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Abstract Plasma lonidamine concentration and toxi-
city were investigated in dogs receiving 100, 200, 400,
800, 1200 mg/m? orally twice daily for 30 days and in
dogs receiving single intravenous doses of 200, 400, 800,
1200 mg/m?*. Physical or laboratory signs of toxicity
were not observed in dogs receiving oral lonidamine,
but severe vomiting and signs of acute hepatic and
pancreatic toxicity were observed in dogs receiving
intravenous doses that exceeded 400 mg/m?. The area
under the lonidamine concentration versus time curve
(AUC) in dogs receiving 200, 400, and 800 mg/m? of
lonidamine intravenously was a 1.8-, 3.3-, and 8.7-fold
higher than in dogs receiving oral lonidamine. This
suggests that the bioavailability of oral lonidamine may
be limited. However, centrilobular hepatocellular swell-
ing and vacuolation were observed in dogs receiving oral
lonidamine. Serum alanine aminotransferase (ALT)
activity was increased in dogs receiving intra-venous
lonidamine. These findings suggest that lonidamine is
hepatotoxic in dogs. However, serum ALT was in-
creased in only 1/4 dogs receiving 400 mg/m? of lonid-
amine intravenously and plasma concentration were
within the range capable of sensitizing hyperthermia and
chemotherapy. Therefore, this dose and route appears to
be a viable and controllable method for prospective
quantification of lonidamine interaction with systemic
chemotherapy and/or hyperthermia.
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Introduction

Lonidamine is an indazole carboxylic acid derivative
which enhances the cytotoxicity of radiation [18,
21-23, 27], and chemotherapy [5, 10, 25, 26, 30, 35, 39].
Furthermore, lonidamine has been recently shown to
reverse multidrug resistance [4]. The mechanisms of
these effects are incompletely understood, but potenti-
ation may be attributable to bioenergetic and mem-
brane alterations induced by lonidamine. Lonidamine
was originally investigated as an antispermatogenic
agent [8, 32] and was shown to inhibit mitochondrial
energy metabolism [14] by altering membrane struc-
ture [12]. Presumably, lonidamine inhibits repair of
potentially lethal damage induced by radiation [18, 23,
27] and doxorubicin efflux [15] because both are en-
ergy-requiring processes. Doxorubicin uptake is also
enhanced by lonidamine [15]. This effect may be the
result of lonidamine-induced alterations in plasma
membrane structure.

Lonidamine is only slightly cytotoxic at 37°C but
has enhanced cytotoxicity at elevated temperature
[6, 17, 20, 33]. The mechanism of this effect has not
been thoroughly investigated, but hyperthermia may
increase susceptibility to lonidamine-induced energy
inhibition by altering mitochondrial structure [33].
Regardless of the mechanism of interaction, results
of recent studies suggest that hyperthermia and
lonidamine may be combined to enhance the effects of
radiation [27] or chemotherapy [5].

Humans receiving lonidamine, which is typically
given orally, experience myalgia, nausea, vomiting,
somnolence, lethargy and cutaneous hyperesthesia [1,
9,24, 29, 36, 37]. Although these reactions are not life-
threatening, they are dose-limiting [1, 9, 24, 29, 36, 37].
Furthermore, peak plasma lonidamine concentrations
in many patients [9, 36, 37] are variable and are also
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often below concentrations which have been shown to
be necessary to potentiate chemotherapy [5, 10, 25, 26,
30, 35] and hyperthermia [17, 20]. Lonidamine sensit-
ization and hence response rates may increase if higher
or more reliable plasma lonidamine concentrations
could be achieved. Additionally, very little is known
regarding lonidamine pharmacokinetics in humans or
other species. Therefore, a better understanding of the
relationships between lonidamine dose, plasma concen-
trations, and toxicity may suggest administration
methods that would decrease toxicity and/or produce
higher plasma concentrations in humans.

The initial purpose of this study was to characterize
lonidamine toxicity, identify the maximum tolerable
dose of lonidamine and correlate these findings with
plasma lonidamine concentrations in dogs receiving
oral lonidamine. However, our initial observations sug-
gested that it was difficult to induce toxicity in dogs.
Therefore, the study was modified to include an invest-
igation of lonidamine toxicity and plasma concentra-
tions in dogs receiving lonidamine intravenously. Re-
sults from this study will be helpful in designing pro-
spective lonidamine trials in dogs and other species,
and may facilitate a more complete understanding of
available data in humans.

