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ABSTRACT

Chemotherapy Related Cognitive Impairment (CR&o called chemobrain, diminshc ancer pati ent 0
quality. Breast cancer (BC) patienhave been described to be importantly affected, howthemechanism
leading to CRCI has not beérlly elucidated. Recent research proposes microglia as the main architect of CRCI,
thusdysregulations in these cells could trigger CRle aim of thigesearch was to evaluate the effects of two
drugs commonly used against breast cancer, cyclophosphamide (CTX) and epirubicin (&eipioroglia cell

line SIM-A9, using the BC cell line, 4T1, as a control. Our results show that CTX and EPI decrarasgiaagell

viability and increase cell death on a concentratiependent mannebeing5 and 2 times moreytotoxic to
microglia cell linethanto breast cance¥T 1cells, respectivelyBoth chemotherapies inducellccycle arrest and a
significant incrase in p53, pl@& n dH2AX in breast cancer and microglia cells. Furthermore, mitochondrial
membrane potentiabf Gn) diminishes as cell death increases, and both chemotherapies induce reactive oxygen
species (ROS) production on SIM and 4T1. Moreover, spase activation increases with treatments and its
pharmacological blockade inhibits CTX and EPI inducetl death. Finally, low concentrations of CTX and EPI
inducea-H2AX, and EPI induces cytokirreleaseNO productiorand Ibal overexpressiamhese indings indi-

cate that microglia cells are more sensitive to CTX and EPI thasteBCand undergpNA damage and cell cycle
arrestatvery low concentrationsnoreovelEPI| induce microglia activation and a priaflammatory profile

Keywords: Microglia, breast cancer, neurotoxicity, chemotherapy, chemobrain, apoptosis

INTRODUCTION include surgery, radiotherapy, and chemo-
Breast cancer (BC) is one of the rnairltherapy There are different types of drugs

causes of death among women Worldwidérlsed as chemotherapy, O.f whithio com-
(American Cancer Societ2017) Treatments monly used are anthracyclines aaidylating
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agents, such as epirubicin (EPI) and cyclo2017) There is a gap in knowledge regarding
phosphamide (CTX)Fenget al.,2016; Wuet the susceptibility ofcentral nervous system
al.,2016) Most chemotherapies induoegu- cells to chemotherapierected anonCNS
lated cell death (RCD), a mechanism byumors.Althoughthe central nervous system
which the cell activates its own machinery tois protecedby the blood brain barrier (BBB),
selfdestruct (Galluzzi et al., 2018) Both increasingcytokines and RO%vels associ-
chemotherapies, EPI and CTX, have similaated with canceinduced inflammatiorhave
action mechanisms that include DNA damagéeen proposed taugment its permeability
(TaymazNikerel et al.,2018) cell cycle ar- (Yarlagaddeet al.,2009) Increased permea-
rest(Xiong et al.,2016), mitochondrial altera- bility of the BBB may allow thedirect inter-
tions and oxidative stre¢Brasacet al.,2010)  action betweerirculating drugs and central

in different tumoral cell lies and some nen nervous system cellduring cancer therapy
neoplastic cell linegStandishet al.,2008) Thus, tke aim of this study was to assess the
Even though chemotherapies are effextivsensibility of microglia cells to the antitumor
against cancer cellthey alsanduce second- drugs epirubicin and cyclophosphamide to
ary effects, such as nausea, alopédichida provide evidence supporting role for chemo-
et al.,2018) hepatotoxicity, and cardiotoxi- therapy in CRCI.

city (Wu et al., 2016) directly diminishing

patientds quality |I|ife. Inmluz.l,h_rlloebscells are fr
quently damaged by cancer treatments

(Vermaet al.,2016) either around the body Reagents

or in specific organs, such as liver, lungs and Cells were maintained in DMEM12 and
recently associated, brai(Matsos et al., RPMI-1640 supplemented with 20 fetal
2017) bovine serum (FBS) and% penicillin-am-

