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Therapeutic nonequivalence of generic antibiotics may lead to treatment failure and enrichment of resistance. However, there
has been no demonstration that an equivalent generic displays the same resistance selection profile as the innovator drug. We
aimed to test this hypothesis with five generic versions of ciprofloxacin by assessing their pharmaceutical equivalence with mi-
crobiological assays and their efficacy against Pseudomonas aeruginosa PAO1 in the neutropenic murine thigh infection model.
One equivalent generic was selected for analysis by high-pressure liquid chromatography—tandem mass spectrometry (LC-MS/
MS), to confirm chemical identity, and resistance selection experiments in a hollow-fiber (HF) system simulating two clinical
dosing regimens. Total and resistant populations were measured, and the MICs of the resistant cells with and without an efflux
pump inhibitor were determined. LC-MS/MS found no differences between products, and the innovator and the generic selected
resistance with the same magnitude and mechanism after 7 days of treatment in the HF system, supporting the fact that a generic

with demonstrated equivalence in vivo is also equivalent regarding resistance selection.

he interchangeability of innovator drugs and equivalent ge-

neric drugs has been promoted by the World Health Organi-
zation (WHO) and drug regulatory agencies on all continents.
Equivalence implies the demonstration of good manufacturing
practices, chemical identity, and bioequivalence. However, the
latter requirement is waived for intravenously administered
drugs, and no additional in vivo or clinical tests are mandatory (1).

For anti-infective agents, concerns have arisen after the dem-
onstration of therapeutic failures of pharmaceutically equivalent
products in a validated animal model of infection, especially with
complex, difficult-to-purify antibiotics such as vancomycin (2)
and gentamicin (3). Generic versions of drugs without manufac-
turing problems, such as metronidazole (4) and fluconazole (5),
are more likely to be therapeutically equivalent under current reg-
ulations.

A consequence of the clinical use of nonequivalent products is
treatment failure (6); even more worrisome, however, is the po-
tential selection of resistance. For instance, we demonstrated that
therapeutically nonequivalent (but bioequivalent) generic ver-
sions of vancomycin significantly enriched resistant subpopula-
tions of Staphylococcus aureus after 12 days of exposure in the
mouse thigh infection model; bacteria exposed to these generics
grewat 1, 2, and 3 mg/liter vancomycin, while those exposed to the
innovator product were eliminated (7). Although this evidence
shows that nonequivalent generics of vancomycin select for resis-
tant microorganisms in vivo, there has been no experimental
demonstration that a therapeutically equivalent generic of any
antimicrobial is as efficient as the innovator in preventing (or
promoting) resistance. The importance of this demonstration is
that such a product would not require further resistance testing,
and its interchangeability would be ensured. Thus, we aimed to
determine whether a pharmaceutically and therapeutically equiv-
alent generic product of ciprofloxacin displays the same magni-
tude and mechanism of resistance as the innovator with Pseu-
domonas aeruginosa.

(Preliminary results of this work were presented at the 52nd
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Interscience Conference on Antimicrobial Agents and Chemo-
therapy, 2012 [8].)

MATERIALS AND METHODS

Antimicrobials. The study included the innovator ciprofloxacin (Cipro,
lots BXC5SW 1, BXFAHKI, and BXFNAV1, manufactured by Bayer) and
five generics of ciprofloxacin lactate for intravenous use, marketed in
Colombia by Blaskov Laboratories (Cifloblas, lot B1909, manufactured by
Arbofarma), Chalver (Quinopron, lot L1508), Corpaul (lot 5CI090917-
1), Ryan (lot CPF-150CH), and Vitalis (lot V110996, manufactured by
Vitrofarma). All products were purchased in authorized drug stores and
used before the expiration date.

Strains. Pseudomonas aeruginosa PAO1 was used for susceptibility
studies, in vivo studies, and hollow-fiber (HF) experiments. The reference
strain for susceptibility testing was P. aeruginosa ATCC 27853. We em-
ployed Mueller-Hinton broth (MHB) and Mueller-Hinton agar (MHA)
(Difco Laboratories) as culture media in all experiments.

