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ABSTRACT

Background: 5-Aminolewlinic aciebasedpohotodynamic therapy-@.A-PDT) is an effective
treatment for superficial skin tumors. However, its effectivenesslignantsquamous cell
carcinoma (SCC) and glioblastoma (GBM) remain to be improved. In addition, the pain during
PDT especially in sktumors is an important limitation for usinrgLA-PDT in dermatology

Recent investigations hypothesize thatiethadone (MTD) as an analgesic might also suppress
the growth of various cancers by increasing their susceptibility to apoptosis. dhe¢haims
presentedvo studies were to investigate whether MTD aouddctthe efficacy of BLA-PDT

for SCC and GBNh vitrand to explore the mechanism of MAGI5ALA-PDT.

Methods: The cell lines FADU (SCC) and A172 (GBM) were treatedlb&-BDT with 0.01

mg/mL MTD for three days. The irradiation was carrietyooteans of diode laseemitting at

635 nm at an irradiance of 100 mW/éon various light doses (irradiations). After defining the
specific 5-ALA concentration and light dose toduce around 25% tumor cell death,
protoporphyrin IX (PpIX) fluorescence, survival rates, apoptosis rates, and cell cycle phase were
investigatedo evaluate the effect with and without the presence of MTD. To explore the

mechanism, flow cytometmasusal to determine the expression ebpioid receptor (MOR),

phosphorylation of-dun Nterminal kinase (JNK) and phosphorylation-oélBlymphoma 2
(BCL-2). The naloxone, as an antagomsisalsoused to investigate the roleMOR in this
process.

Resuts: In the absence of MTD, FADU cells reached a 75% suafteaincubation with.5

mM 5-ALA for twentyfour hours and illumination for 1 J/&nfror A172 cellgreatment with
1mM 5-ALA incubated for twentfpur hours andn illumination o2 J/cn? resilted in a 75%
survival.PpIX formationin both cell lines was only influenced marginally by MTD. The
combination of MTD successfully enhanced the inhibitioPA&ASPDT for both tumor cell
lines (p < 0.05). The effect of MTD was enhanced with the ilocutiate. MTDincreased the
apoptotic rate of FAD@ellstreated by BLA-PDT from 20.6%+0.6% to 53.2%+1.6% and that
of A172 cells from 22.8%+1.9% to 45.3%+2.2 % (p<0.05). #eASPDT-induced cell cycle
phase arrest in the GO/G1 phase on tumorwalalso improved by MTD (p<0.05). It was found
that A172 cells expressed MOR on the cell membrane. Except for apoptosis, the activity of INK
and expression of phosphorylated 20Gbduced by -BLA-PDT were also éanced by the
combination of MTD (p<0.05). TrebovenentionedMTD effects were reversed by the use of
naloxone (p<0.05).

Conclusion: MTD significantly enhanced the inhibition-&L2\-PDT for tumor cells through

the activation of the JNK pathwayd phosphorylated BE. These effects of MTD was MOR
3



dependentThis study provides a theoretical basis using the MTD in the clinic to improve the
efficacy of BALA-PDT for SCC and GBM and to reduce thALA-PDT induced pain
simultaneouslfHowever, por to translation into the clinic, clinical studies have to be performed

to determine a suitable MTD concentration and protocol inducing an improved therapeutic effect
and reduced possible side effects.



AB S RAC(TGRMA)N

Hintergrund: Die photodynamischEherapie auf Basis vomABinol&ulinsare (5ALA-PDT)

ist eine wirksame Behandlung fir oberfl&hliche Hauttumoren. Die Wirksamkeit bei malignen
Plattenepithelkarzinomen (SCC) und Glioblastomen (GBM) kénte jedoch weiterhin verbessert
werden. Dariber hines ist das Schmerzempfinden wdrend der PDT, insbesondere bei
Hauttumoren, eine starkgnschrakung fir diese Behandlungsform. Jingste Untersuchungen
zeigen, dass D,-Methadon (MTD) als Analgetikum auch das Wachstum verschiedener
Krebsarten unterdrickekthnte, indem es deren Anfdligkeit fir Apoptose erhtht. Ziel der
vorliegenden beiden Studien war es zu untersuchen, ob MTD die Wirksami&itAr$1DF

bei SCC und GBM in vitro beeinflussen kann, und den Mechanismus von MRDAE BT

zu untersuchen.

Methode: Die Zelllinien FADU (SCC) und A172 (GBM) wurden drei Tage langAibk-BDT

mit 0,01 mg / ml MTD behandelt. Die Bestrahlung wurde mit einem Diodenlaser bei 635 nm bei
einer Bestrahlungsstdake von 100 mW / cm?fir verschiedene Lichtdosen (Bexjeat)l
durchgefihrt. Nach Definition der spezifischen A@dnzentration und der Lichtdosis zur
Induktion eines Tumorzelltods von etwa 25% wurden die Protoporphyrin IX-RptX@szenz,

die Uberlebensraten, die Apoptoseraten und die Zellzyklusphasemameden Effekt mit und
ohne MTD zu bewerten. Um den Mechanismus zu
Opioidrezeptors (MOR), die Phosphorylierung demcNterminalen Kinase (JNK) und die
Phosphorylierung deszZl-Lymphoms 2 (BCGR) mittels Duchflusszytometrie bestimmt. Als
Kontrolle wurde der MORRntagonist Naloxon eingesetzt.

Ergebnisse In Abwesenheit von MTD wurde fir FADBellen nach 24tindiger Inkubation

mit 0.5 mM BALA und 1 J/cm2Beleuchtung ein Uberleben von 75% ermittelt. -K&Tén
hingegen wurden fir den gleichen Effekt mit 1 mALB und 2 J/cm?ehandelt. Die PpkX
Bildung in beiden Zelllinien wurde durch MTD nur geringfigig beeinflusst. Die Kombination mit
MTD verstékte erfolgreich die Hemmung veABA-PDT fir beide Tumorzdinien (p <005).

Die Wirkung von MTD wurde mit steigender Inkubationszeit verstdkt. MTD erhdite die
apoptotische Rate von miARA-PDT behandeltem FADU von 20.6% +0.6% auf 53.2% +1.6%
und die von Al7%Zellen von 22.8% + 1.9% auf 45.3% + 2.2% (p <0.0®r 5ALA-PDT-
induzierte Zellzyklusstillstand in der GO f&fase der Tumorzellen wurde ebenfalls durch MTD
verbessert (p <0.05). AtZ8llen exprimieren MOR auf der Zellmembran. Mit Ausnahme der
Apoptose wurden die Aktivitd von JNK und die dureALA-PDT induzierte Expression von



phosphoryliertem BCGR auch durch die Kombination von MTD erhdt (p <0.05). Die obigen
MTD-Effekte wurden durch Verwendung von Naloxon gehemmt (p <0.05).

Schlussfolgerung Die Methadongabe erhdte signifikant den Prozendsatdurch BALA-

PDT induzierten Apoptoserate und verbesserte die Wirkung -gA-BDT auf den
Zellzyklusstillstand in der GO/G&%hase. Ein sicherer Hinweis, dass Methadon zu einer erhdhten
Akkumulation von PplX fihrt, ergab sich nicht. Der Effekt vonhidlébn auf die Wirksamkeit

von 5ALA-PDT in Al172Zellen war MORabhangig MTD verstékte die Aktivierung des JNK
Signalwegs und von phosphoryliertem -BClignifikant in Abhagigkeit von MOR. Die
vorliegenderstudien bieten eine theoretische Grundlagedivdrwendung der MTD in der
Klinik, um die Wirksamkeit vorA.A-PDT bei SCC und GBM zu verbessern und gleichzeitig
die durch BALA-PDT verursachtes Schmerzempfinden zu reduzieren. Vor der Ubertragung in die
Klinik missen jedoch klinische Studien durdhgefwerden, um eine geeignete MTD
Konzentration und ein geeignetes MHiDtokoll zu bestimmen, die eine verbesserte

therapeutische Wirkung und eine Verringerung mdlicher Nebenwirkungen hervorrufen.