In this regard studies show that around photericinstreptomycin (GIBCO by Life
23% of surviving chemotherapireatedBC ~ Technologies, Grand IslantlY) referred as
patients present cognitive impairmefde complete DMEMF12 or RPMIFACS buffer
Ruiter et al.2012; Selamat et aR014; Shen is composed of % of fetal bovine serum
et al, 2019; Ongnok et gl2020) Chemother- (FBS) in phosphate buffer saline 1X (PBS) at
apy related cognitive impairment (CRCI) ispH 7.4.Epirubicin (Farmorubicin RD®), EPI,
known to appear after chemotherapy treawas purchased from Pfizer (Ciudad de
ment of noncentral nervous system (non México, MéXiCO) and was dissolgen sterile
CNC) tumors and recent studies propose miwater for injection. Cyclophosphamide (Cry-
croglia as the main architect of CR@ibson ofaxol®), CTX, was purchased from Cry-
et al., 2019) Microglia are tissue resident opharma (Tlajomulco de Zuhiga, Jalisco,
macrophages that play vital functions on thééxico) and wasdissolved in complete
central nervous system (CNS), such as hom&MEM-F12 or RPMI. All stock solutions
ostatic maintenance, release neurotrophic were wrapped imluminumfoil and stored at
factors and protection against pathogens. B&-20°C.
cause of their macrophage nature, microglia
cells produce cytokines and regulate neuroirf<€ll culture
flammation, which has been associated with Murine microglia SIMA9 (ATCC®
different neuropathologies, such as ParkindTB-22E) and murine breas
sonds di seades, dAlszhdMdECOIRB2 &ck)g-cel |l s were p
nitive impairment(McLeary et al., 2019) from the American Type Culture Collection
Studies have shown a decrease in white mafATCC) and cultured in complete DMEM
ter density in patients after chemotherapy-12 or RPMI for 4T1 and were routinely
leadingto further investigation on cell deathgrown in 25cn® cell culture flasks (CORN-
in central nervous system cefMatsoset al., ING Enterprises, Corning, NY), following
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ATCC instructions. Cells were maintained inCell deathimorphology analysis

a humidified incubator containing% CO: at After 5x1¢ cells were seeded in 24ell

37 °C. dishes (CORNING) and treated with both
chemotherapies at G&€for 24 hours, cells

Cell viability assessment werethen observed in an inverted microscope

Cell growth inhibition was determined (Nikon Eclipse TS100) and images were cap-
with Alamar blue (resazumi test). Cells tured for assessing changes in morphology
(5x10°) were seedeih flat bottomedd6-well  (Lummera INFINITY 322 CMOS 2.0 MP
microtiter plate@ndexposed to different con- Camera) with 20x objective in brighield.
centrations of EPI and CTX for 24 Accord-

i ng to manuf ac el efr $2AK, pE3and plé assessment
resazurin solution (0.15 mg/mL, Signd Cells were seeded (2x30n 6-well dishes
drich, St. Louis, MO)vas added to each well (CORNING) and incubatedfter treatment
and incubated for 4 hours at 37 °C, aftewith cytotoxic concentration 50 (Gg for 24
which, fluorescence was measured at 590 nimours.After incubation,cells were detached,
using a microplate reader (Varioskan Luxwashed with PBS, and fixed with 8@ meth-

Thermofisher®). anol (20% PBS) and stored overnight at
-20°C. Subsequentlgells were washed with
Cell death analysis 2% FACS buffer and then rehydrated with

For cell death induction, 5x1@ells were 10% FACS buffer and cells were placed at 4
seeded in 24vell plates CORNING). Cells °C for 30 minutes.
weretreatedwith the indicated concentrations  F o r-H2AX, p53 and pl6 assessment,
of EPI or CTX and incubated for 24 hours atatb26350 mouse monoclonal [9F3] to gamma
37°C. SIM-A9 cells were then detached us-H2A.X (phospho S139. Abcam, Cambridge,
ing glucose (1 mg/mL), EDTA (1 mM) and UK) antibody,sc126 DO1 antibody (Santa
EGTA (1 mM) solution trypsin (GIBCO) was Cruz, TX, USA)or p16 INK4a (ab108349),
used for 4T1 cells. Subsequly, cells were respectively,were incubated in 2 FACS
washed with PBS and resuspended indl00 buffer in constant agitation for 1 hour and
of annexin binding buffer (100 mM HEPESwashed with 26 FACS buffer. Therefore, a
pH 7.4, 1.4 M NaCl, and 25 mM Caltétain- secondary antibody Alexa Fluor 488
ing cells with annex#V-APC (0.1eg/mL, ( ab 15 0 0 7H2AX ahdpi6 omAlexa
BD Biosciences). Cells were then assessdéuor 488 (A11001Thermo Fisher Scientific,
with BD Accury 6 flow cytometerand ana- Waltham, MA, USA for p53 were added in