In vitro activity. The MIC and minimal bactericidal concentration
(MBC) of each product were determined in duplicate by broth microdi-
lution according to CLSI protocol M100-S23. The differences between
products were assessed with the Kruskal-Wallis (KW) test (GraphPad
Prism 6.05).

Pharmaceutical equivalence. The concentration and potency of the
products were determined with a validated microbiological assay (9), us-
ing Klebsiella pneumoniae ATCC 10031 as the seeding strain in antibiotic
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medium 3 (Difco). The polynomial equation describing the assay error of
this method, calculated with Pmetrics, was standard deviation (SD) (in
mg/liter) = —0.18 + 0.84x + 0.02x” (10). To test equivalence, the inhi-
bition zones (y axis, in mm) induced by at least five concentrations per
product (x axis, in log,, mg/liter), ranging from 0.25 to 16 mg/liter, were
fitted to a straight-line equation by the least-squares method, weighting
the data by the inverse of the variance (1/SD?). As we described elsewhere
(9), with this method the slope of the regression tests the potency of the
drug and the intercept measures its concentration. Then, slopes and
intercepts for innovator and generic drugs were compared by curve-
fitting analysis (CFA) (GraphPad Prism 6.05). The same microbiolog-
ical assay was used to quantify serum concentrations in mice after a
single dose of ciprofloxacin.

Pharmacokinetics. Twelve neutropenic and infected mice, weighing
25 g on average, received a single 16-mg/kg dose of innovator ciprofloxa-
cin, administered subcutaneously. The animals were divided into 3
groups of 4 mice each. The first group was sampled by retro-orbital punc-
ture at 5, 60, and 180 min, the second at 15, 90, and 240 min, and the third
at 30, 120, and 300 min postdose. The samples were centrifuged to sepa-
rate serum and frozen at —70°C. Ciprofloxacin concentrations were de-
termined with the microbiological assay described above. The parametric
population software SADAPT-TRAN (11) was used to fit the data to dif-
ferent models (1 or 2 compartments, linear, or Michaelis-Menten elimi-
nation). Selection of the best-performing model was based on the objec-
tive function (—2 loglikelihood), the observed versus predicted plots, and
the residual analysis. Between-subject variability was expressed as an ap-
parent coefficient of variation, and the residual error included both addi-
tive (SDjycercepr) and proportional (SDy,,,.) terms. The simulation mod-
ule of the ADAPT 5 program (12) was then used to calculate the area
under the concentration-time curve (AUC) of the different doses used in
vivo.

Therapeutic equivalence in the neutropenic murine thigh infection
model. The University of Antioquia Animal Experimentation Ethics
Committee reviewed and approved the experimental protocol. Female,
murine-pathogen-free, Udea:ICR(CD-2) mice, weighing 23 to 27 g, were
rendered neutropenic with two intraperitoneal doses of cyclophospha-
mide (150 and 100 mg/kg, injected 4 days and 1 day before infection,
respectively) (13). A log-phase culture containing ~7.0 log,, CFU/ml of
P. aeruginosa PAO1 was inoculated in both thighs. Treatment began 2 h
after infection, with a range of subcutaneous doses of the innovator and
the Corpaul, Vitalis, Ryan, and Blaskov generics from minimal to maxi-
mal efficacy (3 to 128 mg/kg per day, divided into injections every 3 h),
and lasted for 24 h. At the end of the treatment period, the mice were
euthanized, their thighs were aseptically removed and homogenized, and
the cells were diluted, plated on MHA, and incubated at 37°C for 18 h.
Antimicrobial effects were calculated by subtracting the CFU/g in infected
thighs from the values for untreated controls. Dose-effect data were ana-
lyzed by nonlinear regression fitting Hill’s sigmoidal model to estimate the
maximum effect (E,,,), 50% effective dose (ED5), and slope (N) for each
ciprofloxacin product (SigmaPlot 12.3), according to the equation effect =
(= Epax X dose™)/(ED5N + dose"), and data were compared by CFA
(GraphPad Prism 6.05). Nonlinear regressions were assessed by the ad-
justed coefficient of determination (adjusted R?), the standard error of
estimate (S,),), and the fulfillment of normality and homoscedasticity
(constant variance). We checked for the absence of multicolinearity by
measuring the variance inflation factor (VIF). To test the impact of a
smaller inoculum, an additional experiment was performed by infecting
mice with ~6 log,, CFU/ml of P. aeruginosa PAO1 and comparing the
innovator and the Chalver generic. For pharmacokinetic (PK)/pharma-
codynamic (PD) analysis, the exposures (in terms of AUC for the free
fraction [fAUC]/MIC) required for stasis (bacteriostatic dose [BD]) and
3.0-log,, killing (3-log killing dose [3LKD]) were estimated using modi-
fied Hill’s equations (3). In order to assess the reliability of the model,
the repeatability of the results for the innovator was determined in two
independent experiments performed on different days. In the event
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TABLE 1 Population pharmacokinetics of ciprofloxacin in mice

