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ABSTRACT

Linezolid (LZD), an antibiotic launched in year 2000, but due to its bone marrow toxicity which results in to
thrombocytopenia and red cell anemia, the market size is narrowed. The mechanism of such toxicity is still not very
clear, so the present work focused to investigate the possible mechanism of bone marrow toxicity in progenitors of
red blood cells and its treatment by using erythropoietin (EPO). Male albino mice administered doses of 100 and
200 mg/kg two times a day with 6 hours of interval, for 19 and 9 days, respectively. And beneficial effects of
erythropoietin (EPO) were investigated. The results demonstrated that sensitive parameters of red cell anemia like
PCE: NCE ratio and % retics were significantly decreased. Treatment of EPO resulted into stimulation of
erythropoiesis in LZD exposed animals. At 100 mg/kg dose, increase in PCE: NCE ratio and % retics in EPO
injected animals was significant as compared to stand alone LZD administered animals (p<0.001). There was also
significant increase in RBC and HGB in same group due to EPO injection (p<0.05). These results give the evidence
that LZD targeted precursor cells CFU-E, BFU-E and Erythroblasts in bone marrow and induced the conditions
like red cell anemia. And plays beneficial role and stimulated the erythropoiesis in bone marrow to normalize the
condition in mice. Therefore, this short term model can be used to fasten the screening of newer oxazolidinones
class of antibiotics for bone marrow toxicity and the beneficial effects of EPO also can be screened.
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INTRODUCTION

Linezolid or “Zyvox” was discovered as an antibaietledrug to treat multidrug resista®taphylococcus aureus

(MRSA). Apart from its anti-MRSA activity, Zyvox sb inhibits the growth of other bacterial pathogesuch as
penicillin resistant pneumococci, vancomycin resistenterococci (VRE), anlinterococcus faecalis [2] [19].

Clinical case reports also demonstrated the usgywbx in tuberculosis [27], nocardiosis [17] andaarobic
infections [3] [28].

Several preclinical safety studies of LZD reportbé reversible toxic effects on bone marrow (F@étolid,
Pharmacia). United State Food and Drug Adminisiratiave already issued “Black Box” warning regagdihe
myelosuppression and thrombocytopenia caused du&€@otherapy in clinical use.. Different clinicalials and
pivotal studies demonstrated that LZD induced hetogical disorders, especially red cell anemia and
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thrombocytopenia [9] [21]. Continuous efforts arada to overcome the toxicity caused by LZD treatnserd
several new generation oxazolidinones were syrtbddn the context of structure toxicity relatioipsh Despite
of those significant efforts, only two drugs hawtvanced the past human trials, namely radezolich fRib-x
Pharmaceuticals (CT, USA), and torezolid, whictléseloped by Trius Therapeutics (CA, USA) [1].

In vitro experiments have reported that LZD inhibits cediliferation and delays the cellular metabolic tyi by
affecting the mitochondrial function [6]. In anotheeport, it is reported that LZD inhibits proteiosynthesis of
mitochondria which affects the production of ATR6][1Considering these aspects, it is conceivabie LZD-
associated bone marrow toxicity may be arisen dube decreased metabolic activity and less proguctf ATP
in bone marrow precursor cells which ultimatelyulesin red cell anemia, thrombocytopenia or myepgsession.
Based on this scientific basis, this work focusad&d cell anemia caused due to bone marrow tgxissociated
with LZD. Additionally, the effects of EPO, a renarmone, on bone marrow cells were also invesijas EPO
acts on erythroid precursor cells CFU-E and BFURH arythroblast and stimulate erythropoiesis [1224][[23].
Action of EPO was investigated further in LZD inédcbone marrow cells, by evaluating very specificameters
like PCE: NCE ratio in bone marrow and % reticbliood.

MATERIALS AND METHODS

Reagents and materials

LZD was procured from Symed Laboratories (Hyderaladia). EPO injection (10,000 U/mL) was purchafedn

market (Trade name-Eprex, marketed by Janssen Ciig, disposable syringes were procured from Bd,
prepare dose formulations and reagents, and wateinjection was used as diluent. Fetal bovine Pemas
purchased from Himedia, India. All other chemiazed were of highest purity and analytical grade.

