITC)-dextran
150,000 to obtain contrast enhancement. A silicon intensified target
camera (SIT68; Dage-MTI, Michigan City, Ind., USA) was attached to
the microscope and connected to a monitor (Panasonic TR-930) and the
experiments were recorded using an S-VHS video cassette recorder
(IVC HR-S6600 U) for off-line analysis of islet neovascularization. For
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each islet, the recording obtained using the Nikon X10 objective was
examined to determine the area of angiogenesis. A second recording
was made with the Leitz X25 objective, which was used to calculate
functional capillary density, defined as the length of capillaries perfused
with red blood cell per area of the islets. To obtain the total length of
capillaries within a microvascular network of an islet, a transparency
was put in front of the monitor and a drawing was made using a pen
(Sanford, Sharpie Fine Point), with great care being taken to draw with
the same line width for all vessel segments. Capillaries from all focal
planes within the microvascular network were drawn on the same
transparency. The transparency was scanned using a Hewlett-Packard
Scanjet Plus scanner. The obtained image file was analyzed in terms of
calculating the total number of black pixels in each file; assuming equal
line width, this number would be proportional to the length of the
vascular network. A calibration curve was constructed by making seven
drawings of known lengths with the same pen. A linear regression curve
was calculated to obtain the proportionality constant (R? = 0.999).

Pharmacokinetics of Linomide in hamsters. Seven groups of six male
Syrian golden hamsters were given a single dose of 100 mg/kg Lino-
mide. The dose was given in a water solution as 20 mg Linomide/ml
water. Groups of animals were euthanized at 0.5, 1, 2,4, 8,12, and 24 h
after dosing. The animals were anesthetized with sodium pentobarbital
(Nembutal, 50 mg/kg, i.p.), and blood was immediately drawn by
means of cardiac puncture and collected in heparinized tubes. Plasma
was separated within 1 h by centrifugation (1300 g, +4° C, 15 min). The
plasma samples were stored at —20° C until analysis. The elimination
rate constant, {3, was determined by linear regression analysis of the
slope between 8 and 24 h of the logarithmic plasma concentration-time
curve. The corresponding half-life, 7123, was determined from its re-
lationship to B: 125 = In2/pB.

Plasma analysis of Linomide. Samples were spiked with a known
amount of the chlorinated analogue of Linomide, used as an internal
standard, and applied on a solid-phase extraction column (SEP-Pak C1g
cartridge; Ters Associates, USA). The internal standard was synthe-
sized at Pharmacia laboratories and characterized using nuclear mag-
netic resonance (NMR) and infrared (IR) spectra and elemental anal-
ysis. Samples with an expected high concentration of Linomide were
diluted to volumes ranging from 0.100 to 5.00 ml prior to analysis.
After a clean-up step, Linomide and the internal standard were eluted
from the column with methanol; the elute was evaporated, redissolved
in the mobile phase, and filtered; and 40 ul of the solution was injected
into the chromatographic system. The separation was achieved on a
reverse-phase column (Nova pak Cis; 15 cm % 3.9 mm; Waters As-
sociates, USA) using a mixture of acetonitrile-water-1 M phosphoric
acid (325+525+150) as a mobile phase. Linomide and the internal
standard were detected by UV monitoring at 287 nm, and chromato-
grams were evaluated using a JCL 6000 Chromatography Data System
(Jones Chromatography, England). The peak height ratio between the
Linomide peak and the internal standard peak was used for evaluation.
The detection limit and the quantification limit of the method were
evaluated using the baseline noise on chromatograms derived from
human blank plasma. The detection limit was estimated to be 0.02 uM
and the quantification limit, 0.065 uM. The precision and accuracy of
the assay was checked on every occasion of analysis. Human blank
plasma with known amounts of Linomide added (0.25 and 2.5 nmol/m])
was analyzed in parallel with other samples. About 8% of all analyzed
samples were these control samples. The precision of the determination
expressed as the relative standard deviation was 3.0% for high-level
samples and 6.3% for low-level samples. The recovery ranged between
100.7% and 102.2%.