Parameter Mean (CV [%]; SE [%])*
CL (liter/h) 0.11 (10.2; 3.31)

V (liters) 0.06 (19.6; 9.83)

K, (h™h) 1.88 (20.0; 9.81)
SDimercept 0.003

SD,ope 0.059

“ For the raw data, model fit, and diagnostic data, see the supplemental material. CV,
coefficient of variation; SE, standard error.

that all generics were pharmaceutically and therapeutically equivalent,
one product was to be selected randomly (the first in alphabetical
order) for chemical analysis and resistance selection experiments. This
was eventually the case, and the Blaskov product was chosen for fur-
ther testing.

Chemical analysis. Six standard concentrations of the innovator, the
internal standard (levofloxacin), and the selected equivalent generic were
dissolved in sterile deionized water and analyzed by high-pressure liquid
chromatography—tandem mass spectrometry (LC-MS/MS). The LC-
MS/MS system consisted of an Agilent 1100 liquid chromatograph cou-
pled to a mass spectrometer-electrospray ionization VL system. A Thermo
Scientific Hypersil Gold analytical column (150 mm by 4.6 mm; particle
diameter, 5 um) was used as the stationary phase, with each ciprofloxacin
product having its own column. The mobile phase consisted of 90:10
water-acetonitrile, at a flow rate of 0.5 ml/min. Each sample was run for 10
min. Data analysis was performed using the manufacturer’s software. The
scan mode was used to gather the mass spectra from m/z 150 to m/z 1,000,
and the abundance of each mass was compared between the innovator
and the generic, to assess chemical identity.

Resistance enrichment. A hollow-fiber system was used to simulate
the human 24-h fAUC attained with two clinical doses, i.e., 200 mg and
400 mg administered intravenously twice a day (24-h fAUC values of ~11
and ~23 mg - h/liter, respectively) for 7 days, against P. aeruginosa PAO1
(MIC = 0.125 mg/liter), comparing the innovator and the selected ge-
neric. The expected fAUC/MIC values were 88 and 184, respectively. The
central compartment was filled with 238 ml of MHB, and then ~8.0 log,
CFU/ml of P. aeruginosa PAO1 was inoculated into 10-ml cellulosic car-
tridges (FiberCell Systems). The flow was adjusted to 0.5 ml/min, for a
half-life of 5.5 h. Ciprofloxacin concentrations in the central compart-
ment were measured by LC-MS/MS, and the actual fAUC values were
estimated with SADAPT-TRAN by integration (11). Total and resistant
subpopulations were determined at daily intervals by plating samples
from the cartridges on MHA without ciprofloxacin and with 2.5X MIC
(0.3125 mg/liter). Resistance frequencies were calculated by dividing the
resistant subpopulation by the total population, and the significance of
the difference was assessed with the Mann-Whitney (MW) test (Graph-
Pad Prism 6.05). Additionally, the ciprofloxacin MICs for 3 colonies ran-
domly picked from the resistant population plates were measured at 24
and 72 h by agar dilution, in the absence or presence of the Mex-Opr
inhibitor phenylalanine—arginine—(-naphthylamide (PABN) (20 mg/li-
ter; Sigma-Aldrich). A 4-fold reduction in the MIC value with the inhib-
itor was considered indicative of active efflux. The difference between the
two products was assessed with the MW test.