Materials and methods

Oral lonidamine

Treatment groups

Normal adult mongrel dogs (11.3-27.6 kg) received 100, 200, 400,
800 or 1200 mg/m? of lonidamine every 12 h for 30 days. There were
three dogs in each group. Lonidamine tablets (150 mg) were supplied
by Angelini Pharmaceuticals, River Edge, N.J.

Plasma lonidamine concentrations

Dogs were fasted for 12 h before the first day of treatment. Hepa-
rinized blood was collected every 15 min for the first hour, and 2, 4,
and 6 h after treatment. Samples were stored at —70°C until ana-
lyzed. Lonidamine concentrations were measured by high-pressure
liquid chromatography (HPLC). Plasma was mixed 1:1 with 30%
acetonitrile, 30% ethanol, and 5% triethylamine and filtered
through a 30000 Da cutoff filter unit (Amicon, Danvers, Mass). The
filtrate was injected (Waters WISP 710B, Milford, Mass) onto a re-
verse phase octadecylsilane (C-18) column (22 cm x 4.6 mm, 5 pm
spherical particles; Brownlee Laboratories, Santa Clara, Calif.) and
eluted isocratically (1 ml/min) with 0.05 M ammonium acetate in
50% acetonitrile and 0.6% acetic acid at 50°C. Effluent absorbance
was measured at 300 nm (Waters LC spectrophotometer, Milford,
Mass.). Lonidamine eluted at approximately 6 min and concentra-
tions were quantified (Waters 730 Data Module and 721 system
controller, Milford, Mass.) by comparing the chromatogram area of
the filtrates to the area of 5pg lonidamine/ml diluted in 30%
acetonitrile, 30% ethanol, and 5% triethylamine. Recovery was
77.8% (coefficient of variation = 9.2%), the limit of detection was
0.05 pg/ml and, lonidamine chromatogram area versus concentra-
tion (0.1-100 pg/ml) was linear (> = 0.9998).

Maximal concentration (Cy,,,) and time of maximal concentration
(Tmax) Were determined by visual inspection of plasma concentra-
tion-time data. The area under the concentration versus time curve
(AUC) was calculated from zero time to infinity (AUC§’) using the
trapezoidal method [16].

Toxicity

Pretreatment and weekly toxicity evaluations consisted of physical
examination, body weight measurement, ECG, differential blood
count, prothrombin time, activated partial thromboplastin time, and
fibrinogen concentration, serum biochemical profile (alanine
aminotransferase (ALT), alkaline phosphatase, amylase, bilirubin,
BUN, creatinine, glucose, electrolytes), and urinalysis. Normal refer-
ence range values for canine hematology, serum biochemistry and
urinalysis were used to identify biochemical and hematologic toxi-
city. Signs of lonidamine-induced myalgia, cutaneous hyperesthesia
and testicular discomfort were tested by observing responses to
aggressive muscle, skin and testicle palpation. Dogs were also
monitored for signs of lameness, gait abnormalities, and gastrointes-
tinal toxicity (anorexia, vomiting or diarrhea).

Dogs were sacrificed on day 30 by an overdose of intravenous
pentobarbital sodium. Postmortem examinations were performed
and the following tissues were collected: brain, myocardium, lung,
thyroid, liver, pancreas, stomach, small intestine, colon, kidney,
adrenal and thyroid glands, ovary/testicle, spleen, lymph node, bone
marrow, skeletal muscle, and skin. Tissues were preserved in phos-
phate-buffered 10% formalin, embedded in paraffin, sectioned (6
um), and stained with hematoxylin and eosin. Since toxicity had not
been observed by day 30, tissues from dogs treated with the highest
and lowest lonidamine dose were examined for histopathology. If
histologic lesions were observed in these two dose groups, tissues
from dogs treated with intermediate doses were also examined.