Reagents. Linomide (N-phenylmethyl-1,2,dihydro-4-hydroxyl-1-meth-
yl-2-oxoquinoline-3-carboxamide) is the registered trademark for Ro-
quinimex (Pharmacia, Helsingborg, Sweden). Linomide was synthe-
sized at Pharmacia. FITC-dextran 150,000, used for contrast enhance-
ment, was obtained from Sigma (St. Louis, Mo., USA).
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Fig. 1. Plasma concentration of Linomide (Roquinimex) following a
single oral dose of the compound, 100 mg/kg, to male hamsters
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Fig. 2. Comparison of the microvasculature of pancreatic islet grafts in
control versus Linomide-treated animals at 14 days after transplanta-
tion. The upper panels are from a control animal and the lower panels
are from an animal treated with Linomide (100 mg/kg per day). Note

Statistical analysis. The data were subjected to normality and equal
variance tests, which revealed normal distribution, and the results are
presented as the mean values =+ SE. Statistical analysis was carried out
using Students z-test (* P<0.05; ** P<0.01; *** P<0.001). The
statistical calculations were computed with SigmaStat.

Results

The plasma concentration profile of Linomide following a
single oral dose of 100 mg/kg is depicted in Fig. 1. The
maximum plasma concentration, 875190 pM (mean
+ SEM), was obtained at 2 h after administration. At 8 h
after dosing, the plasma concentration had decreased 5-fold
to 162129 uM. The elimination of Linomide was fast, the
half-life being 2.6 0.2 h. Due to the short half-life, the
hamsters were given Linomide twice a day.

Figure 2 illustrates the glomerulus-like microvascular
networks typical of islet grafts in the dorsal skinfold of the
hamster. These networks are very similar to those found for
pancreatic islets in situ. The upper left-hand panel shows the
vasculature of an islet from the control group as obtained
with the Nikon X10 objective at 14 days after transplanta-
tion. The upper right-hand panel shows the same islet as
recorded with the Leitz X25 objective. The lower left-hand

the smaller network area and the lower capillary density in the Lino-
mide-treated animal. Bars: left-hand panels, 200 um; right-hand pa-
nels, 100 pm
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Fig. 3. Percentage of transplanted islets showing any sign of angiogen-
esis for the two groups at 6, 10, and 14 days after transplantation of
the isletgrafts into the hamster dorsal skinfold chamber. * P <0.05;
¥ P<(.01; *** P<0.001 (Student t-test)

panel shows the vasculature of an islet from the group
treated with Linomide (100 mg/kg per day) as obtained with
the Nikon X10 objective, and the lower right-hand panel
shows the same islet as recorded with the Leitz X25 ob-
jective. Contrast enhancement was obtained by means of i.v.
injection of FITC-dextran 150,000.

The first signs of angiogenesis are dilated and tortuous
capillaries in the skeletal muscle of the host tissue, protru-
sions of buds from the capillaries, and, often, also petechial
hemorrhages. If an area where an islet was transplanted
lacked such signs, the islet was considered not to display
angiogenesis, and this so called “take-rate” was the first
parameter to be quantified in the present study. The control
group comprised 7 animals implanted with a total of 60

CONTROL
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islets and the Linomide-treated group consisted of 9 animals
implanted with 71 islets. Figure 3 depicts the take-rate re-
corded for the group of animals treated with Linomide as
compared with the control group at 6, 10, and 14 days after
transplantation. At day 6 after transplantation, 91% + 4% of
the control islets showed the first signs of angiogenesis,
whereas new microvesse]l formation could be observed in
only 48% 1 12% of the Linomide- treated grafts. At 10 days
after transplantation, the take-rate in the Linomide-treated
animals had increased to 67% * 11% and that in the control
group had risen to 94% 3 3%. At day 14, the take-rate in the
treated group was 72% & 12% (n = 6) and that in the control
group was 94% 4% (n = 6). These differences were sig-
nificant at days 6 and 10 but not at day 14.