RESULTS
In vitro activity. There were no differences in the MIC or MBC
values of the ciprofloxacin products against P. aeruginosa PAO1.
For all products, the MIC duplicates were 0.125 mg/liter and the
MBC ranged from 0.125 to 0.50 mg/liter (P = 0.36, KW test).
Pharmaceutical equivalence. The straight-line regressions
from microbiological assays overlapped, indicating that all data
could be described by a single curve, with indistinguishable slopes
(potency) and intercepts (concentration) for the innovator and
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FIG 1 In vivo exposure-response relationship of ciprofloxacin against P.
aeruginosa PAO1, comparing the innovator and four generic products. Global
CFA indicated that all data belonged to the same population and could be
described by a single curve, confirming the therapeutic equivalence of the
generics. Stasis was achieved with a fAUC/MIC value of ~27 and 99.9% Kkill
with a fAUC/MIC value of ~75.

generics (P > 0.15, CFA). The goodness of fit to the model for the
global curve was indicated by an adjusted R* of >0.9653 and a Syl
of <3.79 mm.

Pharmacokinetics. The one-compartment model with linear
elimination and first-order absorption exhibited the best perfor-
mance. The parameters clearance (CL), volume of distribution
(V), and absorption rate constant (K,) are presented in Table 1
with their respective between-subject variability and standard er-
rors. Because all generics were pharmaceutically equivalent, the
pharmacokinetics were determined only with the innovator, and
its parameters were used for the PK/PD analysis of all products.
The raw data, modeled concentrations, individual and population
predicted versus observed plots, and comparison of 1-compart-
ment and 2-compartment models are presented in Fig. S1, S2, and
S3 and Table S1 in the supplemental material.

Therapeutic equivalence. The mean growth of P. aeruginosa
PAOL in untreated controls was 4.37 log,, CFU/g. Innovator cip-
rofloxacin (Bayer) exhibited overlapping dose-response curves in
two independent experiments (P = 0.57, CFA), confirming the
model’s repeatability. All nonlinear regressions passed the nor-
mality and homoscedasticity tests, and the highest VIF for any
parameter was 5.14, indicating negligible multicolinearity. Figure 1

Equivalent Ciprofloxacin Generics and Resistance

displays the exposure-response curves for the innovator and the
four generics tested against an inoculum of 7 log,, CFU/ml, and
Table 2 displays their primary and secondary pharmacodynamic
parameters. CFA showed that all data belonged to the same pop-
ulation and were better described by a single curve, i.e., the gener-
ics were therapeutically equivalent to the innovator (P = 0.54,
CFA). In the experiment with the smaller inoculum, bacterial
growth in controls was higher (4.9 log,, CFU/g) and the maximal
efficacy was reduced (E,,,, values of 7.27 * 0.34 and 7.18 * 2.45
log,, CFU/g for the innovator and the generic, respectively); how-
ever, the two curves overlapped (P = 0.93, CFA), indicating that
the Chalver product was therapeutically equivalent.

Chemical analysis. The innovator and the Blaskov generic had
the same signal for the analyte in LC-MS/MS. In the mass spectral
analysis in scan mode, the two products displayed the same major
peaks (Fig. 2), confirming their chemical equivalence.