INTRODUCTI| ON

This work is presented as a cumulative dissertation and consistpuablished original
manuscripts[1, 2] 5-Aminolevulinic acithediatedphotodynamic therapp-ALA-PDT) is a
relatively novel amdinimally invasiveodality fothetreatment ofumors combimigthe actions
of a photosensitizer, light, and oxyj@nn 19905-ALA-PDT wasfirstly used fothetreatment
of cutaneous basal cell carcinoma (BCE clinic[4]. In 19995-ALA was developed &
medicinenamed_evdarf by DUSA Pharmaceuticals, with an indication of actinic keratosis
(AK) [5] In 2007, Shanghai Fudamangjiang Bi®harmaceutical Co.,Lid. Chinadeveloped
another BALA mediche calledAILA® for the treatment of condyloma acumifjajeln 2017
AmericarFDA approvedsleolan® another>-ALA medicine developed bigddonamic GmbH
and Co. KGor theintraoperative optical imagioighighgrade gliomas (HGGs) the brairi6].

The mechanism of5-ALA-PDT

5-ALA is @ endogenous moleculetie body prticipaing in haembiosynthesi$7]. The 5
ALA synthasdas a atelimiting enzymdor 5ALA synthesis5-ALA was synthesiz into
coproporphyringen Ill  firstly. Thereafter, aproporphyrimgen Il is convered into
protoporphyrin IX (PplX). PplXurther generatekaemunder theratelimiting activityof the
enzymeprotoporphyrirferrocheletasélormally a haenfeedbaclpathwayegulates the enzyme
5-ALA synthase t@ontrol the amount of PpIX productio®s 5ALA can be administered
topicallyor orally as a medicine, sugbgenous-ALA can beaken up by theells andbypasses
the regulatorymetabolicstefs, resulting irsaturation of theefrochelatasactivity andn an
increase dPplX generatiof3].

After uptale of excesgxogenouS-ALA, most cells catonvertit into PplX, but tis capacity
was aryingin differenttissus and cei[9]. Generallytumor cells show a more efficient capacity
in PpIX productionin comparison tonontumor cells.This is because the activity of
porphobilinogen deaminase isreguléedin mostmalignant cel[40} In addition the activity of
ferrochelatase mostmalignantellssinhibitedresulting ira loweffectiveness oBamformation
[11]. It was proposed that tiRplX generation was maingfatedo the ratio of porphobilinogen
deaminase to ferrochelatasévity thus related to cell photosensit[{i#} In addition, tumor
cells usually accumulate mopEXPthan normal cells partly becausetlod increased cellular
metabolismpromoted5-ALA uptake andttenuatedPplX elimination[11-13] PplIXis thereal
substancéhat works as the photosensitizer in t#¢.A-PDT. Under illumination the energy of
photons is almsbed by the PpIX molecule and transfetoeslirroundingoxygen The oxygen
accepts the energy and changes into singlet oxygeadcie oxygen species (R@8gh itself

7



can oxidize and damagéhe adjacentiomoleculesmitochondria, cell membrane and other
organellepl4-16] The abovexidative damaggthemain mechanism ofALA-PDT thatfurther

induces cell deattisccept thalirectkilling for the tumor cellS-ALA-PDT exerts the anrtumor
effectalsothrough theupregulaon of various cytokinehich related t@ntitumor immune

responses, such a€CGnotif chemokine ligand 8 (G8), interleukin (Ik}-A, chenrG ki ne (
C motif ligand 13 (CXCL13) asd on[17-20]

The applicationand efficacyof 5-ALA-PDT for squamous cell carcinomand glioblastoma

Clinically 5-ALA-PDT shows a lot of advantageous characters, swlowsg repetitive
treatments to the same lesion-ime treatmento the multiple lesins, mnimallyinvasive, the
good restoring of structwand functios [21] It isacommon treatment for some premalignant
and malignant diseases, such aBEK, Barrett's esophagus, afetider cancen the clinid16,
22-25] 5-ALA-PDT is effectivefor the treatment ashallow cutaneousmorswhile its efficacy
for some malignamtimorsremains to be improved, suchcaganeous squamous cell carcinoma
(SCCharndglioblastom@GBM) [26-28]

SCC is the second most common skin cg28fmportantly, i mayspread, or metastasize,
to otherparts of bodynd ultimately lead to de§@d] Surgryisthe firstline treatment for SCC,
althoughvarioustreatmentdike radiatiorare usedn the clinic[31] All conventional therapies
have thesignificant challenges when treating large, metaatatiinvasive SJG82, 33] The
efficacy of BALA-PDT for SCC is not as good as for th& A -treatment of AK. A few clinical
case reports showedABA-PDT is effective for the superficial SC8m@lete responss 5
ALA-PDT forsuperficial SC®as repded a$4%with arecurrence ratef 69%[34] Xiuli Wang
et al. successfullyeas5-ALA-PDT to curesevenlow grade ofuperficial SC@With a good
cosmetic resul28] However, for th&rade 111V of SCCthe effect of BALA-PDT was por.

To improve the efficacy for SCLirgerywas sometimes performed beforel B -PDT. After

the incision, BAALA-PDT might play a role in enhancing the efficacy and improvioasthetic
resultg35] Compared to-BLA-PDT done, surgery combined withtABA-PDT improve the
efficacy for SCC. However, tieeurrenceate of SCC after this combination therapy is still very
high[36] In the mouse experiment, the result also sheMAASPDT has goor effect for the
large SC(37. The insufficiat effectivenes$or invasive growing or large S@Gd@its the
application of ALA-PDT [38 39.

GBM is one of the most frequent and aggressive brain cancers. A brain glioma can cause
headaches, vomiting, seizures, memory loss and other cranial nerve[dofterstandard
treatment for glioma includdéee neurosurgical resection and radiotherapy followed by adjuvant

chemotherapy. However, GBM usually has a poor prognosis because of its strong aggressiveness
8



and resistance to the treatmeldts, 42] SALA is initially used as an imaging adent
fluorescencguided surgical resection for GBM based on its high tumor selg6livity
Nevertheless, despite the applicatiofiuofescence guided surgenbi®y\L A, the tumors will
inevitably recur. To further prolong the survival of the pati&tAS°DT is presently under
investigatiofor the treatment of GBNAI3] A fewin vitrstudies indicated tha®.A-PDT is an
effective modality for the inhibition of the proliferation of GBM cells and GBMilsteoells
[4448] The study show PDihduced necrosis the main pathway for the inhibition. The
receptoiinteracting protein 3 (RIP3) is a key mediator of tAlsASPDT induced glioma cell
necrosis activated by singlet oxyg8h5ALA-PDT also can induce the tuncetls to upregulate
proinflammatory cytokiseandactivating ariumor immune responsg)]

In the clinic, interstitial PDT (iPDT) is developed to @&l in the brain. IPDT is performed
byusing a stereotactipproach and bysertion othe diffuisorsof optical fibresto the teatment
volume in ordeto achievevhole tumor volumalumination afteoraladministration of-B\LA
[51] Thetherapeutic effectf 5ALA-PDT isrestraiedby the depth of light penetratif#6, 52,
53] After careful treatment planning up to eight diffusors are simultaneously activated to cover the
tumor volume with suitable amount of liglecéht studies suggaselativelyadvantagef 5
ALA-PDT in improving the survivalof GBM patientan comparisorto the surgery54] It was
demonstrae that after 5-ALA-PDT, the median survival of newly diagndS&M was 16.1
monthswhen that othe recurrentGBM wasl10.3 month$55] Tumor cellout of the effective
therapeutiovolume of 5-ALA-PDT are illuminated with less light and may suafteethe
treatment of ALA-PDT, leading to a poor resiutr largeGBM.