lyzed using FlowJo Software. constant agitation for 30 minutes and washed
with 2% FACS buffer. Cells werg¢hen as-
Cell cycle analysis sessed with B[Accury 6 flow cytometer and

In brief, 2x1G cells in 6well dishes analyzed as mentioned before.
(CORNING) were incubated with the indi-
cated concentrations of EPI or CTX for 24 hLoss of mitochondrial membrane potential
Cells were then washed and fixed in%@th- analysis
anol (30% PBS). Cells were wasHeagain, For this assessment, 5xX1@ells were
and cell cycle distribution was determined byseeded in 24vell dishes (CORNING) and
DNA staining Cells were treatedimultane- then treated with C£ of CTX or EPI during
ously with 25eg/mL propidium iodide (PI) 24 h. Cells were then harvested and washed
and 5Cg/mL RNase at 37 °C for 20 min. For with PBS. DIOG (0.1 ¢M) (Invitrogene)
DNA degradation, we analyzed the SubGZXtaining was used by incubating cells at 37 °C
population obtained from cetlycle analysis for 30 min and washing them twice with PBS.
using flow cytomaty. Cell DNA contents Cells were then assessed by flow cytometry
were then analyzed using FlowJo Software. andanalyzed using FlowJo Software.
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ROS production analysis Scientific) and washed twice with PBS. In-

Cells were seeded (5x%0in 24well creases igell fluorescence were measured by
dishes CORNING) and incubated with eachflow cytometry and analyzed using FlowJo
chemotherapy at G for 24 hours. Cells Software.
were then collected and washed with PBS.
ROS generation was measured usin@ytokine quantification
DCFDA-AM (20 mM) (Thermo Fisher Scien- Cytokines in supernatants were analyzed
tific) staining that was incubated at 37 °C forwith the CBA Mouse Inflammation k{Beck-
30 min. To evaluatethe role of ROS in cell man Dickinson and Company, Franklin
death cells were prdreated with Nacetyl Lakes, NJjaccording to thenanufacturer in-
cysteine (NAC) for 30 minutes, then, cellsstructions SIM-A9 cells, were seeded at a
were treated with C£ of EPI or CTX. After confluence of5x10* cellswell in 24-well
24 hours, cells were detached and resuslishes (CORNING)subsequentlyincubated
pended in 10@L of annexin binding buffer for 24 hwith sullethal concentrations of EPI
(100 MM HEPES pH 7.4,.4 M NaCl, and 25 Supernatants were then collectedd ana-
mM CaCb) staining cells with annexik- lyzed by flow cytometry usig BD Accury 6
APC, after which, cell death was evaluated bylow cytometer andvere quantified using Cy-
flow cytometry. tometric Bead Array Analysis Software

(FCAP) (Beckman Dickinson and Company).

Autophagy assessment

SIM-A9 and 4T1 cells were seeded?#  Iba-1 expressiorassessment
well dishes (CORNINGhat a confluence of Cells were seeded (2x30n 6-well dishes
5x10* cellswell, andincubated with Cé of (CORNING) andtreatedwith both chemo-
EPI or CTX alone or prereated for 30 min therapies at C& for 24 hoursAfter incuba-
with spautinl (Abcam) (autophagy inhibi- tion, cells were detached, washed with PBS
tor). Cells were then harvested and stained uand fixed with 80% methanol (206 PBS)
ing CYTO ID (ENZO technologies) follow- and stored overnight a20 °C. Subsequently,
I ng t he manuf act ur ecels sere waslset with® RAC®bufeerand Ce | | s
were thenevaluated byflow cytometry and then rehydrated with 1% FACS buffer and

analyzed using FlowJo Software. cells were placed at 4 °C for 30 minutéer
Iba-1 expressiomolyclonal antibody RAS-
Caspase activation assessment 27436Invitrogene, Thermo Fisher Scientific,

