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Abstract: One of the fastest growing areas of scientific research involves aspects of oxidative
stress, either causes of or results from. Despite the enormous quantity of literature on the topic,
surprisingly, the effects of oxidative stress on the pharmacokinetics of drugs have not been
previously investigated. This is an extremely important concern, considering that the degree of
oxidative stress that the human body experiences is known to be widely variable. Oxidative
stress may be transiently increased, as is the case with some inflammatory episodes, or it may
be chronically elevated, as is the case in some disease states, in aging, or with smokers. This
report examines the influence of oxidative stress on the pharmacokinetics of model drugs utilizing
cells in culture. Specifically, the effect of subtoxic, short-term exposure to hydrogen peroxide
was investigated. Low micromolar, single doses of hydrogen peroxide were shown to cause
dramatic increases in the apparent intracellular accumulation of model compounds with different
physicochemical properties in different cell types. To examine the mechanistic basis for this,
we evaluated possible hydrogen peroxide induced changes in cells including (1) intracellular
pH, (2) membrane integrity, and (3) membrane fluidity (i.e., lateral membrane diffusion). We
found no significant changes in pH or membrane integrity, but results were consistent with
changes in hydrogen peroxide mediated reductions in lateral membrane diffusion, which we
postulate facilitated the accumulation of the test substrates. Although studies presented here
were all done in cell culture systems, we believe the findings could have substantial therapeutic
relevance and warrant further investigations, which may provide reasons why drugs often have
anomalous pharmacokinetic behavior and disproportionate dose—response relationships in
certain patient populations.
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Introduction work to do in order to achieve the ultimate goal of

Understanding the reasons for pharmacokinetic variability individualized do_smg of drugs tc_> obtam_ an appropn_ate
of drugs represents an important area of research in whichPharmacodynamic response. Episodes in which patients
much has been accomplished. Research has provided mecha—(l) Bebia, Z.: Buch, S. C.; Wilson, J. W.: Frye, R. F.; Romkes, M.:
nistic insight into reasons for variability that results from Cecchetti, A.: Chaves-Gnecco, D.; Branch, R. A. Bioequivalence
age, gender, diet, disease state, and genetics to name-& few. revisited: influence of age and sex on CYP enzym@tn.
Despite the progress that has been made, there is still much  Pharmacol. Ther2004 76 (6), 618-27.

(2) Donovan, M. D. Sex and racial differences in pharmacological
response: effect of route of administration and drug delivery

*To whom correspondence should be addressed. Mailing ad- system on pharmacokinetic. Women’s Health (Larchmont
dress: Department of Pharmaceutical Chemistry, The Uni- 2005 14 (1), 30-7.
versity of Kansas, 2095 Constant Ave., Lawrence, KS 66047- (3) Wong, J. Y.; Seah, E. S.; Lee, E. J. Pharmacogenetics: the
3729. Phone: (785) 864-2626. Fax: (785) 864-5736. E-mail: molecular genetics of CYP2D6 dependent drug metaboksm.
krise@ku.edu. Acad. Med. Singapor200Q 29 (3), 401-6.
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receive hypo- or hypertherapeutic doses are still quite these factors have long been known to influence the
commonplace, some of which are known to result from pharmacokinetics of drugs and therefore the pharmacody-
alterations in drug metabolizing enzyme expression and/or namic response of drugs but for reasons not relateg@;H
activity,® altered drug absorptichand changes in drug therefore this research has the potential to allow us to obtain
distribution? to name a few. However, the effects of a more complete mechanistic insight into the observed
hydrogen peroxide (¥D.), the physiological levels of which  variability.
can vary considerably, on the distribution of drugs has not In this work we examined the effects of physiologically
been previously examined to our knowledge. relevant levels of kD,, which was introduced to cells grown
H,0, is not a very reactive chemical species on its own in culture. The influence of the cellular uptake of two model
and does not oxidize most biological membranes. The compounds was subsequently evaluated with or witheG:H
molecule’s oxidative capacity typically arises from its pretreatment. Dramatic increases in the intracellular ac-
conversion to reactive hydroxyl radicals, which can occur cumulation of drugs were observed following®} pretreat-
following exposure to UV light or by interaction with ~ment. To investigate the mechanism, we evaluated three
transition metal ions. Levels of 4, below 50 uM are likely H,O,-induced changes to cells that could foster the
suggested to have limited toxic effects on most cell types. observed increases in drug accumulation. These were (1)
Interestingly, at these low concentrations the molecule is alterations in intracellular pH, (2) diminished plasma mem-
believed to function as an inter- and intracellular signaling brane integrity, and (3) changes in plasma membrane fluidity.
molecule, which may provide a physiological basis for Only the latter of the three was found to change to a
fluctuations in its concentratioidMoreover, HO, is known significant extent. Collectively, the data suggest that the
to fluctuate under various disease states and environmentahccumulation of drugs in cells may increase as a consequence
conditions; therefore this prompted us to examine if such of H;O,-mediated alterations in plasma membrane dynamics.
fluctuations could influence the accumulation of drugs in
cells. Examples of factors leading to alterations igOH Experimental Section
levels and oxidative stress include diseases such as diabetes Cell lines and ReagentsDaunorubicin was purchased

