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ABSTRACT

The production of reactive oxygen species on addition of hexavalent chromium (pota-
ssium dichromate, K.Cr,0:) to lung cells in culture was studied using flow cytometer
analysis. A Coulter Epics Profile flow cytometer was used to detect the formation of
reactive oxygen species after K.Cr.O;, was added to A549 cells grown to confluence. The
cells were loaded with the dye, 27, 7"-dichlorofluorescein diacetate, after which cellular
esterases removed the acetate groups and the dye was trapped intracellularly. Reactive
oxygen species oxidized the dye, with resultant fluorescence,

Increased doses of Cr{(VI) caused increasing fluorescence (10-fold higher than back-
ground at 200 pM). Addition of Cr(I1ll) compounds, as the picolinate or chloride, caused
no increased fluorescence. Electron paramagnetic resonance (EPR) spectroscopic studies
indicated that three (as yet unidentified) spectral ‘signals” of the free radical type were
formed on addition of 20, 50, 100 and 200 pM Cr(VI) to the A549 cells in suspension. Two
other EPR ‘signals” with the characteristics of Cr(V) entities were seen at field values
lower than the standard free radical value.

M E A QbR Aol 3718} 67} Aol

2% 67 HF¥E2 AAda) TF (tetrahedral

2% 67 HPES 2 4§ 71Hel 49 7997
£ oagent, AgE SR EDe et ¥
PHEAR Dol g, THFY AW w30l
2§ $49 F2 eqol, olF F aFoR QY
sate] g gol Foke G HIh glgdek,

2% HYES 42 b A Edsh, 7}

structure) 24 oxidesvt oxyanions® Fx)3ld]
e Mg whEA F3E F AWl M 25 571e
Ve AR AT 2E 3712 B YubH e
sjubeld 42 odeldl AF 37k #dA 72
(octahedral structure)@A] %ol 2oz ZAsln 6
7t A§EL A7) dFo AZ S37) ofyeh M E



50 KOR. /. ENVIRON. TOXICOL.

oA =ZE 6712 HE AEF 37129 Ul A
232402 QAHI g, IE 3717 DNAG 4
sl A2 UASE HeE Bol, AF HEel ¢
o2 AT F axdA #dEy, a§ e U
g 1 $1AA A 2EF 3717F DNAC 24
gt Azz vehd 4 Qe

2% 671 $¢EL F9AA glole EdwolA &
Aol ope]”, Ft AAEQ 2F 57k bt 2F
6719 A FA4 FARAM Hx dFHIZ UG =2
& 6719 o)) o& AAH ZF 5717F o2 wikA
¥EL A3 in vitroA el A Electron Parama-
gnetic Resonance (EPR) Spectroscopyel 2]3]
HA FHojA I gl g ol AF 4718t
57} & 2§ 6713 5F el s A A2z A
g Aol oh]ar B35 % (disproportionate) ¢l
o0, AE 6719 B AL otF HEs] WA
HEUbCS

aF 67F2HE 571, 47kR e AP deEtR
okom o A F s Reactive Oxygen
Species (ROS)7} 2&2] 5424, wopzhgol <f3f
< v)A ool HT 2F 6719 Y HAA hyd-
roxyl radicale]it} singlet oxygen %2 R0OS9] A}
o] EPR spectroscopyell 23 Rizglon o
Hk A M HAE ROSE FAdAbel WolE Ao
T sleh

DNAd] 7A= 3E 6719 EHE alkaline elu-
tion techniqued'™ o|43}ed A549 A ¥} L1210
NE oM Hashdeh?. A549 M E: A #Hz7
o 23 dojA] Type Il alveolar epithelial cells
o, L1210 A ¥¥ leukemic origin® murine
cell line ojc}. o Ao 5uM 2E 67} 3LE
2 A549 M EZo|A:= single-strand break® DNA
-protein crosslinksE Ye} Wl ou}, L1210 AE
o] M= t2] DNA-protein crosslinks 7H& A &}
Aot 2uz o AM s Ao HAEE A
£ 67}2 <l3t DNA damage?} o} 233 o2
the AAE olFe ¥ 4 DL, o] F wiee il
B A A549 AMEE ZF 6718 EHXE B
7] 93 system 2.2 AHg3tgic.