In general, the efficacy 6ARA-PDT for deep or large tumors is limit€étde teatment of
largevolumeof SCC oiGBM usingcurrent>-ALA-PDT only is challengir[@7, 56]As a result
treatments by means ®ALA-PDT needs to be improved to enhance its efficacyCC and
GBM|[16, 57]

Methods to improve the efficacy 05-ALA-PDT

To improve the efficacy ofA_A-PDT for SCC, calcitriol was used to pretreat the tumor before
5-ALA-PDT. Cell and mouse experiments shditatcalcitriol can enhance the duathor effect
of 5ALA-PDT viapromotingthe tumorspecific accumulation off8A induced PpIX{58, 59]
Calcitriol increases theplR production byincreasing the porphyrin synthesis enzymes
coproporphyrinogen oxidafe8] Gefitinib, an EGFR inhibitor is also found to enhance the
efficacyof 5-ALA-PDT for GBM throughincreasg PplX production. The increase gslR
production induced lyefitinib is mediated by decreasing the expres#diPddinding Cassette

Subfamily G Member 2BCG2 [60] Othersensitizingnedicinessuch as imiquimod the iron
9



chehtor deferoxamine, and metforraleo show the abilitiés enhancehe efficacyof 5-ALA-
PDT for some specificancer$57, 6865} The nanoparticle techniqgue demonstratesfféhet in
the enhancement tife accumulation ofALA in GBM andSCC cells, &gling to a high level of
PpIX production andeinforcedeffectivenesfl5, 24, 66JHowever, the sensitizing effect of the
above methods hast been proveslinically

Pain limits the application of SALA-PDT

The painsensatiorms the main adverse response lgnéatly the application oA A-PDT
in the clinicespecially in dermatol$88, 67]Duringthe illuminationpatients sufférom varying
degreesf painsensationf58] Usuallyjf the pain may reach &m intoleable degreduring the
illuminationthisresulsin theinterruption of the ALA-PDT [69, 70Even, the patient may refuse
the forthcoming treatment of tregcruciating paiflthough, he exact mechanisof the pain
induced by irradiation of ALA-PDT remains uncleatt is widely acceptedatROSgenerated
during irradiatiors the main contributdor the pain[38]

To reduce the pain duringhbA-PDT, various paimanagememodalities are clinically under
investigation. dpicalanesthesiwasused forpainreliefduring 5ALA-PDT, buta clinical trial
showedt wasinsufficiento controlthe 5ALA-PDT pain[71] Anecdotal evideniggests that
localinfiltration anesthes&nd cold-air analgesiean reduce th&ALA-PDT pain b a certain
extent[72, 73] However, theanalgesic effecof the above two methods are limited and are
appropriatefor mild or moderate pain reli¢f4] The nerve blocks denonstrated to be an
effectivepain management duriBg\LA-PDT, especialljor patients with extensilesiong69,
70, 75] The inhalation analgesiéh a nitrous oxide/oxygen mixtuigealso demonstrated to be
aneffective anavelttolerated method for achieving significant pain redulttrorg SALA-PDT
[76, 77] Howeverneither thenerve blockor theinhalation analgesgan easgption that can
be performed for every patienaylightPDT, as a novel PDT protocol, showetbeless painful
thanconventionaPDT [78, 79] It successfully reduces thALA-PDT pain byshortermng the
druglight intervabnd using daylight instead of techmezhlight. In recent years, it is found that
using a lowpower density, a short drlight intervabr atwo-step irradiangerotocolcontributes
to reduction of th&s-ALA-PDT relatedpain [80-83] The shortterm efficacy PDT-treatment
outcomes ofabove painlessiodalityare similar to those afonventionalPDT. However,
additional studies are requiredlarifythe longterm efficacy of thsenovel treatmentoncepts
[82] Oral analgeai is another potential effective method for the reli&fAdfA-PDT induced
pain Thethreestep analgesic bt establishetty the World Health Organizatisused to
relievethe cancer paim the clinic, including the palavelopdby thetreatmen{84] However,

the nonropioids analgesi@andweak opioidssuch ascetaminophermxycodone andtramadol
10



used in clinicor thealleviatiorof 5-ALA-PDT relategpaindoes not achievesatisfiecffect[68,
69, 80] A morepotentanalgesits required for thdlaviationof 5--ALA-PDT inducedpain

MTD is astrong analgesic and a potentiating agent

MTD is astrong loneacting opioid receptor agonisbelonggo thelevel Il opioid medicine
whichownsa high affinitypindingto the mu opioid receptdviOR) [85] It is a racemic mixture
of 2 enantiomersncludng RMTD and SMTD. After the administratiodMTD is widely
distributed throughout the body and shows a longjfeadf 24 hour$86] In most casedJTD
can reduce canesslated pain from moderate oves® to mild or no paif87}] MTD and its
metabolites are finatixeeted from théody by liver and kidney. The main adverse events with
MTD includes sleepiness, nausea, antidiuresis, constipation, hypotension, and exacerbation of
asthmd87] Comparedaotherlevel 1 I o pi oi d dhavetg retate td/ofhEr omloads n 0 t
frequently because of reduced drug resistance phend@@&ntm addition, withdrawals and
deaths wittMTD are also less than with other léNebpioid drugs[89] NowadaysMTD is
extensively used as a saf@efficientanalgesic for theancer paiff0, 91]

Recently, it is claimed that MTD shows the poteregttmce the efficacy of doxorubicin or
cisplatinfor the inhibition oflGBM, leukemiaprostate cancer, bladder cancer and $890192
97] Friesen et al. reported thATD sensitize the inhibition of doxorubicin for leukemia tumor
cells andsBM A172 cells significanf§6, 98]Stadlbauer et also found a synergistic inhibition
of MTD with doxorubicin foilGBM and prostate carcinoma cell lifgs It is found that the
potentiatingeffect of MTDfor thechemotherapeutic drugpossiblydepenénton the drug and
on the cell line usel®9] The reportedmechanisms gbotentiatingeffect of MTD for the
chemotherapgf tumor include:

1 After binding to MOR, MTDnhibitsadenylyl cyclasesulting in down regulatiof cyclic
adenosinanonophosphate (CAMMA)00] The downregulation of cAMPwhich isa second
messengeparticipates in th@otentiatingeffectof MTD for theapoptosi®f tumor cells treated
by doxorubicin93, 96]

2 MTD can also promote the tumor cell apoptosis viagudating caspasg andcaspase,
downregulaing of X chromosoradlinked irhibitor and Bcell lymphomaxtralarge(BCLXL)

[101]

The abovementioned two mechanisms further support the conclusion that MTD can sensitize

the inhibition of chemotherapy for tumor cells. However, so far it was only proved that the

potentiatingeffectof MTD existin chemotherapinducedntrinsic apoptosi®7, 101]

The impact of MTD on 5-ALA-PDT
11



5-ALA-PDT mainly inducgtumor cells death by tlag@optosigpathway50] Considering its
good analgesiand sensitizing effedor chemotherap MTD might beused asa potential
potentiating agerdf 5-ALA-PDT for tumors.An improved5-ALA-PDT modality with more
efficientand less painful is expectetecestablished basedtbacombination wittMTD.