mellitus, arthritis, hypertension, ischemieeperfusion, eth-  from Oakwood Products Inc. (West Columbia, SC). Lucifer
nicity, age, gender, and body mass indeX. A number of  vellow, 2,7-difluorescein (Oregon Green 488), ‘tdio-
ctadecyl-3,3,33-tetramethyllindocarbocyanine percholate
(4) Abernethy, D. R.; Greenblatt, D. J. Drug disposition in obese (DilC1g), and (5- and 6-) carboxyl SNARF1 AM acetate ester
humans. An updateClin. Pharmacokinet1986 11 (3), 199- were purchased from Molecular Probes (Eugene, OR).
213. WST-1 was obtained from BioVision (Mountain View, CA).
(5) Ma, J. D.; Nafziger, A. N.; Bertino, J. S., Jr. Genetic polymor-  Hydrogen peroxide 30% in water was purchased from Fisher

SS;TZI ogﬁﬁﬂégﬁeﬁfﬁfﬂmi sze;';?\/:ﬁrﬁztt:g‘o:;t:;”' Scientific (Pittsburgh, PA). All other chemicals and reagents
3. clin. lPharmacoI2004 44.(5), 447-56. " were obtained from Sigma (Sf[. Louis, MO).
(6) Reiffel, J. A. Formulation substitution and other pharmacokinetic ~ HL-60 cells were kindly provided by Dr. Yueshang Zhang

variability: underappreciated variables affecting antiarrhythmic (Arizona Cancer Center, University of Arizona). Cells were
efficacy and safety in clinical practicdm. J. Cardiol.200Q 85 grown in RPMI 1640 medium supplemented with 10% fetal
(10A), 46D-52D. calf serum, 10 mM Hepes, 1 mM sodium pyruvate, 0.1%
(7) Pea, F.; Viale, P.; Furlanut, M. Antimicrobial therapy in critically peniciIIin, 0.1% Streptomycin and were maintained at a
ill patients: a review of pathophysiological conditions responsible density of 1x 10Fto 1 x 1P cells/mL. CCD-1064SK human
for altered disposition and pharmacokinetic variabililin. foreskin fibroblasts were purchased from ATCC (Manassas
Pharmacokinet2005 44 (10), 1009-34. . . !
(8) Halliwell, B.; Clement, M. V.; Long, L. H. Hydrogen peroxide VA) and were grown in DMEM supplemented with 10%
in the human bodyFEBS Lett.200Q 486 (1), 10-3. fetal bovine serum, 100 units/mL penicillin, 1Q@y/mL
(9) Buonocore, G.; Perrone, S.; Longini, M.; Vezzosi, P.; Marzocchi, streptomycin. All cells were grown at 3T in a humidified
B.; Paffetti, P.; Bracci, R. Oxidative stress in preterm neonates at 5% CQ, atmosphere_ All experiments with cells were
birth and on the seventh day of lifRediatr. Res2002 52 (1), conducted between passage numbers four and six.
46-9. H,0, Cytotoxicity Evaluations. Cell sensitivity to HO,

