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PROMOTIVE EFFECTS OF HYPERTHERMIA ON THE CYTOSTATIC
ACTIVITY TO EHRLICH ASCITES TUMOR CELLS BY DIVERSE
DELTA-ALKYLLACTONES
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Aim: To evaluate promotive effects of hyperthermia on antitumor activity of new delta-alkyllactones (DALSs) of low molecular weight
(184—254 Da), chemically synthesized, which are different from natural macrocyclic lactones of high molecular weight (348—439
Da), such as camptothecin and sultriecin. Methods: A suspension of Ehrlich ascites tumor (EAT) cells was mixed with a DAL in a
glass tube, heated at 37 or 42 °C for 30 min in a water bath, and cultured at 37 °C for 20 or 72 h. Cell viability was measured by the
mitochondrial dehydrogenase- based WST-1 assay. DALs incorporated into EAT cells was extracted and measured by gas-liquid
chromatography. Results: The reduction of cell viability by DALs was markedly enhanced upon the treatment at 42 °C compared
to that at 37 °C. At 37 °C, delta-hexadecalactone (DH16 : 0) and delta-tetradecalactone (DTe14 : 0) displayed cytostatic activity
(at 100 pM survival level: 20.7%, 66.1%; at 50 pM — 41.2%, 82.4%, respectively). Their activity was more marked at 42 °C (at
100 uM 10.6%, 27.6%; at 50 uM 30.6, 37.5 %, ibid). The other DALSs, delta-undecalactone (DU11 : 0), delta-dodecalactone
(DD12: 0), and delta-tridecanolactone (DTr13 : 0) were almost ineffective. Evaluation of survival rate in the cells treated for 30 min
by DALSs with the next culturing of EAT cells for 72 h resulted in the enhanced carcinostatic activity of DH16:0 and DTe14:0 even
at concentrations as low as 25 pM at either 37 °C (18.5%, 78.5%, ibid) or 42 °C (5.0%, 42.0%, ibid), but the others exhibited
slight activity or none. DH16 : 0 was effective at either 37 °C (36.0%) or 42 °C (23.0%) even at a lower dose of 10 pM. At the
same time only the most cytostatic DH16 : 0 was incorporated into EAT cells and the rate of incorporation was more at 42 °C than
at 37 °C. Conclusion: Delta-hexadecanolactone (DH16 : 0) exhibited the most cytostatic effect that was significantly enhanced by

hyperthermia. It allows to consider it as a potent antitumor agent, especially in combination with hyperthermia.
Key Words: delta-alkyllactone, delta-hexadecalactone, hyperthermia, antitumor activity.

For many years, delta-lactones (DLs), produced
from plant or fungi, such as camptothecin [1, 2],
kazusamycin [3], sultriecin [4], have been studied on
their antitumor activity.

In contrast to these natural DLs (348-439 Da) of
high molecular weight, we found anti-tumor effects
of the delta-alkyllactones (DALs) (184-254) of low
molecular weights, which are structurelly simple and
chemically synthesized [5].

Carcinostatic effect was measured by the mitochon-
drial dehydrogenase-based WST-1 assay [6—8]. Among
allthe DALs, the most carcinostatic delta-hexadecalac-
tone (DH16 : 0) at the dose of 100 uM diminished the
viability of Ehrlich ascites tumor (EAT) cells cultured at
37°C for 20 h to 20.7% of the control (100%) in the ab-
sence of DAL. When the cells further cultured for 72 h,
DH16 : 0 decreased cell survival rate to 0.8% at 50 uM
and to 18.5% even at low dose of 25 uM [5].

Hyperthermia is receiving attention as effective
mean in combined cancer treatment. Exposure of cul-
tured tumor cells to temperatures above 41 °C results in
inhibition of the DNA synthesis [9, 10] and proliferation
of tumor cells [11, 12].
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In the present study, in order to exceed beyond the
carcinostatic effect of DALs alone, hyperthermia was
combined. We studied whether their carcinostatic effect
on EAT cellsis markedly enhanced by a combination with
hyperthermia. Furthermore, the relationship between the
carconostatic activity of the DALs and the intracellular
uptake determined by gas-liquid chromatography (GLC)
[13, 14] and whether hyperthermia increase amount of
the intracellular accumulation was investigated.

