
Amphotericin B tissue penetration
and pharmacokinetics in healthy
and Candida albicans-infected
rats: insights from microdialysis
and population modeling

Valdeene Vieira Santos1,2, Laiz Campos Pereira1,2,
Jackeline Marley Santos de Araújo1,2,
Matheus Antônio da Hora Borges1,2,
Carolina Magalhães Brandão2, Luisa Oliveira Santos1,2,
Cristiane Flora Villarreal1 and Francine Johansson Azeredo3*
1Pharmacy Graduate Program, College of Pharmacy, Federal University of Bahia, Salvador, Brazil,
2Laboratory of Pharmacokinetics and Pharmacometrics, Faculty of Pharmacy, Federal University of
Bahia, Salvador, Brazil, 3Center for Pharmacometrics and System Pharmacology, College of Pharmacy,
University of Florida, Orlando, FL, United States

Introduction: This study evaluated the relationship between total plasma and free
kidney concentrations of amphotericin B (AmB) in healthy and C. albicans-
infected Wistar rats using microdialysis and has the potential to significantly
impact future research in this field and promote the development of antifungal
drugs. The findings of this study, which show that plasma levels are a good
predictor for AmB kidney concentrations and can be used to optimize its dosing
regimen, underscore the importance of this research.

Methods: Microdialysis probe recovery rates were determined by dialysis and
retrodialysis in vitro, as well as by retrodialysis in vivo. The intravenous (i.v.)
administration of 2.5 × 106 CFU/mL of C. albicans ATCC induced the
infection. A 2.5 mg/kg i.v. bolus was used in healthy and C. albicans-infected
rats (n = 6/group). Plasma and microdialysate samples were analyzed using
HPLC-diode-array detection. AmB tissue penetration was analyzed using the
ratio between the total plasma and kidney concentrations and population
pharmacokinetics (PopPK) to assess the impact of the infection on the
pharmacokinetic parameters. The chosen flow rate was set to 1.5 μL/min, and
there was no statistical difference between the relative recovery values when
changing AmB concentrations.

Results and Discussion: The in vivo relative recovery was determined to be 10.9%
± 3.7%. The antifungal tissue penetration was 0.77 and 0.71 for the healthy and
infected animals, respectively. The structural PK model with two compartments
and linear elimination describes the concentration versus time profile of AmB
simultaneously in the plasma and tissue. Infection by C. albicans does not
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interfere with AmB kidney penetration. AmB protein binding is demonstrated to be
nonlinear and dependent on the AmB concentration in the plasma of healthy and
infected animals.
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1 Introduction

A significant increase in the incidence of Candida-mediated
infections has been observed in the last decade, mainly in
susceptible individuals associated with high mortality and morbidity
(Katsipoulaki et al., 2024). To be a potentially pathogenic yeast, it has to
show a wide range of virulence factors and physical characteristics
(Colombo et al., 2013; Mayer et al., 2013). Candida albicans is the most
prevalent agent causing invasive candidiasis (McCarty et al., 2021), and
it is also the most isolated species pertaining to these infections from
different anatomical sites (Hiller et al., 2011; Kolaczkowski et al., 2010),
affecting organs and tissues, such as the lungs, brain, kidneys, bladder,
joints, liver, heart, and eyes (Peixoto et al., 2014), with the kidney being
the most affected organ (Balk et al., 1978).

For the treatment of invasive candidiasis, amphotericin B (AmB), a
drug representing the polyenic class, has significant importance in clinical
practice because of its broad spectrum of activities (Ellis, 2002; Wang
et al., 2021). Nevertheless, treatment failure is common in infectious
diseases (Tøttrup et al., 2014). Insufficient concentration of the used drug
at the infection site is one of the leading causes of pharmacological
treatment failure (Lagler and Zeitlinger, 2014). For therapeutic success,
drug penetration must be sufficient to achieve concentrations that can
eliminate or stop the growth of the microorganisms (Felton et al., 2014;
Niemirowicz et al., 2017; Ray et al., 2015).