Animal Management

Male Swiss mice weighing between 22-25g were usedhis study. The temperature and relative humiditthe
animal room was maintained at’22+ 3C and 30 to 70%, respectively. lllumination wasteolfed with 12 h dark
and 12 h light cycle. All animals received steglizwater prepared by using Aquaguard RO filterfals were fed
standard pellet diet. All above conditions were mteined throughout the experiment. All ethical pices were
followed while performing experiments on animal8][3

Linezolid administration

Five groups of male mice comprising five animalseach group were housed in standard laboratoryitonsl
(explain the condition)Group I, which was maintained as control, received vehitfé Tween 80 freshly prepared
in water),Group Il andGroup Il received linezolid at a dose of 100 mg/kg BW, wi@roup 1V and Group V
received linezolid at a dose of 200 mg/kg bw. Lolezwas administered at the above mentioned ddaig, two
doses at 6 hours apart. Linezolid at 100 mg/kg dese administered consecutively for 19 days, wiilezolid at
200 mg/kg dose was administered consecutively fdags. The dosing of linezolid was terminated basedhe
severity of clinical signs and morbidity of the m@uails. The doses of linezolid were selected on #e@sbof our
preliminary dose- response studies and the previepmt [7].

Erythropoietin Injection

Erythropoietin (EPO) formulation was injected@ooup 111 animals on day 17, 18 and 19 of the study, wBileup

V was injected with EPO on day 7, 8 and 9 of the\sti#PO was prepared freshly by diluting stock solu{10000
U/mL) to 60 IU/mL in phosphate buffered saline, pt2, containing 1% BSA (PB-BSA). The injection was
administered by subcutaneous route at a dose ofl0t& each mouse at neck region using disposable shringe
attached with 28 disposable needle. EPO bioassay is well establiskeay in mice by single and multiple three
administrations by counting the increase in reticytes in blood is examined [18].

Group I: Normal control [1% tween 80 as suspension in Vigkg,).

Group I1: Linezolid (100 mg/kg/day in 1% tween 80 in WFbpfor 19 days).

Group Ill: Linezolid (100 mg/kg/day in 1% tween 80 in WFI, pfor 19 days) + EPO (30 IU/mouse s.c. daily for
three days).

Group 1V: Linezolid (200 mg/kg/day in 1% tween 80 in WFI pfar 9 days).
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Group V: Linezolid (200 mg/kg/day in 1% tween 80 in WFI plar 9 days) + EPO (30 IU/mouse s.c. daily foethr
days).

Clinical signs

Daily clinical signs were recorded from all grou@inical signs were observed two times in a dagragéach dose.
Cage side observations were made to see the tnelated@ted changes on behavior and any other elisigmptoms
during the study.

Body weight measurement

The body weights were measured periodically dutiiregentire study to know the treatment related gharon body
weight gain. The treatment related changes in weigln was compared between different groups coetpto
vehicle controls.

Bone marrow evaluation for PCE: NCE ratio

On termination of the treatment, femur bone wakted and cleaned using 1ml disposable syringelathwith a
disposable 23guage needle. Bone marrow was aspinatie 5ml glass tube containing 1mL FBS (Fetal iBev
Serum). Bone marrow cells produced single cell sosipn into FBS by repeated passing through neéis
were centrifuged at 1000 rpm #iC4to form pellet and before making slides, pellaswlisturbed and vortexed so
that cells get separated and smear was preparettam grease free slides. Slides were stained @Gig@gsa stain

to examine polychromatic (PCE) and normochromab€E) erythrocytes. Total 1000 cells were counted to
calculate PCE: NCE ratio [10].

Determination of blood parameters

Reticulocyte (Retics) counting was done by new letie blue staining techniques, where anticoagdlateod
was stained with new methylene stain and smeargs wepared and dried on clean and grease frees dlide
examine under light microscope. Mature Red BloodisCand Reticulocytes were counted under oil immnoers
(100x magnification). Total 1000 cells were counded percent reticulocytes were calculated [13].

On termination of the treatment, blood was collédt@m retro-orbital sinus with the help of capillan EDTA
containing tube. Hematology parameters, such asC\Wihite Blood Corpuscles), RBC (Red Blood Corpesyl
Platelets (Platelets), HGB (Hemoglobin), HCT (Heocst), MCV (Mean Cell Volume), MCH (Mean Cell
Hemoglobin), MCHC (Mean Cell Hemoglobin Concentra)i were measured using an automated hematology aut
analyzer (Beckman, USA). The hematology parametmes routine and important while undertaking the
toxicological studies [29].