MATERIALS AND METHODS
Materials. DALs kindly provided by Soda Aromatic
Co., Lid. (Tokyo, Japan), were dissolved in ethanol,

and stored in a freezer as test solutions (Table).
Table. Delta-alkyl lactones examined and their chemical structures

Chemical name Chemical A_bblre- Chemical structure
formula __viation
Delta-undecalactone .
(5-Undecanolide) €0, DUTT:0 \N\J::L
Delta-dodecalactone .
(5-Dodecanolide) Cift,0, DDI12:0 NV\J::LO
0
Delta-tridecalactone .
(5-Tridecanolide) Cifta 0, DTF3:0 V\N\Qo
0
Delta-tetradecalactone .
(5-Tetradecanolide) G0, DIel4:0 /\N\/\QO
Delta-hexadecalactone .
(5-Hexadecanolide) Ctti0; DH16:0 \/\N“Q
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Cells. EAT cells (RCB: No. 0142) were purchased
from the Institute of Physical and Chemical Research
(Tsukuba, Japan). The cells were cultured in minimum
essential medium (MEM) (GIBCO Life Technologies,
Inc., NY, USA) supplemented with 10% fetal bovine
serum (FBS) (GIBCO Life Technologies).

Cell culture and exposure of hyperthermic
treatment. Cells were suspended in the culture me-
dium at a density of 2 x 105(20 h cultures) or 2 x 10*
(72 h cultures) cells/ml. Aliquots microlitter of the test
solution were added to test tubes. After the solvent
was evaporated by a jet flow of nitrogen gas, culture
medium was added to aresidue (DAL), and sonicated.
The suspensions of cells and the test substance were
mixed in a glass sample bottle (14 mmi. d. x 40 mm).
The cells were finally adjusted to a cell density of
1 x10%0r 1 x 10*cells/ml.

Cells in a tightly stopped tube were heated, at
37 °C or 42°C controlled within £ 0.05 °C for 30 minin
a water bath (Model C-650, Taiyo Scientific Industrial
Co., Ltd., Japan) [10]. Then, the bottles were covered
with a glass cap. The suspension was cultured in a
humidified atmosphere of 5% CO, in air at 37 °C for
20 h, almost equal to the cell cycle period, or for 72 h
for a longer exposure to DAL.

Cell viability assay. Cell viability was measured
by the redox indicator dye WST-1, which is related to
the degree of mitochondrial dehydrogenase activity
[6, 7] (Cell counting kit Dojin Chemicals, Kumamoto,
Japan). The cultured cell suspension was transferred
to a sampling tube and centrifuged. The supernatant
was completely removed from the tube, 110 pl of WST-1
(8%) per well was added to each cell precipitate, which
resuspended, and transferred into each well of a 96-well
microplate. The resultant diformazan formation was de-
termined by measuring the absorption at 450 nm with
aplate reader (Benchmark, Bio-Rad Laboratories, CA,
USA) after incubation at 37 °C for 1 h.

DAL accumulation in cells. Cells were suspended
in culture medium, and adjusted to a final cell density
of 2 x 10° cells/ml. The DALs were dispersed at a final
concentration of 25 uM by sonication. The cell sus-
pension and DAL emulsion (7 ml each) were mixed in
a glass sample vial (27 mm i. d. x 65 mm). The cells
were finally adjusted to a cell density of 2 x 105cells/ml.
Cells in a tightly stopped tube were heated, at 37 °C
or 42 °C controlled within = 0.05 °C for 30 min in a
water bath [13]. Then, the bottles were covered with
a glass cap. The heated suspension was incubated in
a humidified atmosphere of 5% CO, in air at 37 °C for
1 h. The suspension was then centrifuged, and the
supernatant was withdrawn with a pipette. The Pel-
let (packed cells) was rinsed twice with 2 ml of fresh
culture medium, and homogenized for 1 min after
removing the supernatant as much as possible with
a microliter syringe and adding 1 ml chloroform. The
mixture was poured into a glass tube (5.5 mm i. d. x
200 mm long) sealed with cotton, and the solvent was
evaporated by a nitrogen gas stream. Chloroform was
added to the residue (DAL) and the sample (3 ul) was

analyzed with a gas chromatograph equipped with a
flame ionization detector (GC-6AM; Shimadzu Sei-
sakusho, Kyoto, Japan) [13, 14].

Statistics. The statistical differences were exami-
ned by the Student’s t-test.