SIM-A9 and 4T1 cultures were preparedWaltham, MA, USA wasincubated in 26
by seedingpx10* cellswell in 24-well dishes FACS buffer in constant agitation for 1 hour
(CORNING), then incubated with EPI or and washed with 20 FACS buffer. The, a
CTX alone or prereated for 30 min with 10 secondary antibody Alexa Fluor 488
mM QVD-Oph (Abcam) (pan caspase inhibi-(ab150077)was added in constant agitation
tor). Cells were then detached and stained ussr 30 minutes and washed withb2 FACS
ing a General Caspase Activation Kit (FF2 buffer. Cells werghen assessed with B&c-
VAD-FMK) (Abcam) following the manu- cury 6 flow cytometer and analyzed as men-

factureros 1instructitionedsbeforecCaspase activity w.
determined by flow cytometry and analyzed
using FlowJo Siiware. Statistical analys
Results represent the mean + SD of at
NO production analysis least triplicate determinations from three in-

For NO assessment, cells were treatedependent experiments. Significant differ-
with sublethal concentrations &P, after 24 ences were considered if p<0.05 using paired
h cells were detached and incubated at 37 °€t u d e-tedt. ®ata was analyzed using
for 30 minutes with DAH-M (ThermoFisher GraphPad Prism (San DiegoALC
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RESULTS EPI and CTX induce DNA damage and cell
Microglia cells are more sensitive to Cycgn?:réev?/te observed cell death induction in
chemotterapy than breast cancer cells SIM-A9 and 4T1 cells after EPI and CTX

EPI and CTX have been shown to sup: : .
press cell viability in several tumor cell “nestreatment, we decided to elucidate the mech-

(Trebunovaet al., 2012; Xionget al.,2016) ani_sm. Firstfo evaluate if DNA damage was
However, their effect onetl viability and cell 12King place after chemotherapy treatment of
death on microglia cells has not been a@'crle'a celiswe first assessed H2AX phos-
sessed, thus, we determined the effect of CT horylation ()'HZA).()' DNA. dama_g_e can
and EPI iirmurineSIM-A9 microglia cells us- ead too-H2AX, the first step in recruiting and
ing 4T1, murineBC cells, as a control. Our localizing DNA repair proteingMah et al.,

010) which can initiate cell cycle arrest, fol-
results show that EPI and CTX decreased t .
viability of SIM-A9 and 4T1 cells in a dose owed by cell death and DNA degradation.

dependenimanner (Figre 1A), however a We found that treatment with EPI and CTX

higher concentration of chemotherapy wadcrease the percentage BH2AX-positive

- - lIs from 3% to 40 % and 33% respectively
necessary 0 induce the same eytotoxic efle’ sy g (ef) and from 26 to 615 and

We further evaluated cell death by as_SS%_res_pec_tiver in 471 (right) cell@zig_ure
sessing phosphatidylserine (PS) exposu A), indicating that both treatments induce
(Figure 1B). In healthy cells, PS is generally NA damage. Surthelrtmorﬁ-, we as_sessed pS3
restricted to the inner leaflet of the cell memSXPrESSION, and TESUILS Show an increase on

brane, and the exposure of phosphatidylseri 593 fexprt;s(:)/sr: ch)er(k;oth ér%z;gn?ntsalar} S”gl
on the outer leaflet is an effect that is com4>: [TOM 970 10 2676 an o for an

- CTX, respectively (Figure 2B), by the time
monly observed during cell deailiReyes S i
Ruiz et al., 2015) We determined PS exter- that p16 assessment showed a significant in-

nalization by flow cytometry of Annexiy-  ¢€ase€ in CTX treatment in SHA9 cells
APC—IabeIIe)éI cells tr{at wergtreated witRE (from 3% to 13%), Wh'.le in 4T1, EPI and
and CTX at different doses for 24 h. As show T(?( tr%atment rfespecélvely, from 36 1o