Statistical analysis

The results were expressed as the mean + SEMstRiatidifferences between groups were assessed tise
Newman-Keuls Multiple Comparison Test to calculatean difference. q and p values were used to diterthe
difference between the groups. A probability Idesk than 0.05 were considered as significant.

RESULTS

Clinical signs and body weights

LZD at 100 mg/kg dose either alone or in combinatin with EPO (Gl and GlII).

Both the groups LZD and LZD+EPO showed mild letlyaegnd overall decrease in cage activity from day 12
onwards and remained almost in this condition uprtd of the treatment. In later group of animaisatment of
EPO improved the cage activity to some extent. @heas mild decrease in gain in both of the groupsfDay 7,
but significant reduction in gain was noticed frday 14 onwards in both of the treated groups. lifiildrovement

in gain was noticed after EPO treatment on dayf2he study.Though these change were biologically important,
they were statistically insignificant (p>0.0%lig 1).

LZD at 100 mg/kg dose either alone or in combinatio with EPO (GIV and GV).
Mild lethargy and overall decrease in cage actiwiis noticed in both LZD and LZD+EPO treated grofups) day
4 of the study, while emaciated condition was reatirom day 9 onwards till end of the study. Poodyoweight
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gain was noticed on day 7, while loss in body weighs recorded on dayll of the study in both ofaheve
groups.(Fig 2).

Bone marrow evaluation for PCE: NCE ratio (Gll to GIV)

We found a significant decrease in PCE: NCE ratid.ZD-treated animals compared to vehicle- treateditrol
animals (p<0.01). These changes are considered tmjpact of LZD treatment, as LZD has potentialpapsive
effects on red precursor cells. The co-exposureZid-treated animals to EPO resulted in significardrease in
PCE: NCE ratio (p<0.001). At 200 mg/kg of LZD dosdso there was significant reduction of PCE: N@Hor
(p<0.01), which was more severe compared to theldaese of LZD. But the treatment of EPO did nonhstate
erythropoiesis in bone marrow and hence there wasarease in PCE: NCE ratio revealdgigire 3 and 4).

Determination of blood parameters (Gll to GIV)

Percent Retics

The treatment of LZD produced significant reductiorthe % retics in the blood (p<0.001), which itates that
LZD possesses properties of decreasing immaturesRBCsuppressing erythropoiesis in bone marronER©®
treated animals, significant rise in relative papiain of retics in blood indicates that EPO cammatate
erythropoiesis in LZD treated animals (p<0.001)t 280 mg/kg dose of LZD, there was significant mohn in
percent reticulocytes in both LZD alone and LZD P groups (p<0.001), but the treatment of EPO didn’
stimulated erythropoiesis by increasing in the petage of reticulocytes in the bloo&igure 3 and 4).

Red Blood Corpuscles

At 100 mg/kg dose, LZD caused reduction in the Ri®Gnt in the blood, which is considered as treatmelated
changes, though statistical significance is nohtb(p>0.05). Treatment of EPO revealed increaskertotal count
of RBC in the blood. This indicates the stimulatioherythropoiesis in bone marrow after treatmeithvi.ZD
(p<0.05). Here, we considered that EPO has positifexts on LZD-induced reduction in RBC due tom@ssion
of bone marrow red cell proliferation. At 200 mg/tgse, LZD did not produce significant reductiorRBC and
the treatment of EPO stimulated the production BER. (Figure 5 and 6)

Hemoglobin

At 100 mg/kg dose, LZD treatment resulted in aigtiatlly significant reduction in percent hemoglolof blood
(p<0.05) when compared to vehicle treatment. Heotaglis the major component of red cells and radnabf this
protein is considered to be the significant conttidio of red cell anemia. Treatment with EPO resliteincrease in
the percent hemoglobin of blood which was correlath the stimulation of erythropoiesis in bonerroav after
treatment with LZD (p<0.05). EPO played a positigke in bringing up the percent hemoglobin throggmulation
of erythropoiesis in LZD-treated anima{figure 5 and 6).

Hematocrit

LZD caused reduction in percent volume of RBC ia bfood, which indicates a decrease the numbeB& R the
blood. The decrease in HCT in LZD-treated animiadaigh statistically non significant (p>0.05), butddecreases
in HCT is reported (change it give exact meanirgfO played a positive role to normalize the LZDtioed
reduction in HCT (p<0.001). The results were evidehstimulation of erythropoiesis and increasethie total
volume increase of RBC in the blood.(reframe th&tesgce) The changes in HCT were not reported atn2gig
dose of LZD or LZD +EPO-injected grouflzigure 5 and 6).