RESULTS

Carcinostatic effects of DALs and/or hyper-
thermia on short term (20 h)-culture. Several
DALs were added to EAT cells, which were cultured
for 20 h. The carcinostatic effects were measured
using the WST-1 assay (Fig. 1). Taking the viability
of the control in the absence of DAL as 100%, viabil-
ity of the experimental samples at dose of 50 uM or
100 uM were evaluated. Among all the DALs stud-
ied, delta-hexadecalactone (DH16 : 0) and delta-
tetradecalactone (DTe14 : 0) were effective, giving
a cell survival rate of 20.7 = 2.2 % (P < 0.0001) and
66.1+4.5% (P <0.0001), at 100 uM, respectively. The
other DALs, delta-undecalactone (DU11 : 0), delta-
dodecalactone (DD12: 0), and delta-tridecanolactone
(DTr13 : 0) were almost ineffective. DH16 : 0 and
DTe14 : 0, even at 50 uM, decreased cell viability to
41.2+2.5% (P<0.0001)and 82.4 +5.4 (P< 0.0263),
respectively.
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Fig. 1. The carcinostatic effects of delta-alkyllactones (DALs)
on Ehrlich ascites tumor (EAT) cells cultured for 20 h after the
treatment at 37 °C or 42 °C. Cells were seeded at a density of
1 x 10° cells/mL, and cultured in the presence of each DAL at a
dose of 50 or 100uM at 37 °C for 20 h. Viability of the cells was
measured by the absorption at 450 nm with a DALinWST-1 assay.
The absorbance of cells treated for 20 h in the absence of DAL
was 1.432 + 0.437 (control values). Data shown represent the
means = SEM for quadruplicate measurements as the percent-
ages of the control value

The heattreatmentalone at 42 °C diminished cell via-
bility to 56.2 £3.9% (P < 0.0001) compared to control EAT
cellsat 37 °C (100%). At 42 °C the diminution of cell viabil-
ity was also enhanced by the administrations of H16 : 0
and Dte14 : 0 at 100 uM to 18.9 = 3.9% (P < 0.0001),
49.1£9.1% (P<0.0001),and at 50 uyM t0 54.4 + 5.7%
(P<0.0001)and 66.7 +£9.6% (P < 0.0024), respectively,
but the other DALs exhibited slight or no activity.

To examine the effect of long-term exposure of diverse
DALs, the cells were further cultured at 37 °C for 72 h and
the carcinostatic activity was measured by WST-1 as-
say (Fig. 2). At a dose of 50 uM, DH16 : 0 and DTe14 : 0
diminished the cell viability to 0.8 = 0.1% (P < 0.0001)
and 68.0+ 8.2% (P < 0.0067), respectively, more ef-
fective than the values at 100 uM in the culture for 20 h,

DTe14:0 DH16:0
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but the others exhibited slight activity or none. DH16 : 0
and DTe14 : 0, even at a dose of 25 uM, decreased cell
survivalrateto 18.5+£3.7% (P <0.0001) and 78.5+7.2%
(P<0.0405)and DH16: 0, even at a extremely low dose of
10uM,1036.0£6.3% (P <0.0001), whereas DTe 14 : Owas
not effective at same dose. Hyperthermia alone at 42 °C
decreased cell viability to 57.9 +6.0% (P < 0.0001) of the
control value (at 37 °C). Carcinostatic effects of DH16: 0
and DTe14 : O further enhanced by hyperthermia and
long term-culture. Their effects at 25 uM were enhanced
107.4+3.6% (P<0.0001)and 72.7 =9.2% (P < 0.0001)
of the value (100%) in hyperthermia alone, respectively.
Furthermore, DH16 : 0 even at 10 uM, to 39.7 = 7.8%
(P <0.0001), whereas DTe 14 : 0 was not effective at same
dose. The others exhibited slight activity or none even at
high dose of 50 uM.
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Fig. 2. The carcinostatic effects of delta-alkyllactones (DALs)
on Ehrlich ascites tumor (EAT) cells cultured for 72 h after the
treatment at 37 °C or 42 °C. Cells were seeded at a density of
1 x 10% cells/ml, and cultured in the presence of each DAL at a
dose of 10, 25 or 50 uM at 37 °C for 72 h. Viability of the cells was
measured by the absorption at450 nm with a DALin WST-1 assay.
The absorbance of cells treated for 72 h in the absence of DAL
was 2.063 + 0.321 (control values). Data shown represent the
means + SEM for quadruplicate measurements as the percent-
ages of the control value

Intracellular accumulation of DALs added to
tumor cells. The more carcinostatic DALs tend to
be taken up and accumulated more abundantly in
the tumor cells [15], and accordingly the accumula-
tion was measured in the cells subjected to therapy
of DALs. Cell extracts were quantified by GLC (see
Fig. 2). Intracellular uptake was markedly detected for
DH16: 0 (4.2 pug/total cells or 1.5 pg/cell), which was
outstandingly more carcinostatic than the other DALs.
The value corresponded to 4.7% of the total amount
of DH16 : 0 added to the cell culture. At 42 °C, the
uptake of DH16 : 0 was enhanced to 5.0 ug/total cells
(1.8 pg/cell) and corresponded to 5.6% of the total
amount of administration. The other DALs, however,
were scarcely detected in cells at 37 °C or 42°C.