The question aroséhetherMTD may have an impact on or can pronttiéeffectivenessf
5-ALA-PDT or not? To answer this questioniravitratudywascarried outisingSCC andBM
cell linegl]. Theimpactof MTD on 5-ALA-PDT for SCC (FADWell ling andGBM (A172cell
line) wasstuded by the measuremaenitPplX fluorescencéaccumulation of PPIX in the cell)
cytotoxicity apoptosisrates and cell cycleThe results showedhe MTD only influenced
marginallyn thePplX formation in both cell lineBhecytotoxiay of 5> ALA-PDT for both cell
lines were significanthcreaseth thepresencef MTD (p< 0.05).Thissensitizing effect ?ITD
on 5ALA-PDT for tumor cells was mainly caused by increasing the apoptosis of turibecells.
5-ALA-PDT-induced cell cyclehpse arresh the GO/G1 phas®n both cell lineswas also
improved byapplyingITD (p<0.05)

Potential mechanism for promoting the BALA-PDT -induced apoptosis

The abovanentionedstudy demonstrates thbilityof MTD to promotethe 5-ALA-PDT-
induced apoptosis bbth SCCandGBM cell linesHowever, he mechanisrof MTD remains
unclear. Because the apoptosis was the main deathwasspdculatd that MTD might act on
aconjunctsignal pathwaat promotes the apoptosis affected by both MTD applicatior and 5
ALA-PDT. The JNK activity pathway, alknown as stressactivated protein kinase pathway
(SAPK) isthe maincellular response t@riousstresssuch as RQS-irradiation, ultraviolet,
medanical stress, anticanceemotherapy drugad so 01102, 103]t wasprovedthat5-ALA-
PDT can activatdNK pathwayarticipating in the apoptosis of tumors¢@04107] Meanvhile,
the activateMOR was also reported to show the abiliipitate JNK pathwagy 08, 109MTD
is a stongagonisbf MOR. Therefore, it is desertedxplore whether JNK pathway contributes
to the potentiating effect of the MTD ofARA-PDT for tumor cells.

JNK pathwaygan furtheinduceBCL-2 phosphorylabn and hactivate the ability BICL-2 for
the suppression of apoptodi$0] DephosphorylateBCL-2 is an oncoproteirwith an ability to
inhibit tumor cells apoptosid11] Whereas the impact of phosphorylatedCL-2 on the
regulation of apoptosis is still uta® and conflictinff.12] ThephosphorylateBCL-2 activated
by thegrowth factor or nicotinshowed the ability inhibit the tumor cellapoptosis ancesist
the chemotherapfl13115] BCL-2 phosphorylation was reported as an element f@Gu2
death suppressor signaling actjtityy] However phosphorylateBCL-2 activated bpaclitaxel

showed a ®nverseability to promote apoptosis in several tumor cell lines indicating
12



phosphorylatio [117121] Importantly, the phosphorylatedBCL-2 activated byhypericin
mediated PDT was also found to ettextfunctiorto promote the tumor cells apoptqi37]

In this thesighe results show MTBs aMIOR agonishas arability toup-regulate thactivated
JNK and phosphorylatedBCL-2 treatedby 5-ALA-PDT on tumor cells(p<0.05) The
phosphorylatedCL-2 in this thesis induceay MTD plus BALA-PDT shows an ability to
promote the apoptosig tumor cell§2]. Naloxonea MOR antagonistnostlyinhibits the above
potentiating effects of MTbn 5-ALA-PDT-induced apoptosand thephosphorylation afNK
and BCL-2 (p<0.05).The 5-ALA-PDT-inducedapoptosishasa positive correlation witie
expressionf phosphorylatedNK andBCL-2. It implies that BALA-PDT-inducedapoptosi€an
beenhanced bthe combination with MTPmostly through th®IOR-mediatedipregulation of
phosphorylated JNK amCL-2.

Conclusionand outlook

The efficacy of-BALA-PDT for somemalignantumors needs toe enhanced. In addition, the
pain sensation is th&ain side effecf 5ALA-PDT. In this studyMTD as astrong analgesias
proven to simultaneously increase tiyeotoxicity o6-ALA-PDT to SCC and GBMumor cells
mainlythroughthe apoptosis patvayq1]. The 5ALA-PDT-inducedapoptosiss enhanced by
MTD mainly in aV'OR-dependenimanner througkhe phosphorylatiof JNK andBCL-2 [2].
This study provides a theoretical basis Wirig to improve theeffectivenesef 5ALA-PDT
for SCC an&BM and to reduce theALA-PDT inducedpainsensatiosimultaneousin clinical
application This combination also shows a promising future for the treatme®Cof
glioblastoma, and possibly albasal cell carcinonpmpstatecanceand so on. PotentiglMTD
may alsomprovethe effedvenesof other photosensitizenediated®DT for tumors If the
combination therapy of MTD plusARLA-PDT would besuccessfullyranslatedto clinical
applicationit will ©lve the existingpain problem of BALA-PDT and additionally enhance its
efficacy. Prior to thamoreanimal and clinicatudieseed to be dor® clarifythe efficacyand
safetyof MTD. Thesuitableconcentratiomnd protocol for the application of MTEDso ned to
be investigated for the patient in the clifhe expressioof MOR ontumor cellsnay impactte
effectivenessf MTD, so that the effectiveness might be limited in tumors that express less MOR
Although 5ALA-PDT induced apoptosis haspositive correlatiowith the up-regulationof
phosphorylated JNK anBCL-2, further inhibition experiments should be carried out to
investigate the importance of phosphorylated JNIB@h¢? for theMTD relateceffect.
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Methadone enhances theeffectiveness of Eminolevulinic acid-based

photodynamic therapy for squamous cell carcinoma and glioblastoma in vitro
Shi Lei, Buchner Alexander, Pohla Heike, Pongratz Thoma, Rihm Adrian, Zimmermann Wolfgang, Gederaas A
Odrun, Zhang Linglin, Wang Xisitepp Herbert, Sroka Ronald. J Biophotonics. 2019, 29:e201800468. JIF: 3.768

Short version

The efficacy ob-aminolevulinic acid photodynamic therap$-ALA-PDT) for squamous cell
carcinoma (SCC) and glioblastoma remains to be improved. The analgesic drug methadone is able
to sensitize various tumors to chemotherapy. In thigorstudy, the influence of methadone to

the effectiveness of AERDT for SCC(FADU) and glioblastoma (A172) was investigated
regardingprotoporphyrin IX (PplX) fluorescent@ccumulation in celBurvival rates, apoptosis,

and cell cycle phase, each with or without the presence of methadone. The production of PpIX
was increased Imethadone in FADU cells while it was decreased in A172 cells. The survival rates
of both cell lines treated BYALA-PDT were significantly reduced by the combination with
methadone (p<0.05). The percentage of apoptotic cells of both cell linesyfeatiet-BDT

was significantly increased if treated with methadone (p<0.05). Methadone also improved the effect
of 5-ALA-PDT on the cell cycle phase arrest in the GO/G1 phase (p<0.05). This study
demonstrates the potential of methadone to influence ttexwy&dfect o5-ALA-PDT for both

SCC and glioblastoma cell lines.
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1 | INTRODUCTION

5-Aminolevulinic acid-based photodynamic therapy (ALA-
PDT) is well established for the treatment of early stage skin

Abstract
Although having shown promising

Irradiation from below

Cell culture plate

clinical outcomes, the effectiveness of
S-aminolevulinic acid-based photody-
namic therapy (ALA-PDT) for squa-
mous cell carcinoma (SCC) and

glioblastoma remains to be improved.