Red Blood Corpuscle Indices (Mean Cell Volume, MearCell Hemoglobin and Mean Cell Hemoglobin
Concentration)

At both 100 and 200 mg/kg doses of LZD, there weréreatment-related changes in both the LZD anB+ZPO
groups, except a significant rise in MCV in LZD+EfR®ated group when compared to vehicle treatnpes.05).
(Figure 5 and 6).

White Blood Corpuscles
There was no alterations noticed in WBC count @ fiy/kg, also there were no any changes reportdePi0
treated group, in both the groups the count waspeoed to control. The group of animals which reedil.ZD the
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dose of 200 mg/kg with EPO, there was reductioWNVIBC count (p<0.01), which was not considered treatim
related chang€Figure 7 and 8).

Platelets

LzD at 100 mg/kg dose significantly reduced platetzunt in blood as compared to vehicle control)(ps). While
in LZD+EPO-treated group, where LZD was given 10§/kg dose, there was significant rise in the popahaof
platelets in the blood when compared to stand alatig-treated group of 100 mg/kg dose. LZD at 200kgealso,
there was significant reduction in the PLT courk((®01), which was more severe than low dose of LZbe
treatment of EPO did not normalize the PLT counemwmmjected to the animals which were exposed rag/kg
dose of LZD.(Figure 7 and 8).

DISCUSSION

Linezolid was launched in year 2000 by trade nafye6x”, with absolute bioavailability of 100% givéise option
of treating first by intravenous and can be shiftedral route to ease the treatment [14]. It hasome primary
choice for treating MRSA because of having less lmemof other effective medicines available, a fefile
vancomycin which has limitations of having only ratenous route of administration [24]. Animal skgli
demonstrated that LZD causes the suppression af bwrrow cells particularly of erythroid lineages[2 There
are other evidences that LZD acts on erythroid ynswr cells and suppress the erythropoiesis in nosigow [4].
Based on these reports, the work was further hetpeelstablish a mouse model to evaluate the LZudad
changes on erythroid progenitor cells or the madel be used to screen newer oxazolidinone entitig face
consequences of suppressed erythropoiesis, anemgtiaulocytopenia. In the study PCE:NCE ratio satected a
sensitive marker to investigate the LZD inducece&l on bone marrow red cells, given more undeisign
towards mechanistic approaches instead of onlyystgdhe % reduction in reticulocytes, as reponpeeviously
[11].

To support the findings with the exposure of LZBe tdoses were selected to achieve higher therapruitje of
AUC, which can mimic the extremes of clinical saémd13]. The work demonstrated that, at low didse AUC
was 280 mcg.hr/mL, which can be projected closothé human AUC while treating resistant pathogenélnited
State Food and Drug Administration Docket descgbthe preclinical summary, several studies showes t
potential of LZD induced bone marrow hypocelluba@d@nd other hematological disorders. Further Hicteported
the mouse model to study the red cell anemia irdlbgel ZD [11]. These reports further strengthemésign the
study keeping mouse as a model and induce theetedremia by selecting new sensitive parameterBKE: NCE
ratio to study erythropoiesis and investigate tifeces of EPO.

Treatment of EPO increases the production of petytiatic erythrocytes which is reflected by increas®CE:
NCE ratio in bone marrow [25]. The work was furtlrestigated through mechanistic approach that Bir@s to
precursor cells of bone marrow, which produce rts §22]. The selection of parameters like PCE eetits gives
proof of concept that LZD caused suppression otbmarrow precursor cells like CFU-E, BFU-E and lemyblasts
etc. These precursor cells are having receptor&RD to bind and to stimulate the erythropoiesisrdfore these
result gives the evidences that LZD caused suppressf these precursor cells and EPO stimulated the
erythropoiesis acting on CFU-E, BFU-E and erythastd through their receptors [22].

At high dose also same magnitude of impact notigkite examining the changes PCE in bone marrowratics in
the blood. The significant reduction in these paetars indicates that high dose, which is doubllwfdose was
effective almost by 50% less duration of exposutd@ch proves the linearity of our experimental mo@ait due to
lack of tolerance in such a high exposure of LZBineal condition was worsen and there was systepxicity
signs resulted into emaciation, severe weight lasd decreased activity and dehydration in animélese
complications were so high and systemic down tdrthe body was not responding to EPO. Or it maydbe to
insufficient population or dysfunctional erythrgdecursor which resulted into negative effects BIOE Hence the
injection of EPO didn’t result the stimulation afythropoiesis, and subsequently there were no teor increase
in population of PCE or % retics.