10) Stadtman, E. R. Protein oxidati d agiSgiencel992 257 : . ;
o (5374?161122&4 fotein oxidation and agifgiencel 992 was determined using WST-1 according to the manufactur-

(11) Ardanaz, N.; Pagano, P. J. Hydrogen peroxide as a paracrine®'S Protocol. Briefly, HL-60 cells were seeded in triplicate
vascular mediator: regulation and signaling leading to dysfunction. in 96-well culture plates at % 10* cells/well and exposed
Exp. Biol. Med. (Maywood2006 231 (3), 237-51. to a range of hydrogen peroxide concentrations for a period

(12) Lacy, F.; Kailasam, M. T.; O'Connor, D. T.; Schmid-Schonbein, of 2 days. At this time 1L of WST-1 reagent was added
G. W.; Parmer, R. J. Plasma hydrogen peroxide production in tg each well and the plates were returned to the incubator
human essential hypertension: role of heredity, gender, and ¢, 5y aqditional 2 h. The absorbance of each well was
ethnicity. Hypertensior200Q 36 (5), 878-84. . .

(13) Requena, J. R.: Fu, M. X.; Ahmed, M. U.: Jenkins, A. J.; Lyons, measured at 450 nm in aThermp Electro_n m|cro.plate reader
T. J.: Thorpe, S. R. Lipoxidation products as biomarkers of (Waltham, MA). IGyo value experiments with the fibroblasts
oxidative damage to proteins during lipid peroxidation reactions. Were identical to HL-60 cells except that the seeding density
Nephrol., Dial., Transplant1996 11 (Suppl. 5), 48-53. was 1x 10* cells/well and the cells were allowed to adhere
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Figure 1. Structures of fluorescent molecules used to evaluate the influence of H,O, on plasma membrane permeability. Both
Oregon Green and daunorubicin are relatively hydrophobic and membrane permeable. Oregon Green is a weakly acidic molecule.
Daunorubicin is weakly basic. Lucifer Yellow is a polar molecule known to be membrane impermeable.

with warm PBS to remove unincorporated drug and were

100 | viewed using a Nikon Eclipse 8énicroscope equipped with
epifluorescence. The FITC filter set was used to view the LY
50 | HL60 colls and OG. The Texas Red filter set was used to view the DNR.
human Images were captured using an Orca ER camera (Hamamatsu

fibroblasts

Corp., Japan) and analyzed by MetaMorph version 6.2
(Universal Imaging Corp.). With microscope settings kept
constant HO, treated cells were compared to untreated
control cells to observe differences in drug accumulation.

dehydrogenase inhibition (%)

10 103202 M) 1000 Cytosolic pH Measuremer_1ts.H202 treated fibrqbla_sts
were compared to control fibroblasts to determine if the
Figure 2. Cytotoxicity evaluations for H,O, on the human reagent caused any differences in cytosolic pH. Using (5-
leukemic cell line HL-60 (®) and on a human skin fibroblast and 6-) carboxyl SNARF1 AM acetate ester, a pH-sensitive
(O). Concentrations of H,O, used in this work were 50 uM probe, cytosolic pH was determined using a protocol outlined
since it is close to being physiologically relevant and did not in our earlier workt* Briefly, following H,O, treatment, as
display any significant toxicity to cells. Reported values are previously described, cells (J0were incubated with 4M
means + SD for three independent determinations. (5-and 6-) carboxyl SNARF1 AM acetate ester for 1 h. Cells

overnight prior to hydrogen peroxide additions.sj@vas were then washed twi(_:e with warm PB_S, resuspended in PBS
defined as the concentration of drug causing 50% dehydro-(PH 7-4), and placed in a cuvette. Using a PTI spectrofluo-

genase inhibition as compared to control cells. rometer, emissiqn intensiti.es_were measured at 580 and
Drug Accumulation Studies. Using results from b, 640 nm V\{hllg usmg _an excitation of 514 nm.. The ratios of.
ICso evaluations we chose to incubate cells with B0 H,0,, the emission intensities were used to determine the cytosolic

which is a concentration that has minimal antiproliferative PH as referencet.