The analgesic drug methadone is able
to sensitize various tumors to chemo-
therapy. In this in vitro study, the influence of methadone to the effectiveness of
ALA-PDT for SCC (FADU) and glioblastoma (A172) was investigated on the pro-
toporphyrin IX (PpIX) fluorescence, survival rates, apoptosis, and cell cycle phase,
each with or without the presence of methadone. The production of PpIX was
increased by methadone in FADU cells while it was decreased in A172 cells. The
survival rates of both cell lines treated by ALA-PDT were significantly reduced by
the combination with methadone (P < .05). Methadone also significantly increased
the percentage of apoptotic cells and improved the effect of ALA-PDT on the cell
cycle phase arrest in the GO/G1 phase (P < .05). This study demonstrates the
potential of methadone to influence the cytotoxic effect of ALA-PDT for both SCC
and glioblastoma cell lines.

KEYWORDS
S-aminolevulinic acid-based photodynamic therapy (ALA-PDT), apoptosis, cell cycle phase,

glioblastoma, methadone, squamous cell carcinoma (SCC)

tumors and is under investigation for the treatment of other
cancers [1-3]. After uptake of exogenous ALA, tumor cells
synthesize large quantities of intracellular protoporphyrin IX
(PpIX). PpIX as a photosensitizer can transfer the energy from

J. Biophotonics. 2019;12:¢201800468.
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light to oxygen, generating reactive oxygen species, which
damage or kill tumor cells [4, 5]. In the clinic, ALA-PDT has
many advantages such as allowing repetitive application to
multiple lesions, non-trauma, excellent cosmetic results and
functional recovery at special skin sites [6]. It has been widely
applied for the treatment of actinic keratosis, basal cell carci-
noma, cutaneous squamous cell carcinoma (SCC), glioblas-
toma and other cancers [7, 8]. However, it is difficult to
eliminate invasive SCC or large glioblastoma with ALA-PDT
alone [2, 9]. Therefore, the effectiveness of ALA-PDT for
SCC and glioblastoma remains to be improved [10, 11].

Pain is the most severe side effect of ALA-PDT on skin
tumors. Nowadays, pain is the key limitation for the applica-
tion of ALA-PDT in dermatology [12]. During PDT irradia-
tion, patients always suffer different levels of pain [13].
Sometimes, due to the severe pain caused by the photody-
namic reaction, the irradiation has to be interrupted until a
nerve block anesthesia is implemented to relieve the pain
[14]. Because of the pain during treatment, some patients
frequently move the body to escape the light, resulting in the
reduction of irradiance on tumors. Moreover, some patients
refuse to accept the next round of PDT just because of pain.

Methadone is a long-acting opioid receptor agonist that
has been used extensively as a highly effective and safe
medication in the treatment of pain [15]. Some recent studies
claim an ability of methadone to sensitize glioblastoma,
prostate cancer, leukemia, bladder cancer and other tumors
to the treatment of doxorubicin or cisplatin in vitro or
in vivo [16-22]. So far, the sensitizing effect of methadone
was mainly observed for chemotherapeutic agents where it
promoted intrinsic apoptosis [17, 21-23]. Considering its
good analgesic effect, combining methadone with ALA-
PDT might be a promising treatment modality for tumors.
However, the sensitizing effect of methadone on ALA-PDT
for SCC or glioblastoma remains to be clarified.

This study was performed to investigate, whether the
in vitro effectiveness of ALA-PDT for SCC and glioblastoma
is affected when applied in combination with methadone.

2 | METHODS

2.1 | Cell incubation

FADU cells were originally obtained from the Deutsche
Managementsystem Zertifizierungsgesellschaft. A172-cells
were purchased from the American Type Culture Collection.
Both cell lines were cultured in DMEM medium (Gibco;
Thermo Fisher Scientific, Germany) supplemented with 10%
fetal bovine serum (Biochrom AG, Germany), penicillin
(100 IU/mL), streptomycin (100 pg/mL) and 1% MEM
non-essential amino acids solution (Gibco; Thermo Fisher
Scientific).
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2.2 | Photodynamic therapy

ALA (Fagron GmbH & Co. KG, Barsbiittel, Germany) stock
solutions were freshly prepared in serum free medium each
time. Cells were incubated in serum free medium containing
ALA for 24 hours. Cells were irradiated with laser light
delivered by a fiber (core diameter: 600 um) with custom-
made projection optics connected to a 635 nm Ceralas diode
laser (CeramOptec GmbH, Bonn, Germany) at irradiation of
100 mW/cm?  irradiance in a temperature stabilized
(T = 37°C) light tight box [24].

2.3 | Measurement of cytotoxicity

The cytotoxicity was assessed based on survival rates as
determined at 24 hours after irradiation by the Cell Counting
Kit-8 (Sigma-Aldrich Chemie GmbH, Schnelldorf, Ger-
many) assay. Initially the measurement of cytotoxicity was
used to determine a sublethal treatment parameter set of
ALA-PDT alone, used to achieve around 25% Kkilling of
cells, by means of different ALA and light parameters. Then,
to investigate the impact of methadone on ALA-PDT, the
cytotoxicity of different treatment protocols as indicated in
Table 1 was investigated. All experiments in this study were
performed in triplicates and biologically repeated three
times.

2.4 | Methadone incubation scheme

To investigate the effect of methadone on ALA-PDT-
induced cytotoxicity, cells were treated with 10 pg/mL D, L-
methadone (Sanofi-Aventis Deutschland GmbH, Frankfurt,
Germany) for 3 days (Figure 1). To find the optimal timing
of methadone treatment, incubation with methadone for
3 days in the whole ALA-PDT period was further compared
with incubation for 2 days before irradiation and/or for 1 day
after irradiation. The detailed incubation and irradiation
scheme is depicted in Figure 1.

2.5 | Uptake of ALA to induce PpIX
fluorescence

The production of PpIX fluorescence in each group was
measured using a flow cytometer (FACSCalibur, Becton
Dickinson Heidelberg, Germany). PpIX fluorescence was
induced by a 4 = 635 nm red diode laser and measured in
the FL3 photomultiplier tube (670-nm long pass filter) of
the flow cytometer [25]. The mean fluorescence intensity
(MFI) of PpIX fluorescence was calculated using a speci-
fied software (FlowJo v10 Workspace, FlowJo LLC,
Oregon).
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TABLE 1  Groups of in vitro experiments
Control groups Treatment group
Untreated Methadone  ALA ALA plus Light Methadone ALA-PDT plus
Application  control only only methadone only plus light ALA-PDT  methadone
ALA - = + R = = + +
Methadone - + - + — + = o
Light - - - - + + + +
Abbreviations: ALA, 5-aminolevulinic acid: ALA-PDT, 5-aminolevulinic acid-based photodynamic therapy.
Plate cells Evaluation
Untreated control ‘
} 24h % 24h i 24h
ALA-PDT l !
‘L 24h % 24n i 24h
ALA-PDT plus 3-day l ‘ L ! \
methadone } 2h ‘\ 24h i 24h

ALA-PDT plus 2-day
methadone before irradiatio;

ALA-PDT plus 1-day
methadone after irradiation

FIGURE 1 The flow chart of the
cxperiment to find the optimal timing
of methadone treatment

containing medium

2.6 | Apoptosis rate

The tumor cells were collected from 24-well plate into flow
cytometry tubcs at 24 hours after irradiation. Then, cells were
washed with 1 mL PBS twice and re-suspended in 200 pL of
Annexin V buffer with 5 pL. Annexin V-FITC and 5 pL. 7-AAD
(BD Biosciences, Heidelberg, Germany) for 20 minutes. The
apoptotic ratc was determined by flow cytometry. The Anncxin
V-positive cells were acknowledged as apoptotic cells.