A histogram depicting the relative occurrence of func-
tional capillary density (FCD) for control animals (upper
panels) and Linomide-treated animals (lower panels) at days
6, 10, and 14 is shown in Fig. 4. FCD is grouped in intervals
of 50 cm-!, and the dotted line in each panel illustrates the
corresponding normal distribution. The Fig. illustrates the
inhibitory effect of Linomide on islet-induced angiogenesis
and revascularization, revealing that at day 6 after im-
plantation, 58% of the islets in the Linomide-treated group
had an FCD of less than 50 cm-! as compared with 7% of
those in the control group. At day 10, almost 40% of the
islets in the Linomide-treated group had an FCD of less than
50 cm-! as compared with less than 6% of those in the
control group. Furthermore, at day 14, only 20% of the islets
in the Linomide-treated group had an FCD of greater than
500 cm-! as compared with 75% of those in the control
group. In both groups, the mean FCD value increased with
time, whereas the distribution became more homogeneous.
However, the Linomide-treated group showed not only a
lower mean value for but also a much wider distribution of
FCD, with coefficients of variation being 3 times larger in
these animals than in the control group on similar days.

Figure 5 shows the compiled data for FCD, with the
vascular densities of islets being averaged within individual
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Fig. 5. FCD of pancreatic islet grafts at 6, 10, and 14 days after
transplantation

animals. At days 6, 10, and 14, the FCD in the control group
was 223 +17, 348129, and 495129 cm-!, respectively,
whereas that in the Linomide-treated animals was 91 28,
18143, and 229 47 cm-~1, respectively. This corresponds
to a 59%, a 48%, and a 54% inhibition of the revascular-
ization process at the respective time points, with all dif-
ferences being statistically significant.

Although we did not measure the diameter of each islet
prior to its implantation, the handpicking procedure allowed
us to choose islets of the same size, which corresponded to
islets with a diameter on the order of 200 - 250 pm. The
area (A) of an islet showing signs of angiogenesis was used
to obtain the “calculated” diameter (D¢) of the revascular-
ized area according to the formula D. = 2,/A/w. Figure 6
shows the compiled D¢ data for islets implanted in control
animals and in animals treated with Linomide. At days 6,
10, and 14, the D¢ in control animals was 224 %20,
314124, and 34616 um, respectively, whereas that in
animals treated with Linomide was 132 £27, 238 =20, and
2651 13 um, respectively. All differences were statistically
significant.

Discussion

Recent studies have suggested that in addition to being an
immunomodulator, the quinoline-3-carboxamide Linomide
also possesses antiangiogenic properties [13, 34]. However,
direct evidence for the antiangiogenic effect of Linomide in
vivo is lacking, perhaps partly because the effect of Lino-
mide is seen only in vivo but not in vitro and because
adequate models allowing direct in vivo analysis of angio-
genesis are scarce.

The complex process of angiogenesis and the different
steps involved in neovascularization have been studied in a
variety of different in vitro models focusing on components
of angiogenesis such as degradation of the basement
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Fig. 6. Effect of Linomide on the “calculated” diameter of neovascu-
larization. The area (A) of an islet showing signs of angiogenesis was
used to obtain the “calculated” diameter (Dc) of the revascularized area
according to the formula De = 2,/A/n

membrane [9], migration [8], proliferation [6], and forma-
tion of three-dimensional capillary tubes [21]. However, at
present only a few models are available for the study of
angiogenesis in vivo. The most common is the cornea
pocket model. In this model, angiogenesis is induced by the
implantation in the eye of angiogenic factors embedded in a
controlled-release polymer such as ethylene vinyl acetate or
a cellulose disc [7, 22, 23]. The chorioallantoic membrane
of the chick embryo [2] has also been used to study the
sprouting of new vessels toward a pellet. Furthermore, al-
ginate-encapsulated tumor cells [25, 26] and gelatin-im-
pregnated sponges have been used as inducers of angio-
genesis [33]. Recently, an in vivo assay allowing quantita-
tive testing of angiogenic activity was developed by Pas-
saniti et al. [24]. In this assay an extract of basement
membrane (Matrigel) mixed with basic fibroblast growth
factor (FGF) and heparin was used to induce angiogenesis.