effects on either cell line. Fibroblasts were seeded at a density Fluorescence Recovery After Photobleaching (FRAP).
of 1 x 10P cells/mL and allowed to adhere overnight. HL-60 Fibroblasts with or without KD, treatment were incubated
cells were seeded at a density 0k5LCP cells/mL. Medium
containing 50uM H,0, was added to the cells and placed (14) Gong, Y.; Duvvuri, M.; Krise, J. P. Separate roles for the Golgi

in the cell culture incubator for 2 days, after which time cells apparatus and lysosomes in the sequestration of drugs in the
quently exposed to Oregon Green 488 (O@M for HL-60 2003 278 (50), 50234-9.

. L. (15) Belhoussine, R.; Morjani, H.; Sharonov, S.; Ploton, D.; Manfait,
cells and 2uM for fibroblasts), daunorubicin (DNR, 50 nM, M. Characterization of intracellular pH gradients in human

both Cells)'.or Lucifer Y?HOW (LY, 2.2mM, both cells). The multidrug-resistant tumor cells by means of scanning microspec-
cells were incubated with OG and DNRrf8 h and LY for trofluorometry and dual-emission-ratio probkes. J. Cancer1999
30 min. Following drug exposure cells were washed twice 81 (1), 81-9.
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Figure 3. H,0, pretreatment increases the cellular accumu-
lation of daunorubicin (DNR) and Oregon Green (OG) in both
HL-60 cells (top micrographs) and human skin fibroblasts
(bottom micrographs). Designated cells (+H,0,) were incu-
bated in culture media supplemented with 50 uM H,0O, for
2 days, washed, and subsequently incubated for 3 h with
Oregon Green (1 uM for HL-60 cells and 2 uM for fibroblasts)
or daunorubicin (50 nM, both cells) in cell culture media at
37 °C. Cells were subsequently washed and visualized using
a fluorescence microscope. Identical microscope settings were
employed to allow for meaningful comparisons. Micrographs
are representative of at least 5 separate trials.

+H,0,

" H202

HL-60
cells

Lucifer Yellow
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Figure 4. The influence of H,O, on the plasma membrane
permeability of a membrane impermeant probe Lucifer Yellow
in HL-60 cells (top panels) and in human fibroblasts (bottom
panels). See Figure 3 for experimental details. Lucifer Yellow
was incubated with all cells at a concentration of 2.2 mM for
30 min in cells with (+H,0;) or without (—H,0,) pretreatment.
Intracellular punctate staining observed in the micrographs
is typical of endocytic uptake of polar molecules such as
Lucifer Yellow.

leukemic cell line HL-60, and the second was a normal
human skin fibroblast. For each of the cell lines it was
important that concentrations o8, presented to cells were
reasonably physiologic and were not significantly toxic.
Others have suggested that concentrations &,Hbelow
50 uM were nontoxic to most cels.To investigate the
toxicity of H,O; in the cells used in this study we evaluated
H,0, ICs values. As is shown in Figure 2, thed@ralues
for the HL-60 cells and for the human fibroblasts were well
above the 5QuM concentration used in our evaluations.
Moreover, using a Trypan Blue exclusion method we show
that there is negligible growth inhibition at this concentration
(See Supplemental Figure 1 in the Supporting Information).
We chose two model compounds for this investigation,

with 100 uM D|_IC13 n Hanks_ Ba'?‘f‘ced Sal_t Solution namely, the fluorescent weakly basic anticancer agent
.(HBSS) for 10 min to allow the lipophilic dye to Incorporate 4, norubicin and the fluorescent weakly acidic dye Oregon
m.tt?] the pIaHan;zjlsme?praned Q(tar:Is Kvseli/?;?gnzwaShedftW'TeGreen (see Figure 1 for structures). Evaluating the fluores-
with warm and viewed with a D £EISS contocal o0 of cells with and without 4, treatment allowed us
microscope at room temperature. A defined recta_ngu_lar to visually document changes in drug accumulation and
region of interest (RQI) was set apd kept constant in size intracellular distribution. All settings on the fluorescence
throughout the experiment. A deS|gnateq area of the cell microscope were kept constant to allow for meaningful
plasma ”??mbra”e was photobleached using a 488 nm argo omparisons. In Figure 3, one can observe significant
laser exciting at full power for 3 s. Images were collected at increases in accumulation for both compounds following