Intravenous lonidamine
Treatment groups

Lonidamine powder (Angelini Pharmaceuticals) was dissolved
(10 mg/ml) in 0.2 M Tris(hydroxymethyl)Jaminomethane (Trizma
base, Sigma Chemical Co., St. Louis Mo.) and 1.5 M glycine, and
filtered (0.45 um), immediately before injection. Normal adult mon-
grel dogs (8.8-27.4 kg) were fasted for 12 h before receiving bolus
injections of 200, 400, 800 or 1200 mg/m? of lonidamine. One addi-
tional group received vehicle only. The volume of vehicle adminis-
tered was equivalent to that administered to the 1200 mg/m? dose
group. There were four dogs in each group.

Plasma lonidamine concentrations

Lonidamine concentrations were measured in heparinized blood
collected every 20 min for the first hour and, 2,4 and 6 h after
treatment. The plasma lonidamine concentration at zero time (Cop)
was extrapolated from nonlinear regression of concentration-time
data. Plasma lonidamine AUC was calculated as described above.

Toxicity

A differential blood count, serum biochemical profile (as described
above), serum creatine phosphokinase, and urinalysis were obtained
before treatment. In dogs receiving 200, 400, and 800 mg/m? of
lonidamine, these tests were repeated 6 h after treatment (concurrent



with the final plasma lonidamine sampling). However, dogs receiv-
ing 1200 mg/m? suffered intractable emesis, so these dogs, and dogs
receiving vehicle only, were examined for toxicity and sacrificed by
pentobarbital overdose, 1 h after lonidamine was administered.

Dogs receiving 200, 400, and 800 mg/m? of lonidamine were sac-
rificed by pentobarbital overdose 6 h after lonidamine administra-
tion. Since, the intravenous lonidamine study was intended to gener-
ate plasma concentration data, postmortem examinations were not
planned. However, they were performed on dogs that had received
800 and 1200 mg/m? of lonidamine because severe gastrointestinal
and biochemical toxicities were observed. Tissues were processed as
described above.

In vitro hemolysis

The plasma of dogs receiving intravenous lonidamine was observed
to be hemolyzed. Therefore, erythrocytes from two additional nor-
mal dogs were exposed in vitro to vehicle or lonidamine (0.5, 1.0, 2.0,
3.9,7.8,15.6,31.3, 62.5, 125, 250, 500 or 1000 pg/ml). Hemolysis was
assessed visually.

Statistical analysis

Data are reported as the mean + standard error of the mean (SEM).
Analysis of variance [34] was used to test the effect of dose and route
of administration on lonidamine C.x, Tmax and, AUC. A P-value
less than <0.05 was considered significant.

Results
Oral lonidamine
Plasma concentrations

Concentration versus time profiles in dogs receiving
oral lonidamine are shown in Fig. 1. Terminal
lonidamine decay was erratic in 4/15 dogs. In 1/3 dogs
receiving 100 mg/m? of lonidamine, plasma concentra-
tion was unchanged for two consecutive periods during
the last 4h of sampling. In 3/3 dogs receiving
800 mg/m?, the terminal lonidamine concentration was
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Fig. 1. Mean plasma lonidamine concentration profiles in dogs
(n = 3/dose) receiving single oral doses of lonidamine. The
400 mg/m? dose group was omitted for clarity
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1.5-fold higher than the penultimate concentration.
Lonidamine Cmax, Tmax, and AUC increased as dose
increased (Table 1).

Toxicity

Physical or laboratory signs of toxicity were not ob-
served during the 30-day treatment period. However,
there were histologic lesions in the liver and testes.
Centrilobular hepatocellular swelling and vacuolation
were observed in all dogs (Fig. 2A). Spermatogenic ar-
rest and tubular atrophy were observed in the testes
(Fig. 2B). Spermatids were released prematurely and
were karyomegalic and multinucleate. Spermatogonia
were nonmitotic and there were decreased numbers of
primary and secondary spermatocytes, spermatids and
spermatozoa.