& d9 EAL Al HqAEs 2E 67 ERME
o 9Js]A] ROS#} =E2 paramagnetic form (4
A4 Je) & 23 free radical & M= 7HE
dst7] figtelct. o] AW in vitroe| A= ofv]

Vol. 11, No. 1~2

THHAAH. 2F 6719 24 AT YA
flow cytometry?} EPR Spectroscopy & A}-&3}
gc}. Flow cytometry = ROSE wAsl=d &7}
7} Heold 7]Aje|t}, EPR Spectroscopy At
Z73elA 2F 3ol A549 M Eol 243l A
3l AF 57} speciesE I3 kst free radi-
cal entities® E# paramagnetic transition
metal ion speciesE &7|%|#A A3t

Mz W Ly
M ZuH e

E Ao AM43 4 FX= A549 human tumor A
¥ 24 American type culture collection (Rock-
ville, MD.) 2.2 ¢ F3}sict. o 4| ZE human
type?] Type II alveolar epithelial lung cell &
e fAEAd, o] 4FEE @E0F FAHY, 10%
heat-inactivated fetal calf serume] #7151
s YAd (90 ug/ml) 2 streptomycin (90 U/mbD &
53 pH 7.29 Dulbeco's minimal essential
medium (DMEM) 2.2 wjof 3lgdct. wjefate 5%
CO.Z #fratx 5% 37|12 289" §% AdE F

A sted e},
Reactive Oxygen Species (ROS)2| &3

AE 67}7F A7l hydrogen peroxide (#AHs}:
44)¢ hydroperoxides 72 ROS?| wAS A+
8l12} Coulter Epics Profile II flow cyto-
meter 3 AH&-3teict. ol 7|Alw AbRHY 27,77 -dich-
lorofluorescein (DCF) 2] 334l (fluorescence) &
A3, & 303 98¢ DCFH 7t A% 02
A ¥, A% 6718 T3l LAs= ROS 4
A AbzEE H3A S vebiA dd. ez o
8 gAe] Fr s ROSH| Aula g},

of ARE Ml W kel As49 HEEST Wi
¥, 1000 goll M 1087F A welste] Fw)d F pH
7.4¢) phosphate buffer (0.1 M, 0.15 KCI& 3
TR HEE FRA17H.

vl et AMEE 5 uMe DCFH-DAE A 2o 7}
g & E{HE-8 3087 37°C water batho|d E£%
of . el H¥HA g8 DCFHE diace-
tated 224 Zaj3ls (DCFH-DA), B|FA°]7]
o Fol AE £02 w2A Sof 2 4 gleh. AZM



April

o £x)3}= esterases: &4 DCFH-DAE 7}48
At SAIAEE AN dEd, dBx 8d
¥-93 3 DCFH Ag2 AEgkd] 34 f9. o
%3 %9 K.Cr,O; (phosphate buffer saline
gl o Zu 20, 100, 200 uM)S 20 ulA 2 x 10°
cells/mle] A EZ 383 tubeo] Y=t} (tube 2
% volume-Z 1.02ml). 2 ¥ ¢ = ROSE 10
F 7HALR oF 607 HA3, PR excitation
wavelengtht 488 nme| X emission wavelength
= 525 nmele”, AL -HPA J8E i ME
9} 9} log fluorescenceS el = € o|E= 1%
Aoz cytometer W9 discel 71&59 Epics
Cytologicg A48l histogram 2.2 12]zlc},

Control sample® phosphate buffer £
(PBS), 37} 2822 CrCL (ME=Z F357A 9=
7Z1)8} chromium picolinate (M 22 %3 g+ A,
methanole| &#% )& A8k}, CrCL9 chro-
mium picolinatex vlA= AT 200 pME A}
438}, Positive control2 hydrogen peroxide
1} phorbol myristate® AM-gc}.

2% 427 67 28l AN AN AgEE o
2 sla7] 4, 671 284 KCrO& A4 2
A8 98] ¥ F Perkin-Elmer fluorimeterol
A 525 nm bandpass filter2 Z& o} 6087}t
of EEelA HFHL vehdA] goket. AL 34
A whE slglon 3re AL dgld

Electron Paramagnetic Resonance (EPR)
Spectroscopy2| %3

3F 67 (KLr0O)E A549 #HAMFo] Fo3F &
ubfal= free radical and/or paramagnetic =
& 57h8 A ER S Hohlr] §M Varian E-
109 spectrometer (Varian Instruments, Palo
Alto, CA)E o] &38| EPR dHolEE a3}, £
3] @ ko] A549 A S i<} 8 ¥ EPR 43 3
Aol HEE harvest st & 2x 10 cells 7}ekg
ARG 9 (PBS)O) oh] 4 4170 %ol (total
volume 0.18 ml) 0.25 ml IEL Hrpslgct. 4}
29 289 4P FEE Aed o2 e
2% okl A ¥EE AU, 28L AT
4 2 A ¥ AHE AE 49 flat cell type
9] EPR tubeel] &1tk o cell (224) ¢ vg) F

g5 gh3o] ¥-2 microwave cavityo] di=t},

1996 Park H.S.: Reactive Oxygen Species and Cr(V) Entities in Chromium(VI) Exposed A549 cells 51

stek Z1AE oA 2AE WQo) 9lE A we Fa}
TE ZAZS. A7|7hA] dEle F A 1830 2
7bdA ket

EPR spectra¥ 100 KHz field modulation £
2 2%l Ho magnetic field (R713H) = 3230
Oerstedell 293¢tk Maximal field scan range
= 200 Oersted: %3 4<] scan rate: 50 Oe/min
oleh. M £ Hd9 signald ¢d7] $sld EPR
spectroscopy®| 2 7}1] =& A zAg, =
E 39Ad AY 24 & 28 6719 »E, OE A
oAb o A 5 el 33 A oyl
w A8kl o