.565 nm before and after the photobleaching f?“ 100 ms H.O;, pretreatment. Drug accumulation was also investigated
m_terv_als for a total of 11 s. Images were rr_lonltored for in cells experiencing hydrogen peroxide pretreatment at
diffusion of gnbleaphed dye from areas adjacent to the variable hydrogen peroxide concentrations and exposure
bleachgd region using ImageJ (NIH softvx{are). The “UOT‘?S' times (Supplemental Figure 2 in the Supporting Information).
cence '“‘eY‘S'ty of _the phqtobleacheq region was quantified There was found to be no correlation of drug accumulation
as a function of time using cells with and without®} with either hydrogen peroxide exposure time or hydrogen
pretreatment. peroxide concentration.

Investigating the Mechanism for H;O,-Induced Drug
Accumulation. One reason for the observed increase in

Drug Selection and Evaluation of HO, Toxicity. To accumulation seen with daunorubicin could be rationalized
examine the effects of #D, on drug accumulation, two cell  if the cytosolic pH decreased after®} pretreatment. This
lines were chosen for investigation. The first was the human was an important consideration since hydrogen peroxide at

Results and Discussion
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Figure 5. Analysis of membrane fluidity in fibroblasts with (+H,0O,) or without (—H,0O;) pretreatment by using a fluorescence
recovery after photobleaching method (FRAP, see Experimental Section). Cells were treated with or without H,O, as indicated
on the legend. Cells were subsequently labeled with 100 uM DilC;g for 10 min, which specifically labels the plasma membrane.
(a) Microgaphs of plasma membrane containing DilC,g before photobleaching (left micrographs) and micrographs of the bleached
area as a function of time. The presented image is representative of at least three trials. (b) Quantitative analysis of the fluorescence
intensity of the photobleached area of the plasma membrane relative to prebleached levels as a function of time are plotted.
Recovery of fluorescence with control (®) and H,O, pretreated cells (O) over a 3 s time period are presented. The recovery time
is significantly faster in cells without H,O, pretreatment (—H,0O5) than in cells pretreated with the agent (+H,0,) suggesting that
H,O, pretreatment causes a decrease in membrane fluidity. Data are the mean of three independent experiments + SD. Data
points for treated and control cells at H,O, concentrations indicated with “*" are statistically different (p < 0.05).

slightly higher levels (10&M) had been previously shown
to decrease the cytosolic pH significantif this were the
case, the lower pH could make pH partitioning into the
cytosol more favorable for a weakly basic drug like dauno-

levels of Oregon Green also were significantly elevated in
cells treated with bD,, which is consistent with little change
in cytosolic pH caused by #D,. In order to further confirm
this, cytosolic pH in HL-60 cells with or without 4D,

rubicin because of the increase in ionization (and a reduction pretreatment was experimenta"y determined and the pH was
in membrane permeability) when the drug enters the cytosol. shown not to change to significant enough extent to alter
One reason for selecting Oregon Green for evaluation in this g4ryg accumulation (i.e., observed pH values were 757
study was that it was fluorescent and weakly acidic. g2 and 7.50+ 0.03, for cells with and without D,
Correspondingly, if cytosolic pH were to decrease, this could treatment, respectivelyy = 3, P-value < 0.04). Together,
actually lead to decreases in cytosolic concentrations for thisthese findings strongly reduce the possibility that changes

compound after kD, pretreatment, as would be in agreement
with pH-partitioning theory. As is shown in Figure 3, the

(16) Wu, M. L.; Tsai, K. L.; Wang, S. M.; Wu, J. C.; Wang, B. S;
Lee, Y. T. Mechanism of hydrogen peroxide and hydroxyl free
radical-induced intracellular acidification in cultured rat cardiac
myoblasts Circ. Res.1996 78 (4), 564-72.
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in intracellular pH could account for the observed changes
in drug accumulation illustrated in Figure 3.