Despite the multitude of experimental model systems
available for the study of angiogenesis, there is no system
that allows reliable dynamic repetitive quantification of
early angiogenesis in vivo. For many years, chambers im-
planted in various animal species have been used in com-
bination with intravital microscopy to study micro-
circulatory phenomena in situ [1, 3, 4, 12, 27-29]. In 1980,
a dorsal chamber technique was developed in the hamster by
Endrich et al. [5] and the technique was later utilized to
investigate the revascularization of syngeneic transplants of
islets of Langerhans [19]. In this model system, the re-
vascularization process was found to be very reproducible,
with almost 100% of transplanted islets showing signs of
angiogenesis within 2—4 days and most islets being fully
vascularized within 10 days. The above mentioned techni-
que was originally designed for the study of rejection phe-
pomena, but due to its high reproducibility and excellent
resolution, we decided to implement this technique to study
for the first time the proposed antiangiogenic effects of
Linomide on normal angiogenesis in vivo. Due to the lack of



detailed information regarding the exact mechanisms un-
derlying islet-induced angiogenesis as compared with those
underlying tumor-induced angiogenesis and since the anti-
angiogenic properties of Linomide are of interest in re-
lationship to its antitumor effect, our choice of islets of
Langerhans could be criticized. However, since islet-in-
duced angiogenesis (a) is extremely reproducible [18], fa-
cilitating the evaluation of the antiangiogenic effects of
Linomide, and (b) is a physiological, well-controlled pro-
cess as opposed to tumor-induced angiogenesis, allowing us
to differentiate between direct antitumor effects and anti-
angiogenic effects, we consider islets of Langerhans to be an
excellent choice as an inducer of angiogenesis.

In earlier studies using the same model system with
syngeneic implants of islets of Langerhans, it was reported
that 97% [18] and 100% [20] of transplanted islets were
fully vascularized within 10 days. In the present study, 94%
of the implanted islets in the control group were vascular-
ized at day 10. However, at 10 days after implantation, our
islets displayed a capillary density of 350 cm~1, whereas in
the study of Menger et al. [20], islets had twice this capillary
density at the corresponding time point. At day 14, the
capillary density of our islets had increased to almost
500 cm-1 as compared with the value of 700 cm~1 reported
by Menger et al. [20].

Almost all islets that eventually displayed angiogenesis
in the control group did so within 6 days. In contrast, in
Linomide-treated animals, only 48% of islets showed signs
of angiogenesis at day 6; however, of the islets that did not
display angiogenesis at day 6, 37% showed signs at day 10.
Between day 10 and day 14, an additional 15% of islets that
had not previously displayed angiogenesis started to do so.
Since periods of observation longer than 14 days are diffi-
cult to accomplish, the occurrence of subsequent delayed
angiogenesis in the remaining 28% of islets could not be
assessed. The appearance, at 10 days in the Linomide-
treated group, of new capillaries in islets that had not pre-
viously shown vascularization shows that islets are capable
of surviving for at least 10 days in the skinfold chamber.
This finding suggests that although Linomide has no direct
cytotoxic effect on islets of Langerhans, it affects the in-
itiation as well as the growth rate of the neovasculature.

Since Linomide profoundly affected the “take-rate” of
islets (see Fig. 3), we decided to include islets that failed to
show signs of angiogenesis throughout the 2-week ob-
servation period in the analysis of FCD. However, if we
exclude the islets in both groups that did not show any sign
of angiogenesis at day 14, the FCD value is nonetheless
47%, 34%, and 40% lower at day 6, day 10, and day 14,
respectively, in the Linomide-treated group, indicating that
Linomide also affects the proliferation rate of endothelial
cells. From Fig. 5 it can be seen that the rate of change in
FCD was about 50% lower in the Linomide-treated animals
as compared with the control group. The magnitude of in-
hibition corresponds well with results obtained earlier with
the Matrigel in vivo angiogenesis assay in rats [34], where a
41% 1inhibition of capillary density at a Linomide dose of
100 mg/kg per day was found.

In conclusion, we find that Linomide (100 mg/kg per
day) inhibits angiogenesis induced by islets of Langerhans
in the skinfold chamber of the hamster by (a) decreasing the
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number of islets displaying angiogenesis, (b) delaying the
onset of angiogenesis, (c¢) decreasing the growth rate of
capillaries by more than 50%, (d) reducing the area of
neovascularization by 25%, and, hence, (e) reducing the
total proliferation of endothelial cells by more than 60%.
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