2.7 | Determination of cell cycle phase

Tumor cells were harvested as mentioned in the Apoptosis
Rate scction. Cells were fixed in icecold 70% cthyl alcohol
for 4 hours and washed with PBS twice. Then cells were
treated with 100 pL of a 100 pg/mL ribonuclease solution
(Abcam, Berlin, Germany) and 20 uL 7-AAD (BD Biosci-
ences) for 20 minutes before measurement using flow cyto-
metry [26]. The cycle phasc was calculated using a cell
cycle analysis software (ModFit LT v3.2; Verity Software
House, Inc., Maine).

Incubated with serum-  Treatment with
methadone

n

24h 24h

>

Treatment with
S-aminolevulinic acid

A

Incubated with Laser irradiation

serum-free medium

2.8 | Statistical methods

Statistical tests were performed using SPSS 13.0 software
(IBM Corporation, Armonk, New York). Mann-Whitney U test
was uscd to compare the survival rates, PpIX fluorescence sig-
nals, apoptosis rates and cell cycle phases between different
groups. P-values <.05 were considered statistically significant.

3 | RESULTS
3.1 | Parameters for sublethal photodynamic

therapy

To find the appropriate treatment parameters for sublethal pho-
todynamic therapy for cach cell linc separately, which causcs
approximately 25% cell death remaining sensitive for any
enhancement of cytotoxicity by co-incubation with metha-
done, the survival rates of both cell lines after ALA-PDT using
different ALA concentrations and light doses were determined.
The results show ALA-PDT killed tumor cells in a dose-
dependent manner. Generally, a higher ALA concentration or
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FIGURE 2 Dctermination of parameters for sublethal S-aminolevulinic acid-based photodynamic therapy (ALA-PDT). The survival ratcs
(mecan + SEM, n = 9) of squamous ccll carcinoma FADU ccll line (A) and glioblastoma A172 ccll linc (B) following ALA-PDT

light dose led to a lower survival rate as shown in Figure 2. In
case of FADU the sublethal therapy of 76.8% + 0.8% (mean
+ SEM) of survived FADU cells can be induced by incubation
with 0.5 mM ALA and an irradiation of 1 J/em® For A172
cells, a similar mean survival rate of 76.8% + 0.5% was mea-
sured when incubated with 1 mM ALLA and irradiated with
2 Jfem®. Therefore, these parameters were used for turther
experiments to investigate the impact of methadone.

3.2 | Influence of methadone on ALA-
mediated PpIX accumulation

As sketched in Figure 1, cells were incubated with
10 pg/mL D, L-methadone for 2 days for the determination of

(A)
400
[C] Untreated control
[ Methadone only
= 300 =
E [J 0.5 mM ALA only
%zon Ei D 0.5 mM ALA plus methadone
)
100 7
0
e Ui
100 II)l 107 104
PpIX fluorescence
C) g

200

5
I * ]
150:
100
50
p—

FADU cell linc

] Untreated control

[1 Mcthadonc only

[1 0.5 mM ALA only

] 0.5 mM ALA plus methadone

PpIX MFI (a.u.)

PpIX fluorescence before irradiation. Based on the specific
treatment parameters to achieve sublethal PDT, FADU cells
were incubated with 0.5 mM ALA, while A172 cells were
incubated with 1 mM ALA, for 24 hours each. In all cases,
the PpIX fluorescence histograms showed a single, relatively
narrow peak, justifying the use of MFI as a quantitative mea-
sure of cellular PpIX content. As shown in Figure 3, with the
FADU cell line, the MFI of PpIX fluorescence (MFIzp
+amer = 172.1 + 1.1 a.u) in the ALA plus methadone group
was slightly higher than that in the ALA only group
(MFIzpa = 1454 + 0.6 a.v.). However, with the A172 the
PpIX fluorescence intensity in the ALA plus methadone
group (MFlga o mer = 2541 + 3.8 au) was slightly lower
than in the ALA only group (MFly, , =297.2 £ 2.7 an.).

(B)

3007 [] Unireated control
& [ Methadone only
gmo b [0 0.5mM ALA only
= [0 0.5mM ALA plus methadone
i

100 7

" bbb} T Ll Lidiy |
LTy 0’ w
PpIX fluorescence
O r
_

k S E— [] Untrcated control
g [Z] Methadone only
g [ 1 mM ALA only
o [ 1 mM ALA plus methadone
Z
=
AC‘_. 1

T

A172 cell line

FIGURE 3  Mcthadone influcnces protoporphyrin 1X (PplX) formation only marginally. FADU cells (A and C) and A172 cells (B and D)
were incubated for 24 h with S-aminolevulinic acid (ALA) in the presence or absence of methadone. Representative histograms (A, B) and mean
PpIX mean fluorescence intensity (+ SEM) (C, D) are shown (n =9). ¥ < .05
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FIGURE 4 Methadone enhances 5-aminolevulinic acid-based photodynamic therapy (ALA-PDT)-induced cylotoxicity. FADU (A) and A172
cells (B) were cultured in the presence or absence of methadone for 3 days. Survival rates (mean + SEM) were determined 24 h later by the CCK-8

method (n = 9). *P < .05

3.3 | Methadone effect on ALA-PDT-induced
cytotoxicity

FADU and A172 cells were treated as sketched in Table 1.
The investigation of FADU cells showed survival rates of all
non-PDT  groups of around 100% as shown in
Figure 4A. However, the survival rate of the ALA-PDT
group (70.6% + 1.7%) was significantly lower compared to
the non-PDT groups (P < .05). Compared with the ALA-
PDT group a further significant drop in the survival could be
observed in the ALA-PDT plus methadone group (35.3%
+ 1.4%; P < .05), indicating that the used methadone appli-
cation protocol results in enhanced effectivity of ALA-PDT
for FADU cells. A similar observation was made during
investigation with the A172 cell line (Figure 4B). Of note, a
significant increase in A172 cell number was observed in
the ALA only (140.4% +2.0%), light only (135.3%
+ 1.9%), ALA plus methadone (138.4% + 1.5%) or metha-
done plus light (134.1% + 0.9%) groups (Figure 4B).

The cytotoxicity of different methadone incubation
scheme (Figure 1) is shown in Figure 5. It can be derived
that methadone application in each time protocol leads to an
enhancement of the ALA-PDT effect, with the strongest
enhancement observed by incubation with methadone for all
3 days.

*
(A) A [ ALA-PDT
809 = [ ALA-PDT plus 3-day methadone
; £l
£ 60 = ] ALA-PDT plus 2-day methadone
L e || . .
= S before irradiation
?; % 40 1 ALA-PDT plus 1-day methadone
5 £ after irradiation
23
2 20
X
0
FADU cell line
FIGURE 5

3.4 | Methadone-related ALA-PDT-induced
apoptosis

The relative apoptosis rates by ALA-PDT, ALA-PDT plus
methadone (for 3 days) and some control groups arc shown
in Figure 6. For both FADU cells and A172 cells, the per-
centage of apoptotic cells after ALA-PDT was remarkably
higher compared to that obtained with the control groups.
The percentage of apoptotic FADU (mean + SEM: 53.2%
+ 1.6%) or A172 cells (45.3% + 2.2%) in the ALA-PDT
plus methadone group was even significantly higher than
that in the ALA-PDT groups (20.6% + 0.6% and 22.8%
+ 1.9%, respectively) (P < .05), indicating methadone
related enhancement of ALA-PDT induced apoptotic path-
way. For the A172 cell line, it was observed that the percent-
age of apoptotic cells in the methadone only and the ALA
plus methadone groups was significantly higher than in the
untreated control group, implying that methadone only
might also induce some tumor cell apoptosis.