Most infection sites are extravascular, and pharmacological
treatment depends on drug diffusion out of the bloodstream and
into the interstitial space and intracellular fluid. The penetration
capacity of a drug depends on tissue-related factors, such as
perfusion, surface area, vascular characteristics, pH, inflammation,
protein composition modification, drug transport through efflux
pumps (Felton et al., 2014), drug-related factors, and their
physicochemical characteristics such as lipophilicity, molecular size,
pKa, and plasma protein binding (Hurtado et al., 2014). For these
reasons, the use of plasma drug concentrations to determine
pharmacokinetic parameters will only yield satisfactory results if
blood levels are an appropriate substitute for the levels at the site of
infection (Levison and Levison, 2009; Müller et al., 2004).

In this context, the microdialysis technique has important
applications, becoming valuable for free drug sampling in the
interstitial fluid distribution study (Lagler and Zeitlinger, 2014;
MacVane et al., 2014; Lock et al., 2023) in preclinical and clinical
pharmacokinetic studies in various tissues such as the bone (Tøttrup
et al., 2014), prostate (Hurtado et al., 2014), brain (Levison and
Levison, 2009), pancreas (Liu et al., 2014), and pulmonary
epithelium (Rottbøll et al., 2015). In addition, this technique
allows the comparison of drug penetration in healthy and
infected tissues (Joukhadar et al., 2001; Lock et al., 2023).

To date, no study has been conducted that describes the
relationship between the total plasma AmB concentrations and

free tissue concentrations using microdialysis. Thus, considering
the scenario of invasive candidiasis caused by C. albicans and the
common use of AmB for its treatment, the importance of a
pharmacokinetic study in an in vivo experimental model emerges
to evaluate the influence of infection on pharmacokinetic
parameters and in kidney penetration of AmB to relate whether
plasma concentrations can predict drug-free tissue levels in the
target tissue of invasive candidiasis, with this relationship being
established by a population pharmacokinetic (PopPK) model.

2 Materials and methods

2.1 Quantification of AmB in rat plasma and
microdialysate samples

The quantification of AmB in rat plasma and microdialysate
samples was performed by HPLC equipped with a diode array
detector (HPLC-DAD).

A method for the quantification of AmB in plasma was adopted
and validated according to the guideline RDC 27/2012 of the
Agência Nacional de Vigilância Sanitária (ANVISA) (BRASIL,
2012). Briefly, plasma aliquots (100 µL) were precipitated with
100 µL of ZnSO4 0.1 M and 200 µL of cold acetonitrile with
0.036% of trifluoroacetic acid and centrifuged at 13,000 g at 8°C
for 15 min (Barco et al., 2017). The supernatant was injected into the
HPLC-DAD system (Shimadzu CBM-20a system controller, LC-
6AD solvent delivery system, SPD-M20A detector, and DGU-20a

deaerator) (Shimadzu Corp., Kyoto, Japan). Chromatography was
performed by using a Nucleosil® column (150mm× 4.6 mm internal
diameter) (Macherey-Nagel, Dorean) protected by a Uniguard®
(Thermo Fisher Scientific) guard column packed with the same
material. Analytes were separated by gradient elution, with mobile
phase A consisting of acetate buffer pH 4.0 and mobile phase B
consisting of acetonitrile at a flow rate of 1 mL/min. The percentage
of mobile phase B was maintained at 40% for 4 min and then
programmed to reach 80% in 4 min. The column was finally
reconditioned at 40% B in 1 min for a total run time of 9 min.
Detection was measured at 407 nm (Italia et al., 2009). The analyses
were conducted using LC Solution software.

For the quantification of AmB in microdialysate samples, the
same chromatographic conditions as for the bioanalytical method
were used. The method was validated according to the ANVISA
guidelines for analytical methods (RDC 166-2017) (BRASIL, 2017).