in Figure 1B, EPI and CTX induced cell death 36 % @nd 15% (Figure 2C). o
on SIM-A9 atsignificantlylower doses com- We then assessed ceII_ cycle in _m_|crogI|a
pared to 4T1 cells according to population of’md br_east cancer cells using Pl staining. Our
AnnexinV positive. Furthermore, as ex- analysis shpws that EPI induces cell pycle ar-
pected with resazurin results, ER1daCTX rest on G2 in SIMAJ and G1 and G2 in 4T1
induced celldeath in a concentratieshepend- cells, by the t|_me that CTMdUC?S cell cycle
ent manner. EPI induced cell death igs@f ~ 2/"ESt On G1 in SIMRA9 and C.;2 in4T1 cells,
the cells (CGo) at 1.0 uM in microglia cells, compared to control ‘Fe”?' (Figure 2D).

and 5 pM in breast cancer cells, while CTX As DNA degradat_lon is a recurrent feature
induced 5@ of cell death (C&) at 15 mM of cell death, especially after DNA damage
in SIM-A9 and 30 mM in 4Ttells. The Cg ~ (Kawaneetal.,2014) we analyze@NA deg-

for both chemotherapies were confirmed b){_adat!on by qua_ntmcatlon of suB1 popula-
trypanblue staining ¢ee Supplementaryn-  1on i microglia and breast cancer cells

formatior). Moreover, morphological assess-treated with EPI and CTX. Results exhibit

ment showed a reduction of cell confluench% and 45% of DNA degradation in SIM

and alterations in cell morphology that Were‘D‘9 corresponding to EPI and C'F24 hours

visible after 24 hours dEPI and CTX treat- tdreatm deT, res;l)et(_:tlvely. In%4:'1 E?DHIS DdNA
ment (Figire 1C). egradation relation was ¥# for EPI an

65% in CTX for 24 hours treatment (Figure
2E).DNA degradation has been reported as a
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feature of apoptosis, hence, we decided to irof mitochondrial membrane potential and
quire in other apoptotic features such as lossaspase activation.
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Figure 1: Cytotoxicity induced by EPl and CTX in SIM-A9 and 4T1 cells. SIM-A9 and 4T1 cells were
treated with various concentrations (0.5, 1.0, 2.5 and 5.0 uM) of EPI, and 5, 10, 15 and 30 mM of CTX
for 24 hours. A) Cell viability was measured by resazurin assay represented as percentage of control
(non-treated cell viability = 100 %) presenting means ° SD. B) Cell death was measured by flow cytom-
etry through Annexin-V staining. The histograms refer to Annexin-V positive cells analyzed by FlowJo
software (left) and the bar graphs represent the mean (° SD) (right). C) Morphology assessment was
performed with Nikon Eclipse TS100 using 20x objective.
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Figure 2: DNA damage and cell cycle arrest. SIM-A9 and 4T1 cells were treated for 24 h with CCso
of EPI or CTX and assessed by flow cytometry. Representative histograms of nuclear damage analysis
and quantification measured through A) 9-H2AX assessment, B) p53 expression, C) pl6 expression,
and D) Cell cycle analysis. Bars at right represent the mean ° SD. E) DNA degradation was evaluated
using propidium iodide (PI) staining as in D, and SubG1 population was analyzed and mean (° SD) was
presented in bar graphs.

EPI and CTX induce loss of leads to reactivexygen species (ROS) pro-
mitochondrial membrane potential duction (VakifahmetogluNorberg et al.,
and ROS production 2017) We assessed whether EPI and CTX

The role of mitochondria in cell death iswere able to induce loss ahitochondrial
widely known, as tey play a central role in membrane potentiaDY m) and ROS produc-
cellular metabolism and cell death signalingtion, through 3,3Dihexyloxacarbocyanine
Furthermore, mitochondrial dysfunction] odi de ( DI QGdBlgrofluarasdin 2 Nj, 7 N
diacetate (DCFDA) staining, respectively,
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followed by flow cytometric analysis. As CTX. Using NAC, we determined ROS de-
shownin Figure 3A, EPI and CTX mduce pendency for cell death in 4T1 cells after CTX
DY m loss and ROS production, as shownby r eat ment , but not after
flow cytometry (Figire 3B) in both cell lines.