Apart from the main focus to investigate red ceflemia related changes, the work also demonstrated
thrombocytopenia at both the doses, but was nat &gmain finding of the study. This finding indied that the
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experimental model was sensitive enough, becausmbocytopenia is considered as most common finigingZD

treatment. The significant reduction in PLT mayche to anti proliferative activity of LZD on megakacytes or
its precursor cells [13]. The work further suggdstieat precursors of PLT producing cells may haeeptors of
EPO, and binding resulted into stimulation of meggkcytosis and hence PLT count was increasedoiodblbut

further research is required to undertake this eptic
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Figure 1: Body weight gain in percent on day 7, 14nd 21 of three groups (Vehicle control, LZD@100 migg and LZD@100 mg/kg
+EPO@30 IU/mouse). The percent gain calculated ageit day 1 of their respective treated groups. Resslare Mean + S.E. n=5.
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Figure 2: Body weight gain in percent on day 7 and1 of three groups (Vehicle control, LZD@200 mg/kgnd LZD@200 mg/kg
+EPO@30 IU/mouse). The percent gain calculated ageit day 1 of their respective treated groups. Resslare Mean + S.E. n5.
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Figure 3: Bone marrow evaluation of PCE (Polychroméc erythrocytes) and NCE (normochromatic erythrocytes) ratio and % retics
from blood. Chart represents three groups (Vehicleontrol, LZD@100 mg/kg and LZD@100 mg/kg +EPO@30 Iinouse). Results are
Mean + S.E. n=5. #significantly different from contol (p<0.01), **significantly different from stand alone LZD treated group (p<0.001),

$significantly different from control group (p<0.001). @significantly different from control (p<0.001)and @ @significantly different

from stand alone LZD treated group (p<0.001).
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Figure 4: Bone marrow evaluation of PCE (Polychroméc erythrocytes) and NCE (normochromatic erythrocytes) ratio and % retics
from blood. Chart represents three groups (Vehicleontrol, LZD@200 mg/kg and LZD@200 mg/kg +EPO@30 Iinouse). Results are
Mean + S.E. n=5. #significantly different from contol (p<0.001).
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Figure 5: Hematology parameters estimate (RBC, HGB;CT, MCV, MCH and MCHC). Chart represents three groups (Vehicle
control, LZD@100 mg/kg and LZD@100 mg/kg +EPO@30 Ilinouse). Results are Mean + S.E. n=5. $significapttlifferent from
control (p<0.05), **significantly different from control (p<0.05). #significantly different from stand alone LZD treatment group
(p<0.05). ##significantly different from stand alom LZD treatment group (p<0.001).
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Figure 6: Hematology parameters (RBC, HGB, HCT, MCV, MCH and MCHC) estimates. Chart represents three gups (Vehicle
control, LZD@200 mg/kg and LZD @200 mg/kg +EPO@30 Ilinouse). Results are Mean + S.E. n=5.
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Figure 7: WBC and PLT estimates. Chart representshree groups (Vehicle control, LZD@100 mg/kg and LZ@100 mg/kg
+EPO@30 IU/mouse). Results are Mean + S.E. n=5. ¢sificantly different from control (p<0.05). $significantly different from
stand alone LZD treated group (p<0.05).
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Figure 8: WBC and PLT estimates. Chart representshree groups (Vehicle control, LZD@200 mg/kg and LZ@®200 mg/kg +EPO@30
IU/mouse). Results are Mean + S.E. n=5. #significip different from control (p<0.05). $significantly different from control (p<0.01).

CONCLUSION

Linezolid caused bone marrow suppression and dependiant severity of the systemic toxicity in mi€ae low
dose given to mice achieved AUC, which was nedutoan therapeutic AUC and the elicited the conadlilike red
cell anemia in mice. EPO can be better choice tb@dtherapy of LZD in the situation to treat redl @anemia.
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Hence, more clinical research is required to eistiatthe dose response, duration and safety of EP@nistration.
Use of EPO in proper monitored condition can be said it can be better option to cover the sideceffarise due
to Linezolid therapy.
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