The methods were sensitive and accurate within the
concentration range of 0.25–10 μg/mL. A linear calibration curve
was obtained in this concentration range. The methods were
validated by constructing six calibration curves on two separate
days and quality control samples (0.4, 1.5, and 6 μg/mL). The intra-
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assay and inter-assay precision was not more than 5.0%, and the
accuracy was between 95% and 105% for the analytical method. The
bioanalytical method intra-assay and inter-assay precision and
accuracy were not more than 20% for the lower limit of
quantification and not more than 15% for the other concentrations.

2.2 Induction of infection

Male Wistar rats (250–350 g) were kept in cages in groups of
five animals under conditions of controlled temperature (22°C ±
2°C) and humidity (55% ± 5%) and 12-h of light/dark cycles with
feed and water provided ad libitum. The protocols for animal
experiments were approved by the Veterinary School of the Federal
University of Bahia (UFBA) Animal Use Ethics Committee
(protocol number 26/2018).

The infection protocol for Wistar rats employed in this study
was previously described by de Araujo et al. (2009). Briefly, the
animals were infected with C. albicans (ATCC 10231) 2 days before
the pharmacokinetics experiments by the intravenous(i.v.) injection
through the lateral tail vein of 0.1 mL of the inoculum containing
2.5 × 106 CFU/mL of the fungal strain, which was prepared in 0.9%
sterile saline.

2.3 Influence of the perfusion flow rate and
drug concentration on in vitro microdialysis
probe recovery

The microdialysis system consisted of a PHD 2000 Infuse/
Withdraw (Harvard Apparatus) microsyringe (diameter 4.61 mm,
1 mL) to provide the perfusate solution, which was attached to a
microdialysis probe CMA/20 Elite (membrane length of 4 mm and
cutoff of 20 kDa) (CMA/Microdialysis AB, Solna, Sweden).

The influence of the perfusion flow rate on the relative recovery
of AmB was evaluated by using three flow rates, 1, 1.5, and 2 μL/min,
using a 2 μg/mL solution of AmB. After analyzing the relative
recovery of the different flows, the flow rate of 1.5 μL/min was
selected for analyzing the influence of different AmB concentrations
on relative recovery using three different concentrations to
determine the recovery: 2.5, 3, and 4 μg/mL. The retrodialysis
and dialysis methods were used to determine the relative
recovery of AmB (n = 3) in both analyses.

The relative recovery by dialysis (RRD) was calculated by
Equation 1:

RRD %( ) � Cdial

Cext
( )x 100, (1)

where Cdial is the drug concentration in the dialysate and Cext is the
drug concentration in the medium surrounding the
microdialysis probe.

The relative recovery by retrodialysis (RRRD) was calculated
using Equation 2:

RRRD %( ) � Cperf − Cdial

Cperf
( )x 100, (2)

where Cperf is the drug concentration in the perfusate solution.

2.4 In vivo microdialysis probe recovery

On the day of the experiments, the animals were anesthetized
with urethane (1.25 g/kg intraperitoneally [IP]). The animals were
put in the lateral decubitus position, and the kidney was exposed.
The microdialysis probes were inserted into the kidney cortex and
were allowed to equilibrate inside the kidney for 1 h before the in
vivo recovery of the probes was performed. After that, perfusion with
Ringer’s solution at a flow rate of 1.5 μL/min was carried out.

AmB microdialysis probe recovery in vivo was determined by
retrodialysis. Following the kidney exposure procedure described
above and after equilibration, Ringer’s solution was replaced by 3 μg/
mL (using the 1.5 μL/min flow rate) AmB in Ringer’s solution. Three
microdialysate samples were collected from each probe before the
animal experiment (n = 6). Drug concentrations in the dialysate
sample (Cdial) and the perfusate solution (Cperf) were determined by
HPLC. The in vivo apparent recovery by retrodialysis was calculated
using Equation 2.

2.5 Population pharmacokinetic

After the microdialysis probes were inserted into the kidney
cortex and allowed to equilibrate for 1 h, 2.5 mg/kg i.v. dosing of
AmB was administrated to the animals. The AmB administration
was prepared in injectable water (Anforicin B®, Cristália, Brazil). The
rats were randomly assigned to four groups of six animals each: two
groups for plasma pharmacokinetics and two groups for tissue
penetration, with each group having a group of healthy and C.
albicans-infected animals.