Intravenous lonidamine
Plasma concentrations

Concentration versus time profiles in dogs receiving
intravenous lonidamine are shown in Fig. 3. Terminal
lonidamine decay was erratic in 2/12 dogs. In 1/4 dogs
receiving 200 mg/m? of lonidamine, the plasma con-
centration was unchanged for two consecutive periods
during the last 4 h of sampling. In another dog receiv-
ing 200 mg/m? of lonidamine, lonidamine was not de-
tected in the penultimate sample whereas the terminal
concentration was 0.1 pg/ml. Dogs receiving
1200 mg/m? of lonidamine were sacrificed 1 h after
treatment because of intractable emesis. Therefore
plasma concentration and AUC data are available for
dogs receiving 200, 400, and 800 mg/m? of lonidamine
(Table 2). The AUC in dogs receiving lonidamine intra-
venously was 1.8- to 8.7-fold higher than in dogs receiv-
ing lonidamine orally (Fig. 4). Moreover, this route-
dependent difference in AUC increased as a function of
dose (P <0.04).

Table 1 Kinetic parameters in normal dogs (n = 3/dose) receiving
oral lonidamine. (C,.. peak plasma lonidamine concentration,
Tonax time of maximal plasma lonidamine concentration, AUC area
under the concentration versus time curve). All parameter values
increased significantly (P <0.01) in a dose-dependent manner.
Values are means =+ standard error

Dose Dose Chnax Tomax AUC

(mg/m?  (mg/kg) (ug/ml) (min) (ngh/ml)
100 4 1.6 + 0.8 30+9 43 +15
200 8 39+ 1.1 35+5 9.3 +3.8
400 15 59 +1.2 60 + 30 153+ 4.0
800 30 8.7+23 50 + 10 205+ 7.1
1200 50 345 + 7.1 100 + 13 66.2 +15.0




Fig. 2. Representative histologic lesions observed in dogs receiving
oral lonidamine on the 30th day of treatment (X400). A Centrilobu-
lar hepatocellular swelling and vacuolation in a dog receiving
200 mg/m? twice daily for 30 days. B Spermatogenic arrest and
tubular atrophy in a dog receiving 800 mg/m? twice daily for 30 days
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Fig. 3. Mean plasma lonidamine concentration profiles in dogs
(n = 4/dose) receiving single intravenous doses of lonidamine
Toxicity

Lonidamine induced vomiting, hemolysis and in-
creased serum ALT and amylase activity (Table 3).

Table 2 AUC in normal dogs (n = 4/dose) receiving intravenous
lonidamine (AU C area under the concentration versus time curve,
Cy plasma concentration at zero time). Values are means + stan-
dard error

Dose Dose Co AUC
(mg/m?) (mg/kg) (ng/ml) (ngh/ml)
200 8 341 +77 170 +£ 39
400 15 778 +11.0 50.0 + 7.5
800 30 148.2 + 10.9 1791 + 274

200 [ = Oral Administration
= Intravenous Administration

AUC (ugehr/mL)
g

Dose (mg/mz)

Fig. 4. Area under the concentration versus time curve (AUC) in
dogs receiving either oral or intravenous lonidamine. ¥*P <0.02 vs
oral administration

Eight of 16 dogs receiving lonidamine vomited within
1 h of treatment. Multiple episodes were observed in
1/4, 2/4 and 4/4 dogs receiving 400, 800 and,
1200 mg/m? of lonidamine, respectively.

Plasma samples obtained for pharmacokinetic anal-
ysis were hemolyzed but post-treatment hematocrit
was unchanged. Subjectively, hemolysis in dogs receiv-
ing 200, 400, or 800 mg/m? of lonidamine was mild
relative to dogs receiving 1200 mg/m?. Hemolysis was
maximal in initial samples (20 min after dosing) and
resolved within 6 h. In vitro exposure of erythrocytes
from untreated dogs to lonidamine concentrations
greater than 125 pg/ml instantly induced visible
hemolysis. Although the vehicle did not induce hemoly-
sis in vitro, mild hemolysis was noted 1h after the
vehicle had been administered in 1/4 dogs.

Serum ALT increased approximately sixfold in 1/4
and 2/4 dogs receiving 400 and 800 mg/m? of lonida-
mine, respectively. In 1/4 dogs receiving 800 mg/m? of
lonidamine, serum amylase activity and bilirubin con-
centration increased 2.5- and 5-fold, respectively.