A549 M Ex 242t Ay Az} A Fo 9304
ArrE e, EPR A¥ 3o Trypan Blue exclu-
sion2.2 71}8k cell count determinationo]A A
Xo] YEHEE BT 80% o]Atolgict.

a3 gl ng
ROS2| wl

28 13} 2= Epics Cytologic Programel| <))

il
| ROS 20 sinutes

! ‘/Control
“/\\/\'\ 20 UM Cr(6)
ST -y _10d ut cr(6)

CELL DENSITY

!
0.1 1.0 10 100 1000

LOG FLUORESCENCE

Fig. 1. Production of reactive oxygen species (ROS)
after addition of Cr(VI) as potassium
dichromate to A549 lung cells. The histo-
grams, made using the program, EPICS
Cytologic, represent the appearance of ROS
after the addition of buffer, and 20 and 100
uM Cr(VI1) to A549 cells. Measurements
were made using the Coulter Epics Profile
flow cytometer. Measurement were made
20 min after the addition of the compounds.
Control was buffer vehicle.
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Fig. 2. Production of ROS after the addition of Cr
(III) compounds (as CrCl; and Cr picolinate)
and Cr(V1) as potassium dichromate. The
histograms for the Cr(VI) compounds are
the same as those shown in Fig. 1. The
Cr(1lI) compounds (200 uM) were added to
the A549 cells as described in the text.
The histograms represent the appearance of
ROS: measurements were made 20 min after
the addition of each compound. Conditions
were as for Fig. 1. Control was buffer vehi-
cle.
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Fig. 3. EPR spectrum of A549 cells after exposure to Cr{(VI).
are plotted as a function of the Ho field in [Oersted].
(as K:.Cr.0; in buffered solution) to harvested and resuspended A3549 cells at
in a volume of 0.43 ml.
116 pM. Five peaks were recorded-actual times after mixing-as follows:

of 2.2x 10" cells was used,

Signal amplitudes, in relative units (au),
The reaction was started by adding Cr(VI)
“zero time”. A total
Final concentration at zero time were: Cr(VI)
Peak 1(3184.7 Oe), at

2.98 min; Peak I1(3201.9 Qe), at 3.3 min; Peak 111(3218,4 OQe), at 3.7 min; Peak 1V(3233.9 Oe), at

3.9 min; Peak V(3244.6 Oe),

at 4,17 min. All these measurements were performed at 21°C. The

inserted marker indicates the field position of an organic free radical standard (crystalline 1,1-

diphenyl-2-picryl-hydrazyl, DPPH,

with a g-value, g=2.003640.0003) under the conditions of

this experiment. This narrow-line resonance signal of this marker was obaerved at 3204.9 Oe.
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Fig. 4. EPR spectra of A549 cells after exposure to Cr(VI): time course. Peak amplitudes (arbitary units,
au), corresponding to the Peak I to V signals defined in Fig. 3, are plotted as a function of time
after mixing, in min. Approximately 2x10° freshly harvested cells were resuspended in 0.18 ml
phosphate-buffered saline. Cr(VI), as K.Cr,O,, was added in phosphate buffer (0.1 M, pH 7.2) to
obtain the final Cr(VI) concentrations specified below. Final phosphate concentration was about 58
mM. All four panels have identical X- and Y-axes. In each panel, the following codes are used:

Peak I, open circles, solid line; Peak II,

filled circles, long dashes: Peak III, open triangles,

medium-length dashes; Peak IV, filled triangles, short dashes; Peak V, open squares, dotted
line. Final Cr(VI) concentrations for exposure at “zero time” were (a) 23 pM. (b) 58 uM; (c) 116

uM; (d) 233 uM.
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Fig. 5. EPR spectra of A549 cells after exposure to Cr(VI): effects of dimethylsulfoxide (DMSO) (a)
Means of the observed amplitudes of Peak I and Peak II is plotted as a function time [min] after
mixing. DMSO sample, open circles, solid line; control sample (no DMSO), filled circles, broken
line. (b) The amplitude of Peak V is plotted in analogous fashion as a function of time after
mixing. DMSO sample, open circles, solid line: control sample (no DMSO), filled circles, broken
line. Experimental conditions used: 2.0x1¢° cells in 0.43 ml final volume. Cr(VI) 116 uM; DMSO

320 mM.
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