Microdialysate samples were collected over 20 h at 1-h intervals
and assayed directly after the experiment, without processing. Blood
samples were collected through the lateral tail vein immediately after
dosing at 0.083, 0.25, 0.5, 1, 1.5, 2, 4, 8, 12, 24, and 36 h. Blood
samples were harvested into tubes containing heparin and
centrifuged after collection. Plasma was separated and stored
at −18°C until analysis.

The concentrations of AmB in the kidney were calculated from
the measured microdialysate concentrations by using the relative
recovery rate determined by retrodialysis in vivo. The total area
under the concentration–time curve from 0 h to infinity (AUC0-∞)
was calculated by the linear trapezoidal rule for plasma and tissue.
The ratio of drug penetration into the kidney was calculated using
Equation 3:

Ratio ofpenetration � AUC0−∞tissue

AUC0−∞plasma
. (3)

PopPK was performed using Monolix Suite™ 2024R1 (Lixoft,
France). A total of 266 observations (116 plasma and 150 kidney
measurements) derived from 12 rats (six healthy and six infected)
were included in the data set for PopPK analysis. Plasma and kidney
microdialysate samples were simultaneously fitted to the model.
Several structural models were proposed to characterize the PK of
AmB, including two- and three-compartment models and normal
and lognormal distribution.

The inter-individual variability on the fixed-effect model
parameters was described by Equation 4 using an exponential model:
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Pi � Ppop × exp ni,p( ), (4)

where Pi represents the parameter estimate for the individual
normally distributed, Ppop is the typical parameter estimate in
the population, and ni,p is the random effect accounting for the
individual difference from the typical value normally distributed
with a mean of 0 and variance Ω. Correlations between random
effects were tested. The residual variability was tested with
combined, proportional, and constant error models.

The comparison between hierarchical models was based on
graphic and statistical methods, with the reduction of the
objective function value approximately equal
to −×2 log(likelihood); reduction of the standard error of the
estimates; graphical evaluation of the goodness-of-fit (GOF),
which included graphs of the predicted individual concentrations
versus the observed concentrations; evaluation of weighted residuals
versus population predicted; and visual predictive checks (VPCs,
1,000 simulations). The effect of categorical covariate infection by C.
albicans on PK parameters was investigated once an adequate model
was finalized. The covariate C. albicans infection was assessed using
the likelihood ratio test and the Wald test (P < 0.05), and the
precision of parameter estimates and the GOF were found to be
improved. The final model was tested by bootstrap (n = 200) using
the 95% confidence interval of (CI) 2.5 to 97.5 percentiles for the
model parameters.

2.6 Protein binding

Two AmB concentrations (2 and 8 μg/mL) based on the total
plasma concentrations observed in animals after i.v. administration
of 2.5 mg/kg dose were used to evaluate in vitro rat plasma protein
binding by ultrafiltration. Plasma aliquots from healthy and C.
albicans-infected rats were placed into the upper part of the
Centrifee® ultrafiltration devices (95 mm, 30 kDa cut-off;
Millipore Corp.) and centrifuged at 2,000 g for 15 min at 25°C ±
1°C. Ultrafiltrates were collected, and the AmB concentration was
determined in each sample by HPLC-DAD, as described previously.
Triplicates were analyzed for each concentration, and the AmB-free
fraction was determined by the ratio between the ultrafiltration and
total plasma concentrations.

3 Results

The relative recovery rates of AmB determined in vitro by the
dialysis methodology (RRD) were 8.1% ± 4.1%, 22.5% ± 8.5%, and
8.0% ± 3.0%, and those determined by the retrodialysis methodology
(RRRD) were 12.9% ± 2.3%, 20.0% ± 6.0%, and 9.2% ± 2.7%, for the
1.0, 1.5, and 2.0 μL/min flow rates, respectively. For the same flow
rates, no statistically significant difference was observed between the
two methods (P > 0.05), showing that AmB does not bind to
microdialysis tubing and that retrodialysis can be used to
determine the relative recovery in vivo; the flow rate of 1.5 μL/
min is used for subsequent tests as it presents greater
relative recovery.