Hepatic and testicular tissues of dogs receiving 800
or 1200 mg/m? were histologically normal. However,
ecchymotic hemorrhages were observed in the pancreas
of 3/4 and 2/4 dogs receiving 800 and 1200 mg/m? of
lonidamine, respectively. Acute peripancreatic fat nec-
rosis, presumably due to pancreatic enzyme leakage,
was observed in 1/4 dogs receiving 1200 mg/m? of
lonidamine.
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Table 3 Characteristics and

frequency of toxicity observed Elevated Elevated Elevated
6 h after single intravenous Dose ALT bilirubin amylase
dose of lonidamine in normal (mg/m?) Vomiting Hemolysis (>4510U/1) (=0.6 mg/dl) (>14801U/1)
dogs (n = 4/dose) (ALT serum
alanine aminotransferase 200 0/4 2/4 0/4 0/4 0/4
activity, H = marked hemolysis 400 1/4 1/4 1/4 0/4 0/4
interfered with assay) 800 3/4 0/4 2/4 1/4 1/4
1200* 4/4 4/4 H H 0/4
Vehicle* 0/4 1/4 0/4 0/4 0/4
* Toxicity assessed 1 h after treatment
. . nomenon influenced the observed route-dependent dif-
Discussion ference in AUC.

Vomiting and signs of acute hepatic and pancreatic
toxicity were observed in dogs receiving intravenous
lonidamine whereas acute toxicity was not observed in
dogs receiving oral lonidamine. This apparent route-
dependent toxicity may be attributable to the fact that
lonidamine AUC was 1.8- to 8.7-fold higher when the
drug was administered intravenously. Because two dif-
ferent groups of dogs were used sequentially to study
differences between oral and intravenous lonidamine,
lonidamine bioavailability could not be calculated.
However, the marked difference in AUC between dogs
receiving lonidamine by oral and intravenous routes
suggests that oral bioavailability was poor. Hepatic
extraction may have limited lonidamine plasma con-
centrations in dogs receiving oral lonidamine. How-
ever, differences in AUC between dogs receiving oral
and intravenous lonidamine increased as a function of
dose (Fig. 4), suggesting that absorptive mechanisms
may be saturable. Results of studies in other species
support this hypothesis. In rats [31], mice [33], mon-
keys [31] and humans [3, 36, 37], peak lonidamine
concentrations plateau as oral lonidamine dose in-
creases. In vitro data show that lonidamine uptake
becomes nonlinear at concentrations exceeding
16 pg/ml [15]. Therefore, it is possible that this phe-
nomenon causes gastrointestinal absorption of
lonidamine to become saturated. Alternatively, the
physicochemical properties of lonidamine may cause
its solubility within the gastrointestinal tract to de-
crease with increasing dose.

Fluctuations in terminal plasma lonidamine concen-
tration decay were observed regardless of whether
lonidamine was administered orally or intravenously.
Similar fluctuations have been observed in humans
receiving lonidamine [3]. These fluctuations suggest
that lonidamine may undergo enterohepatic recircula-
tion [13]. In the present study, plasma samples were
collected during the first 6 h after treatment. Therefore,
the AUC reported here is underestimated. Ideally,
frequent plasma samples should have been collected
during the latter half of the treatment interval. Never-
theless, enterohepatic recirculation occurred regardless
of administration route, so it is unlikely that this phe-

The Cmax in dogs following oral administration of
lonidamine is three- to six-fold lower than in humans
receiving a comparable dose [36, 37]. Therefore, the
absorptive capacity of dogs appears to be less than that
in humans. Alternatively, species differences in disposi-
tion may also be responsible for this disparity. How-
ever, clearance and volume of distribution data are not
available for humans and the short sampling period
used in the present study preclude estimation of kinetic
parameters. Elimination half-life data may help deter-
mine whether the administration interval used in the
present study was insufficient to induce steady-state
drug concentrations. However, the apparent dose-de-
pendent bioavailability of oral lonidamine may limit
practical and reliable investigation of efficacy and
toxicity in dogs.