DISCUSSION

The higher molecular weights of natural delta-
alkyllactone, such as, Camptothecin [1, 2] and Ka-
zusamycin [3] have been reported to show antitumor
activity. In the present study, the carcinostatic effects
of the low molecular weight of simple delta-alkyllac-
tones (DALs) synthesized chemically were assessed
by assays for mitochondrial dehydrogenase activity.

The results revealed that DH16 : 0 had the most po-
tent carcinostatic action. With regard to carcinostatic
action, the present results suggest that the activity
elevates with increasing carbon atom in contrast to
the conventional concept applicable to fatty acids [10]
and fatty alcohols [16].

Their carcinostatic effects were markedly enhanced
with elongating the cell culture period. DH16: 0 at 50 uM
diminishes perfectly the cell viability by the exposure for
72 h, whereas to 41.2% of the control (100%) by that for
20 h. Appreciable carcinostatic activities are exhibited
even the low doses of 10 and 25uM (36.0 and 18.5%, re-
spectively). Moreover, hyperthermic treatment markedly
enhanced the carcinostatic effect (23.0 and 4.3%, re-
spectively). Inmeasurement by GLC, DH16 : 0 was found
in the cells [5], but the others showing low- or no activity
were not (Fig. 3). The results suggest a close relation be-
tween their intracellular uptake and carcinostatic activity.
Their penetrative effects through cellmembranesis con-
sidered to be due to hydrophobicity or hydrophilicity by
elongating or shortening the carbon side chain-length,
whereas a lactone ring moiety is common to all DALs. An
increase in molecular hydrophobicity may promote per-
meation of DALs through cell membranes, but this may
be disadvantageous for intracellular uptake due to lower
solubility in extracellular fluid. DH16 : 0 seems to have
an appropriate hydrophobicity-hydrophilicity balance,
in addition to the detergent-like activity, efficiently pen-
etrates the cellmembrane, and increases the intracellular
concentration. The intracellular DALs may be converted
to fatty compounds after the breakdown of lactone ring,
producing reactive oxygen species (ROS), such as lipid
peroxide (LPO) and superoxide anions [17], thus resulting
in carcinostasis. Furthermore, hyperthermia is consid-
ered to increase intracellular ROS and induces cell in-
jury [18], the temperature of cellmembrane elevates, the
membrane permeability promotes, the uptake of DHLs
into the cells increases (see Fig. 3), and the production
of cytotoxic substances enhances [19].
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Fig. 3. Gas-liquid chromatograms of delta-alkyllactones in-
corporated into Ehrlich ascites tumor cells. Cells adjusted to a
density of 2 x 10° cells/ml were incubated at a concentration of
25 pM in a humidified atmosphere of 5% CO, in air at 37 °C for
1 h. The suspension was then centrifuged, the supernatant was
removed, and the packed cells were rinsed with MEM, and ho-
mogenized after removing the supernatant as much as possible
and adding one ml of ethanol. The homogenate was poured into
a glass tube sealed with cotton and the solvent of filtrates was
evaporated. Ethanol was added to the residue (DAL) and the
sample (3 ul) was analyzed with a gas chromatograph
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As these results carcinostatic effect of DAIs on
tumor cells enlarges. Among DALs DH16 : 0 exhibiting
the highest carcinostatic activity against EAT cells has
been clarified to be effective to lung NCI-H226 cells
and stomach MKN74 cells by The Cancer Institute
Foundation (Tokyo) which is attributed to The commit-
tee for New-Strategy-Based Antitumor-Agent Screen-
ing of The Japanese Ministry of Education, Culture,
Sports, Science, and Technology [5].