3.5 | Cell cycle related effect of methadone
and ALA-PDT

To investigate whether methadone influences the effect that
ALA-PDT exerts on cell cycle phases, the cell cycle phase

—_
(b) . ] ALA-PDT
80 * N [ ALA-PDT plus 3-day methadone
= 3
g 60 L B . [ ALA-PDT plus 2-day methadone
ié H before irradiation
Q
e 2 40 [1 ALA-PDT plus 1-day methadone after
g2 irradiation
wn S
2 20
X
0 —
A172 cell line

Methadone application protocol related effects on 5-aminolevulinic acid-based photodynamic therapy (ALA-PDT). FADU cells

(A)and A172 cells (B) were cultured in the presence of methadone for 1, 2, or 3 days as indicated in the legends (n = 9). *P < .05; NS: not

significant
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FIGURE 6 Methadone related enhancement of S-aminolevulinic acid-based photodynamic therapy (ALA-PDT)-induced apoptosis. FADU
(A, C) and A172 cells (B, D) were cultured in the presence or absence of methadone for 3 days. Representative dot plots and percentage of apoptotic

cells (mean + SEM, n = 9) are shown. *P < .05

was determined by means of flow cytometry using 7-AAD
DNA staining. As shown in Figure 7, for both FADU and

Al172 cells, ALA-PDT plus

methadone

significantly

increased the number of cells found in the GO/G1 phase
compared t0 ALA-PDT group (P < .05), methadone only
(P < .05) and untreated controls (P < .05) (Figure 7A,C).
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Methadone only or ALA-PDT only show a higher percent-
age of the number of tumor cells in the GO/GI phase than
untreated controls, though not all differences are significant.
These results suggest that methadone and ALA-PDT inhibit
the proliferation of tumor cells mainly through GO/G1 phase
arrest. This GO/G1 phase arrest was significantly enhanced
by the combination of ALA-PDT plus methadone compared
to methadone only or ALA-PDT only.

4 | DISCUSSION
So far, none of the known potentiating agents of ALA-PDT
contributes to pain alleviation [11, 27, 28]. Methadone, as a
long-acting opioid agonist, was found to enhance the toxic-
ity of doxorubicin to tumor cells in vitro by re-enabling apo-
ptosis [21, 29]. In ALA- PDT apoptosis is also an important
cell death mechanism [11]. If methadone could enhance the
effectiveness of ALA-PDT, an improved protocol based on
a combination of ALA-PDT with methadone could be bene-
ficial in the clinic, being less painful and more effective at
the same time.

The results of the initial PDT-dose finding study showed
that the FADU cell line was slightly more sensitive to ALA-

PDT than the A172 cell line (Figure 2}. It is well known that
different cancer cell lines respond differently to ALA-PDT.
In a cell survival study by Gederaas et al. [30], the A172
cells among a total of four different cell lines tested, showed
the lowest cell death rate after ALA-PDT.

Despite the inconsistent cffect on PpIX accumulation
(Figure 3), methadone enhanced the ALA-PDT induced
cytotoxicity in  both
(Figure 4). This indicates that the increased susceptibility
to low dose ALA-PDT induced by co-incubation with
methadone is not due to an increased accumulation of
PpIX, but might well have been enabled by a methadone-
induced activation of apoptosis pathways as hypothesized
in the context of a combination of chemotherapeutic drugs
with methadone [29]. The results showed that both metha-
done incubated before and after irradiation contributed to
the enhancement of ALA-PDT (Figure 5). This indicates
that irrespective of the time-point of methadone incubation
with respect to ALA-PDT, the supporting action of metha-
done was more pronounced at longer incubation times. As
the strongest effect was observed at the longest incubation
time, future settings should investigate even longer incuba-
tion times. However, this might require a reduction in

cell lines quite considerably
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methadone concentration to avoid interference with effects
induced by methadone alone.

The PpIX distribution in the flow cytometry histograms
(Figure 3), although showing a single peak, still shows that
cells are containing variable amounts of PpIX. This is simi-
lar to a clinical PDT scenario, be it invading glioblastoma
cells or deeper lying skin SCC cells, which contain less
PpIX or get less light than the average. If methadone could
sensitize these cells to undergo apoptosis, which otherwise
would not, this promises a clinical benefit.

For A172 cells, it was noted that the survival rate in ALA
only, ALA plus methadone, light only or methadone plus
light group was higher than in untreated control and the
methadone group. The increase of cell proliferation after
application of ALA was also reported for the colon adeno-
carcinoma cell line SW620 [31]. ALA, as an amino acid is a
critical component in the body's synthesis of heme, which in
turn is a major component of hemoglobin and also an essen-
tial component of cytochrome C [32, 33]. A low dosage of
exogenous ALA may promote the production of cyto-
chromes C which increases the mitochondrial activity con-
ducive to cell proliferation [34]. With respect to light, the
increase of cell proliferation after light application was also
observed in epithelial cells [35], fibroblasts [36], and other
cell types [37]. A low-dose of light can activate mitochon-
drial retrograde signaling leading to an upregulated expres-
sion of cell proliferation related genes to participate in this
stimulation of cell proliferation [38]. However, such stimu-
lated proliferation in the “ALA only” and “light only”
groups was only observed with the A172 cell line, not with
the FADU cell line. This indicates that these stimulations are
cell line specific. It is well known that cells respond differ-
ently to low doses of light [39], with the effect ranging from
inhibition to well above 20% increase in colony forming
units [40], where the exact mechanisms are still under debate
[41]. Also for ALA alone, it is plausible that cells may get a
growth stimulus by promoted heme synthesis, but it remains
unclear, why some do and others not.

The precise mechanism how methadone increases the cyto-
toxicity of ALA-PDT or chemotherapeutic drugs for tumor
cells is still unclear. In this study, methadone significantly
increased the apoptosis rates of tumor cells induced by suble-
thal ALA-PDT (Figure 6). This implies that the sensitizing
effect of methadone for ALA-PDT was mainly conveyed by
interaction with apoptosis pathways. This is supported by the
observation that methadone can activate the intrinsic apoptosis
pathway through the activation of caspase-9 and caspase-3 and
down-regulation of BCL2L1, (BCL-X), BCL2 and XIAP to
induce tumor cell death [17, 23, 29].

In this study, ALA-PDT and methadone alone slightly
arrested the tumor cells in the GO/G1 phase to prevent the
cells from entering the replicative phase. This effect was
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improved by the combination of ALA-PDT and methadone
(Figure 7). It was reported that ALA-PDT induced the cell
cycle phase arrest of tumor cells predominantly by the
upregulation of P53 and DNA damage [42, 43]. Both the
upregulation of P53 and DNA damage might activate the
checkpoints of the cell cycle, leading to the inhibition of
tumor cells proliferation [44]. However, the exact mecha-
nism by which methadone influences the cell cycle remains
to be investigated.

5 | CONCLUSION

This investigation showed the enhancement of methadone to
ALA-PDT by activation of apoptosis pathways and increased
cell cycle phase arrest. A clear and consistent evidence that
methadone leads to an increased accumulation of PpIX could
not be found. The additional interaction of methadone and
ALA-PDT should be tested in further cell lines. The exact
mechanisms how methadone may influence the effectiveness
of ALA-PDT for tumor cells should be investigated.
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Methadone, as a leagting opioid analgesic, shows an ability to sensitizatheent 05-ALA-
PDT for glioblastoma cells (A112yitrdoy promoting apoptosidowever, the mechanisms how
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expression of mu opioid receptor (MOP), apoptosis, phosphorydatedterminakinase (JNK)
and phosphorylated apoptosis regulBtacell lymphoma 2 (BCL®Jere measured by flow
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naloxone, was used to evaluate the role of MOP in theredmomed proesslt was found that
Al172 cells show thexpression of MOP and that naloxone inhibiésenhancement of the
methadone effect on apoptosis followiBALA-PDT (p<0.05). The expression of
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ARTICLE INFO ABSTRACT

Keywords: Background: Methadone, as a long-acting opioid analgesic, shows an ability to sensitize the treatment of ALA-
ALA-PDT PDT for glioblastoma cells (A172) in vitro by promoting apoptosis. However, the mechanisms how methadone
Methadone enhances the effectiveness of ALA-PDT for tumor cells remains to be clarified.