Although clinical signs of toxicity were not observed
in dogs receiving oral lonidamine, there were histologic
lesions in the liver and testes. Lonidamine-induced
testicular lesions have been described [11, 19] but hep-
atic lesions have not been reported. The mechanism of
this hepatopathy is unknown although lonidamine-in-
duced changes in plasma or mitochondrial membrane
structure may be responsible for the observed mor-
phologic changes. Reversible hepatic enzyme elevations
have been observed in humans receiving lonidamine
[1, 36]. However, histologic evaluation of these hepatic
effects has not been reported.

The ALT and bilirubin abnormalities observed in
dogs receiving intravenous lonidamine are compatible
with acute hepatocellular damage [7]. Histologic ab-
normalities were not observed in these dogs. However,
hepatic tissue samples were collected within 6 h after
drug exposure so histologic lesions may not have de-
veloped. The mechanism of this hepatotoxicity is un-
known. It is reasonable to speculate that the acute
hepatotoxicity is related to the cause of the hepa-
topathy in dogs receiving oral lonidamine. Liver en-
zyme elevations were not observed in dogs receiving
oral lonidamine presumably because their lonidamine
concentrations were substantially lower than in dogs
receiving intravenous lonidamine. Studies investigating
whether lonidamine-induced hepatopathy is irrevers-
ible and/or progressive are warranted.
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The immediate hemolytic effect we observed in vitro
suggests that lonidamine induces intravascular
hemolysis. Lonidamine causes dose-dependent alter-
ations in erythrocyte shape and plasma membrane
structure in vitro [12]. Therefore, the hemolysis ob-
served in the present study is probably attributable to
lonidamine-induced changes in membrane structure.
Hemolysis was not observed in dogs receiving oral
lonidamine, but plasma concentrations in these dogs
were lower than in dogs receiving intravenous
lonidamine. Mild hemolysis was observed in 1/4 dogs
receiving vehicle. The vehicle used to dissolve
lonidamine may have contributed to hemolysis induced
by lonidamine, but the vehicle did not induce hemolysis
in vitro. Therefore, the cause of hemolysis observed in
1/4 dogs receiving vehicle only is unknown. Regardless
of the cause, hemolysis resolved within 6 h after
lonidamine administration, and therefore is unlikely to
be clinically significant. However, the long-term effects
of this toxicity should be investigated.

The vomiting observed in dogs receiving intravenous
lonidamine may have resulted from stimulation of the
chemoreceptor trigger zone. Alternatively, lonidamine
may have induced acute pancreatitis. Serum amylase
was elevated in 1/4 dogs receiving 800 mg/m?, ec-
chymotic hemorrhages were observed in the pancreas
of 5/8 dogs receiving 800 and 1200 mg/m?, and peripa-
ncreatic fat necrosis was observed in 1/4 dogs receiving
1200 mg/m?.

Even though the results reported here were not
generated using a crossover design, our findings
suggest that poor bioavailability may limit the use of
oral administration to investigate the efficacy and
toxicity of lonidamine in dogs. Moreover, plasma
concentrations in dogs receiving 100-800 mg/m?
lonidamine orally were below those capable of sensitiz-
ing hyperthermia [17, 20, 28, 38] and chemotherapy
[2, 5, 39] in vitro. Higher plasma lonidamine concen-
trations may be achieved by more frequent adminis-
tration. However, this may be impractical when
lonidamine is used to sensitize hyperthermia and
chemotherapy patients because treatments are admin-
istered intermittently. Plasma concentrations in
dogs receiving 400 mg/m? of lonidamine were within
the range capable of sensitizing hyperthermia
[17, 20, 28, 38] and chemotherapy [2, 5, 39] in vitro.
Therefore, it may be more suitable to administer
lonidamine intravenously when attempting to sensitize
hyperthermia and chemotherapy. Furthermore, intra-
venous administration may circumvent variable and
suboptimal concentrations currently observed in hu-
mans [9, 36, 37]. Additional studies are warranted to
determine whether 400 mg/m? is the maximal tolerable
dose in dogs. Doses higher than 400 mg/m? were asso-
ciated with hepatic and pancreatic toxicity and severe
emesis in dogs. Therefore, 400 mg/m? is a reasonable
starting intravenous dose to use in prospective canine
clinical studies.
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