Ciprofloxacin selection of resistant mutants in the HF sys-
tem. Measured ciprofloxacin concentrations in the central com-
partment were very close to predicted values. The actual fAUC/
MIC values for the innovator were 90.8 and 181 for the low-dose
and high-dose groups, respectively; in the case of the generic, the
fAUC/MIC values were 90.4 and 182, respectively. The basal fre-
quency of resistance to 2.5 X MIC of ciprofloxacin for P. aerugi-
nosa PAO1 was 10~7!, and the value reached 10~7-* after 7 days in
the untreated arm. In the 800-mg/day group, the initial decrease
in the total bacterial population was 3 log;, CFU/ml, and the pop-
ulation was completely composed of resistant bacteria after 24 h of
exposure (~6.0 log,, CFU/ml) (Fig. 3A). The medians of the re-
sistance frequency from day 1 to day 7 were 10°° and 10~ % for
the Bayer and Blaskov generics, respectively (exact P = 0.85). In
the 400-mg/day group, there was an initial decrease in the total
population of approximately 2 log,, CFU/ml with a concomitant
increase in resistant cells, which had overtaken the whole popula-
tion by day 1 of treatment (~8.0 log,, CFU/ml) (Fig. 3B). The
medians of the resistance frequency from day 1 to day 7 were
107%** and 10~°°* for the innovator and the generic, respectively
(exact P = 1.0).

Regarding MIC changes, only low-level resistance was ob-
served in the 400-mg/day group (MICs of 2 mg/liter after both 24
and 96 h of exposure) and it was reversed completely by PABN (to
0.25 mg/liter, 1 dilution above the baseline MIC), indicating active
efflux as the only responsible mechanism. In the 800-mg/day
group, low-level resistance from active efflux was seen on day 1
(MIC of 2 mg/liter, reduced to 0.25 mg/liter with PABN), but
high-level resistance appeared on day 4 (MIC of 8 to 32 mg/liter)
and was only partially reversible with PABN (to 2 to 4 mg/liter),

TABLE 2 Pharmacodynamic parameters from the neutropenic murine thigh infection model for innovator and generic ciprofloxacin against P.

aeruginosa PAO1“

FAUC/MIC
Product E,. . (log,, CFU/g) ED,, (mg/kg/day) N Adjusted R* S1x (log,) BD 3LKD
Bayer 8.39 + 0.17 14.1 £ 0.59 1.95 *0.13 0.988 0.33 26.7 *= 0.82 70.5 * 4.20
Corpaul 8.28 + 0.51 13.3 £ 1.69 1.80 * 0.33 0.966 0.62 284+ 1.19 76.1 = 5.10
Vitalis 8.56 * 0.39 16.2 = 1.53 1.62 £ 0.18 0.987 0.37 29.5 * 1.60 86.9 * 8.16
Ryan 8.29 = 0.43 13.2 £ 1.41 1.82 = 0.28 0.974 0.53 24.9 * 1.83 71.2 +10.2
Blaskov 8.21 = 0.25 12.3 £ 0.83 2.03 +0.24 0.980 0.41 24.1 + 1.30 68.0 * 8.24

“The P value from global curve-fitting analysis was 0.5351. E,,,,,, maximum effect; ED5, 50% effective dose; N, Hill’s slope; adjusted R?, adjusted coefficient of determination; S),|x,

standard error of estimate; BD, bacteriostatic dose; 3LKD, 3-log killing dose.
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FIG 2 LC-MS/MS analysis. The innovator (blue spectrum) and the generic (red spectrum) displayed the same major peaks at almost identical times. The peak
corresponding to ciprofloxacin appeared between 7 and 8 min, with equal abundances for the two products.

use of nonequivalent generic antibiotics may lead to clinical fail-
ure in debilitated patients (6) and, more concerning, to the selec-
tion of resistance (7), a problem with serious public health, envi-
ronmental, and economic consequences.

Here we evaluated five generic products of ciprofloxacin with
the standard tests for pharmaceutical equivalence and in vitro ac-
tivity, in which they performed in the same way as the innovator.
Based on our previous results with other antibiotics, indicating
that these tests did not predict in vivo equivalence, we tested the
products against P. aeruginosa in the extensively validated mouse
thigh infection model (16) and found that their pharmacody-

suggesting selection of additional mechanisms, such as gyrAB or
parCE mutations (Table 3).