A second possibility for increased accumulation of these
agents following HO, pretreatment could occur if the
physical integrity of the plasma membrane was compromised
as a result of the treatment. In other words, it might be
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possible that the kD, treatment could increase the “leaki- plasma membrane of multidrug-resistant cancer cell lines.
ness” of the plasma membrane which could facilitate the Although we have not evaluated the fibroblast for expression
diffusion of drugs into the cytosol. To investigate this of transporters, we have previously evaluated the HL-60 cell
possibility we incubated cells with or without,8, pretreat- line and did not identify any transporters associated with this
ment with Lucifer Yellow. This fluorescent dye is well- cell line using commercially available antibodies to common
known to be membrane impermeable due to its polar naturetransporter protein&.

(see Figure 1), and if the plasma membrane integrity was  The demonstrated correlation betweeiDblexposure and
compromised we would expect to see increases in cytosoliCihe concomitant increase in drug accumulation represents a
accumulation of this molecule followingX, pretreatment. g pstantial finding. Interestingly, additional studies (see
As is shown in Figure 4 there were no significant increases g nnlementary Figure 2) investigating the time and concen-
in cytosolic levels following the kD, treatment suggesting  y4tion dependence suggest that higher concentrations of
that the plasma membrane remained intact. Lucifer Yellow, H,0, do not lead to more pronounced accumulation as may

as with aTIy ceIII rrg)ergb.rgnilmperrréeable m0|$f19|e,’ typ |caIIIIy be expected. The results may suggest that patients experienc-
egters cg s only 3,: tUI tp laseen OCYtOS'.S' b ![‘:’] IS \1:Sua_t3r/1 ing oxidative stress (or an increase ipgQd levels) may have
observed as punctate staining occurring in both CelS With 5 5 - raqseq response to a given dosage of a drug relative

or W|thout tregtment, wh|ch can be observed in Figure 4. to a patient with decreased oxidative stress, or those patients
A third possible explanation for enhanced drug accumula- chronically taking antioxidants with their medications. This

_tion following H,0; pretreatmenF could be. e_xpected tooceur o414 be a very important factor in our continued efforts to

if the agent caused changgs in the _f.IU|d|ty of_the plgsma provide more individualized dosing of drugs. Moreover,
membrane. To evaIuaFe this we utilized an increasingly localized areas of the body receiving enhanced oxidative
popular technique for this purpose referred to as fluorescencestressy such as the case with ischemia and reperfusion, may

recovery after php topleachmg (FRAﬁ).E.,nefIy', a fluores- receive higher amounts of drugs relative to other areas of
cent molecule which incorporates specifically into the plasma the body

membrane is incubated with cells. Then a strong fluorescent
beam is focused on a small defined area of the plasma _
membrane to bleach the molecules in the beam’s path. TheConclusion

rate at which unbleached molecules from surrounding \ye pelieve that in the future it may be warranted to
portions of the plasma membrane diffuse to the bleached onsider a patient's level of oxidative stress and/eOH

area is an indicator of plasma membrane fluidity. When |g\es prior to making appropriate dosage recommendations
comparing the recovery rate following bleaching we routinely ¢, drugs with very narrow therapeutic indexes. Moreover,
observed that untreated cells were able to recover faster thar}hiS work should significantly aid in the long-term goal of

cells treated with 5aM H.0, (Figure 5). This result suggests gaining a complete understanding, on a mechanistic level,

that up_or_1de>;_|?](_)sqre tongz the pl"_iimr? memli)ra:cne rl])ecomﬁs of the myriad reasons responsible for variations in dose
more rigid. This is consistent with the work of others who response relationships among patients.

have shown that oxidative stress typically leads to decreases
in membrane fluidity:8° Intuitively, it would seem logical
that increases in membrane fluidity should favor passive
permeability; however, this is not the case. This phenomenon
is actually consistent with the recent work of Sharma and
colleagues who have evaluated a number of different
intestinal absorption enhancers and found a correlation
between membrane rigidity levels and increased passive
permeability of a number of drugs.

It is important to point out that we do not believe this
effect is caused by a4, mediated reduction in the activity
of drug transporter proteins that are often present on the
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