Mop Methods: The expression of mu opioid receptor (MOP), apoptosis, phosphorylated c-Jun N-terminal kinase (JNK)
I}Iafﬂ'(.z and phosphorylated apoptosis regulator B cell lymphoma 2 (BCL2) were measured by flow cytometry.
Apoptosis Cytotoxicity was determined using Cell Counting Kit-8 (CCK-8). A MOP antagonist, naloxone, was used to

evaluate the role of MOP in the above process.

Results: Tt was found that A172 cells show the expression of MOP and that naloxone inhibits the enhancement of
the methadone cffect on apoptosis following ALA-PDT (p < 0.05). Phosphorylated JNK and BCL2 induced by
ALA-PDT were promoted in the presence of methadone (p < 0.05). These methadone effects were also inhibited
by naloxone (p < 0.05).

Conclusions: 'The results suggest that apoptosis induced by ALA-PDT is enhanced by methadone, mostly MOP-
mediated, through the upregulation of accumulation of phosphorylated JNK and BCI.2, leading to a promotion of
cytotoxicity of ALA-PDT for A172 cells.

Glioblastoma

1. Introduction

5-Aminolevulinic acid-based photodynamic therapy (ALA-PDT) is a
well-established non-invasive antitumor treatment in dermatology
[1.2]. It is also applied for the treatment of glioblastoma [3,4]. The
main drawback of ALA-PDT is its limited effectiveness on invasively
growing or large tumors [5,6]. To improve the effectiveness of ALA-
PDT, several potentiating agents, such as the iron chelator deferox-
amine, calcitriol, methotrexate, gefitinib, metformin and imiquimod
have been investigated in combination with ALA-PDT [7-13]. However,
the above potentiating effects have not reached full satisfaction.

Pain is onc of the main symptoms of cancers [14]. ALA-PDT may
also induce severe pain during or after irradiation, which limits the
application of ALA-PDT especially in dermatology [15,16]. Methadone,

as a long-acting opioid analgesic [17] is used as a pain medication for
cancer patients. Interestingly, methadone has also been shown to sen-
sitize glioblastoma, leukemia, and other tumors to the treatment of
doxorubicin or cisplatin in vitro and in vivo [18-23]. In our previous
research, the sensitization effect of methadone was also observed on
ALA-PDT with a sublethal treatment parameter set for glioblastoma
cells (A172) in vitro by promoting apoptosis [24].

Methadone is an opioid receptor agonist with a high affinity to the
mu opioid receptor (MOP) [25]. The mechanisms of methadone re-
ported to enhance the cytotoxicity of chemotherapy for tumor cells
include: 1) Activation of MOP lcads to the reduction of cyclic adenosine
monophosphate (cAMP) production via inhibition of adenylyl cyclase
[26]. cAMP as a second messenger controls cell proliferation, differ-
entiation, and apoptosis. The downregulation of cAMP induced by MOP
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Fig. 1. Experiment groups and flow chart for treatments and drug administration. The serum-free medium was used during treatment with 5-aminolevulinic acid.

Tumor cells were irradiated after a 24 h incubation with 5-aminolevulinic acid.

activation using methadone sensitizes tumor cells to doxorubicin-in-
duced apoptosis [19,22]. 2) Methadone induces death of tumor cells
through the activation of caspase-9 and caspase-3, down-regulation of
B-cell lymphoma-extra large (BCL-XL) and X chromosome-linked in-
hibitor of apoptosis (XIAP) [27]. However, the mechanism how me-
thadone enhances the effectiveness of ALA-PDT for tumor cells remains
to be clarified.

The c-Jun N-terminal kinase (JNK) activity pathway, also named
stress-activated protein kinase pathway (SAPK) is essential for pro-
viding a cellular response to many types of stress, including reactive
oxygen species, ultraviolet, y-irradiation, and anticancer drugs (cis-
platin, doxorubicin, or etoposide) [28,29]. ALA-PDT initiates apoptotic
cell death via activation of the JNK pathway in HaCaT cells, human
non-small cell lung carcinoma cells and oral cancer Ca9-22 cells
[30-33]. Activated MOP also shows the ability to initiate the JNK
pathway [34,35]. Therefore, the question arises, whether methadone as
a MOP agonist can activate JNK and enhance the activation of JNK
induced by ALA-PDT in A172 cells.

The JNK pathway shows the ability to induce phosphorylation of B-
cell lymphoma-2 (BCL2). Non-phosphorylated BCL2 is a 26-kDa in-
tegral membrane oncoprotein which shows the ability to suppress
apoptosis [36]. However, the exact mechanism of apoptosis regulation
by phosphorylated BCL2 is unclear yet and conflicting results have been
reported [37,38]. On the one hand, growth factor or nicotine-induced
BCL2 phosphorylation was found to suppress apoptosis that plays a role
in resistance to chemotherapy [39-42]. On the other hand, paclitaxel-
induced BCL2 phosphorylation showed the ability to promote apoptosis
in several tumor cell lines indicating that phosphorylation inhibits BCL2
anti-apoptotic function [43-47]. Hypericin mediated PDT was also
found to induce BCL2 phosphorylation and promotes apoptosis of
tumor cells [33]. However, methadone was reported to downregulate
BCL2 phosphorylation and to promote cytotoxicity in leukemia cells

[48]. Therefore, the effects of ALA-PDT plus methadone on BCL2
phosphorylation and apoptosis are very intriguing and worth exploring.

Generally, it would be interesting to explore the mechanism how
methadone enhances the effectiveness of ALA-PDT for A172 cells. We
therefore investigated, whether the activation of apoptosis is caused by
a MOP-dependent activation of the JNK pathway. We also addressed
the relationship between apoptosis and phosphorylated BCL2.

2. Methods
2.1. Cell culture

The glioblastoma cell line A172 and the chronic myelogenous leu-
kemia cell line K562 were purchased from the American Type Culture
Collection and cultured in DMEM medium (Gibco, Thermo Fisher
Scientific, Germany) supplemented with 10 % fetal bovine serum (FBS,
Biochrom AG, Germany), penicillin (100IU/mL), streptomycin
(100 ug/mL) and MEM non-essential amino acids (Gibco, Thermo
Fisher Scientific, Germany). The cells were kept at 37 °C in a humidified
atmosphere with 5 % CO, and passaged using 0.05 % trypsin/0.02 %
EDTA every three days.

2.2. Measurement of the expression of mu opioid receptor

MOP expressions on A172 and K562 cells were determined by flow
cytometry staining with opioid receptor mu 1 (OPRM1) polyclonal
antibody (44-308G; Invitrogen, Thermo Fisher Scientific, Germany).
Tumor cells were harvested from a 6-well plate into flow cytometry
tubes and washed with phosphate-buffered saline (PBS) twice. 1 X 10°
of cells were re-suspended in 100 uL PBS and treated with 5 uL OPRM1
polyclonal antibody for 1h. After washing with PBS, cells were re-
suspended in 250 uL PBS and treated with 1 pL goat anti-rabbit IgG
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