DISCUSSION

There has been an intense debate worldwide, involving the scien-
tific community, drug regulatory agencies, and the public, about
the therapeutic equivalence of generic antibiotics, especially van-
comycin (14, 15). A source of the debate is data published by our
group in the past 10 years, demonstrating that pharmaceutical
equivalence is a necessary but not sufficient condition to ensure
therapeutic equivalence. We have also presented evidence that the
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FIG 3 Resistance selection in the hollow-fiber system during 7 days of exposure to innovator and generic ciprofloxacin. Solid lines, total populations; dashed
lines, resistant subpopulations; green lines, group exposed to the innovator; red lines, group exposed to the generic; black lines, untreated controls. (A)
800-mg/day group. (B) 400-mg/day group. In both cases, the resistant cells took over the population after day 1, with overlapping lines until day 7.
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TABLE 3 MICs after 24 and 96 h of exposure in the hollow-fiber
system, equivalent to human dosing regimens of 400 and 800 mg/day,
with or without an efflux pump inhibitor

MIC (mg/liter)*
Exposure equivalent to Exposure equivalent to 800
400 d d
Treatment group mg/day mg/day
and time CIP CIP + PABN CIP CIP + PABN
24h
Bayer 2/2/2 0.25/0.25/0.25 2/2/2 0.25/0.25/0.25
Blaskov 2/2/2%  0.25/0.25/0.25°  2/2/2° 0.25/0.25/0.25"
96 h
Bayer 2/2/2 0.25/0.25/0.25 32/32/32  4/4/4
Blaskov 2/2/2%  0.25/0.25/0.25"  8/8/32°  2/2/4°

@ MICs are duplicate geometric means from assays performed three times. CIP,
ciprofloxacin only; CIP + PABN, ciprofloxacin plus phenylalanine—arginine—3-
naphthylamide (20 mg/liter).

?P = 1.00, MW test.

<P =0.188, MW test.

namic profiles were also undistinguishable from that of the inno-
vator. Our hypothesis was that generic products with demon-
strated (not assumed) equivalence should select for resistance
with the same frequency and mechanism as the innovator. For this
purpose, we compared resistance outcomes in the hollow-fiber
system, an in vitro dynamic model that allows longer treatment
courses and the simulation of human dosing regimens, with an
excellent correlation with in vivo data (17, 18).

A previous study demonstrated that exposure to therapeuti-
cally nonequivalent generics of vancomycin causes enrichment of
resistant subpopulations of S. aureus in vivo (7). This suggests the
obvious, i.e., the use of agents that kill smaller numbers of micro-
organisms, allowing survival of more microorganisms after drug
exposure, creates a favorable environment for the selection of re-
sistant mutants (“dead bugs do not mutate”) (19). In contrast, a
therapeutically equivalent generic product that displays the same
pharmacodynamic profile as the innovator should not differ in
terms of the frequency and mechanisms of resistance.

This is the case for ciprofloxacin, a synthetic antibiotic devel-
oped by Bayer in the 1980s. It is a simple (chemical formula,
C,,H,gFN;0;) and stable small molecule, with a mass of 331.4,
that is available for oral and parenteral use. Its U.S. patent expired
in 2003, and many generics are marketed worldwide. Ciprofloxa-
cin has no solubility issues, is easily synthetized from 2,4-dichloro-
5-fluorobenzoyl chloride in a six-step procedure that is now avail-
able in the public domain, and does not require complex
purification processes (as do other antibiotics, such as vancomy-
cin), features that may facilitate the manufacturing of identical
copies of the drug.

In conclusion, we have demonstrated the pharmaceutical and
therapeutic equivalence, in terms of in vitro activity and in vivo
pharmacodynamics, of five ciprofloxacin generics. Moreover, we
have shown that a pharmaceutically and therapeutically equiva-
lent product has no differences regarding the magnitude and
mechanisms of resistance selection at clinically relevant drug ex-
posures. These results support our hypothesis that generics with
demonstrated equivalent efficacy in a validated animal model of
infection display the same resistance profile as the innovator. We
are now seeking to expand the therapeutic nonequivalence-resis-
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tance hypothesis for generic antibiotics, which was initially shown
with vancomycin and Staphylococcus aureus, to other antimicro-
bial agents and microorganisms.
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