We also found a correlation between RO$PI and CTX induceautophagy

production and PS exposure, because approx- It has been proven that ROS abyd m
imately 50% of the cells display these two loss could lead to autophagy, a protective
features (Figre 3C). Then, we usetthe anti- mechanism that helps cells survive and has
oxidant NacetytL-cysteine (NAC), which been previously described as a regulatory
increases intracellular glutathione (GSH) levimechanism in microglia cell@PlazaZabala
els and possesses thabsulfide exchange ac- et al.,2017) In this regard, we assessed au-
tivity (Xie et al.,2018) to determine if ROS tophagosome formation microglia cells af-
were playing a role in chemotherapias ter treatment with EPI and CTX. As shown in
duced cell death, pieeating cells with NAC. Figure 4A, both chemotherapies induce au-
As shown in Figre3C, NAC was able to in- tophagy at Cé. Furthermore, we evaluated
hibit EPI induced cell death in SHA9 cells, cell death in cells prreated with spauthi

as observed by the reduction of Annexin VH{SP1) an autophagy inhibitor by enhancing
staining. These results show that EPI andegradation of becli#i (Schottet al.,2018)
CTX induceDY m loss and ROS production, to confirm if the autophagy was playing a pro-
and particularly after EPI treatment we ob+ective role. We observed that-3fpretreat-
served ROSlependentell death in SIMA9. ment increased the cell death induced by the
On the other hand, we observed ROS produé>Cso of both chemotherapies (Fige4B).

tion in 4T1 cells treated with Geof EPI and

A g
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Figure 3: Mitochondrial alterations and ROS production. SIM-A9 and 4T1 cells were left without
treatment (control) or treated with CCso of EPI and CTX for 24 h and assessed by flow cytometry. A)
Representative histogram of mitochondrial membrane potential measured by DIOCS6 staining (left), bars
represent the mean ° SD (right). B) Representative histogram of ROS production measured with DCFDA
(left), bars represent the mean ° SD (right). C) Representative histogram of Annexin V staining, in cells
pre-treated or not with the antioxidant NAC and then treated with EPI or CTX (left), bars represent the
mean ° SD (right).

204



EXCLI Journal 2@2;21:197-2127 ISSN 1614215
ReceivedSeptember 22021, acceptedDecember 132021, published:January 10 2022

Figure 4: Autophagosome formation and cell death. A) Representative histogram of autophagy, meas-
ured by flow cytometry using Cyto-ID staining in SIM-A9 cells treated with EPI and CTX for 24 hours
(left), bars represent the mean ° SD (right). B) Representative histograms showing autophagy involve-
ment in cell death, assessed by pre-treating SIM-A9 cells with the autophagy inhibitor, SP-1, and meas-
uring cell death by Ann V-positive cells after 24 hours of treatment with EPI or CTX (CCso) (left), bars
represent the mean ° SD (right).

EPI and CTXinduce caspase activation EPI 6s | ow conceNAtr at i
To evaluate if the main molecular regula-damage and cell cycle arrest
tors of apoptosis were activated by EPI and Studies show that EPI and CTX have lim-
CTX, we assessed caspase actifhgllwain ited to none ability to cross bloddain barrier
et al.,2015)after treatment. As shown in Fig- (BBB) (Guoet al.,2011) a selective protec-
ure 5, EPI and CTX induce caspase activaive membrane that covers blood vessels that
tion, as determined by the detection of TF2crossthe central nervous syste(¥ieira and
VAD-FMK (Figure 5A). To determine if this Gamarra2016) however, anthracyclines and
type of cell death was depend@mt caspase alkylating agents are able to disrupt BBB after
activity, we used the paraspase inhibitor, a certain number of chemotherapy cycles
QVD-Oph (Keonie and Brown, 2035 As (Renet al.,2019) Considering the quantity of
Figure 5A shows, QVD was able to inhibitchemotherapy needed to achieves§; @e de-
caspase activation in SHH9 and 4T1 cells. cided to testow concentrations of EPI and
Furthermore, we found that chemotherapiesSCTX to determine whether these concentra-
induced cell death was diminished iepence tions induce DNA damage and further cell cy-
of QVD (Figure 5B). This result shows that cle arrest. For this, we used shgthal (SL)
EPI and CTX induce caspadependent cell concentrations and G&of EPI (SL of 0.1 uM
death in both cell lines.
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