Delta-hexadecanolactone (DH16 : 0), which has
marked antitumor activity, is considered to be a potent
antitumor regimen agent especially combined with
hyperthermia.
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NMPOMOTOPHOE JENCTBUE TMNEPTEPMUU HA
LUTOCTATUHECKYIO AKTUBHOCTb AEJIbTA-AJIKUJ1IJIAKTOHOB
B OTHOLUEHUU KJIETOK ACLLMTHOM OMNMYXOJIU 3PJIUXA

1]eas: onennTs MPOMOTOPHDIIA 3(h(heKT rumepTepMun Ha MPOTHUBOOIYXOJIEBYI0O AKTHBHOCTD HOBBIX HI3KOMOJIEKY. IsIpHBIX (184—254 Jla)
JebTa-aIKILUIaKToHOB (DALS), XMMIYecK# CHHTe3MPOBAHHBIX 13 PA3HBIX MAKPOIMKIMIECKHX BLICOKOMOJIEKYsIpHbIX (348—439 [1a)
JIAKTOHOB €CTECTBEHHOT0 MPOUCXOK/ICHNS, TAKAX KAK KAMIITOTELWH M CAIITPHeH. Mernoosi: CyCTIeH31I0 KIIETOK ACIUTHOIA OIyX0JIi
Opmuxa (EAT) cmemmmBaim ¢ DAL B creknstHHo# npoounpke, HarpeBam 10 37 °C wim 42 °C B Teyenne 30 MUH HA BOJSAHOI OaHe
1 najee KyabtusupoBam npu 37 °C B Teuenne 20 wm 72 4. OneHKY JKU3HECTIOCOOHOCTH KJIETOK MPOBOIMIH ¢ momMonpio WST-1
aHAM3a, OCHOBAHHOTO HA OmNpe/ejieHHH MHTOXOHIPHAJbHOI nerunporenassl. VinkopnopupoBannsie B EAT-knetkn DALSs akc-
TPArUPOBAIIH, MX YPOBEHb M3MEPSLIHN C IOMOIIBIO ra30-KUIAKOCTHOI XpomaTorpaduu. Pezyasmamot: DALS 3HAYNTETHHO CHIDKAIA
JKI3HECTIOCOOHOCTD KJIETOK MOcJIe nmpensaputeibHoil 00padoTku mpu 42 °C no cparenuio ¢ 37 °C. IIpu 37 °C 6p1m 3¢hdekTuBHBIMEI
neabra-rekcaaekanakton (DH16 : 0) u nenbra-terpanekanakron (DTel4 : 0) (mpu 100 pM yposens BonkuBaemoctu: 20,7; 66,1%;
npu 50 pM — 41,2; 82,4% cootBercTBeHHO). DTOT 3(hpekT ObLT Go1ee BbipaxkeHHbM mpu 42 °C (mpu 100 pM 10,6; 27,6%; npu
50 uM 30,6; 37,5% coorsercreenno). Ipyrue DALs, a umento aebra-ynaekanakrod (DU11 : 0), neasra-nonekanakron (DD12 : 0)
u nenbra-Tpuneranakron (DTr13 : 0) 6bum npakTuyecku He 3dexTusnbl. Ouenka yposus BbuknBaemoctn EAT-knerok, 30 mun
obpabdoTanHbIX DALS ¢ mocsieayromyM KyJIbTHBUPOBAHHEM B TedeHHe 72 4, IOKA32a,/1a MOBbIIEHHYI0 KAHIIEPOCTATHICEKYI0 AKTUBHOCTD
DH16: 0 u DTel4 :0 naxe npu 25 nM konuenrpamun, Kak npu 37 °C (18,5; 78,5% coorsercenno), Tak u npu 42 °C (5,0; 42,0%
cootBeTcTBeHHO). J11s1 npyrux DALS nannblii 3¢dekT ObLT He3HAYMTEIBHBII 00 oTcyTcTBoBaI. DH16 : 0 ocTaBajics s dekTnn-
HbiM Kak mipu 37 °C (36,0%), Tak u npu 42 °C (23,0%) B 10 pM xonuentpamuu. B 10 ke BpemMsi TOJIbKO Hanboiee 3(h(heKTHBHbII
DAL — DH16 : 0 unkopniopupoBaJics B kjieTku EAT, n yposenb nnkopnopupoBanus 6611 Bbime npu 42 °C, yem npu 37 °C. Boigodw:
JenbTa-rekcaaekanoaakToH (DH16 : 0) noka3an HanGOJIBIIYI0 IATOCTATHIECKYIO AKTHUBHOCTD, KOTOPAS 3HAYUTEILHO YCHIIMBAJIACH
B KOMOMHAIMN ¢ runeprepmueii. DTor DAL M0KHO paccMaTPUBATD KAK MOTEHIMAIBHBII IIUTOCTATHK, JAeiiCTBIE KOTOPOTO YCHJIH-
BAETCS MPH THIEPTEPMUN.

Karouesnie cro6a: nesibTa-adKWUIAKTOH, 1eJIbTa-TeKCAIEKAIAKTOH, TUTIEPTEPMIs, TPOTUBOOMYX0JI€BAs AKTHBHOCTD.
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