The influence of the drug concentration on the microdialysis
recoveries of AmB was evaluated by using a 1.5 μL/min flow rate.

The average relative recovery of the analyzed concentrations (2.5,
3.0, and 4.0 μg/mL) obtained by dialysis was 33.1% ± 7.6%, and by
retrodialysis, it was 34.5% ± 2.4%. No statistically significant
differences (p > 0.05) were observed in the values obtained
between the methods or between the AmB concentrations tested.
The RRRD in vivo was determined to be 10.9% ± 3.7%.

FIGURE 1
Mean AmB total plasma (A) and free kidney (B)
concentration–time profiles after 2.5 mg/kg i.v. bolus dosing in
healthy (C) and Candida albicans-infected (▲) Wistar rats (mean ±
standard deviations are shown; n = 6/group).

FIGURE 2
Schematic representation of the PopPK model. The model
describes the AmB PK following an i.v. administration using a two-
compartment structure. The central compartment (A1) represents the
plasma and well-perfused tissues. The peripheral compartment
(A2) represents the kidney, where unbound drug concentrations (fu)
are of interest. Drug distribution between plasma and the kidney is
governed by the rate constants k12 (from plasma to the kidney) and
k21 (from the kidney to plasma). The drug is eliminated from the
central compartment via first-order elimination (k10).
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AmB protein binding was determined to be 56.4% ± 4.6% for
2 μg/mL and 25.5% ± 3.9% for 8 μg/mL in the plasma of healthy rats,
and it was 60.9% ± 12.1% for 2 μg/mL and 41.8% ± 1.7% for 8 μg/mL
in the plasma of C. albicans-infected rats, demonstrating it to be
nonlinear and dependent on the AmB plasma concentration.

AmB total plasma and free kidney concentrations versus time profiles
after the administration of a 2.5 mg/kg i.v. dose to study the plasma
pharmacokinetics and kidney penetration in healthy and C. albicans-
infected rats are shown in Figure 1. The AmB kidney penetration was
0.77 in healthy rats and 0.71 in infected rats. The pharmacokinetic
parameters showed no statistical difference (P > 0.05) for healthy and C.
albicans-infected animals and between the plasma and kidney. Themean
AUC0-∞was 96.3 ± 54.8 μg h/mL for plasma and 74.1 ± 31.7 μg h/mL for
tissue in healthy animals and 59.8 ± 30.1 μg h/mL for plasma and 42.3 ±
36.0 μg h/mL for tissue in C. albicans-infected rats.

In the population pharmacokinetic analysis, a two-compartment
model with linear elimination for both the plasma total and free
kidney concentrations was selected as the final model (Figure 2). The
system of differential equations for the final model is given in
Equations 5–8:

dA1

dt
� A2 × k21 − A1 × k12 − A1 × k10. (5)

dA2

dt
� 0.56 × A1 × k12 − A2 × k21( ). (6)

Cplasma � A1

V1
. (7)

Ckidney � A2

V2
. (8)

Here, A1 and A2 are the drug amounts in the central and kidney
compartments, respectively, t is time, k12 and k21 are the first-order
distribution rate constants, Cplasma is the observed plasma

concentration, Ckidney is the free concentration measured in the
kidney, V1 represents the volume of the central compartment, and
V2 is the volume of distribution in the kidney compartment.

The estimated parameter values are presented in Table 1. The
best residual error model for the total plasma and free kidney
concentrations was the proportional model, which was based on
goodness-of-fit and lower AIC. In the final model, inter-individual
variability (IIV) was incorporated in V1, V2, k10, and k12. The model
validation methods showed predictive performance for the AmB
model. The VCPs for total plasma and free kidney concentrations
are shown in Figure 3, confirming the adequacy of the model. The
VPCs confirmed that the model was adequate to simultaneously
describe the data of all the evaluated groups. The categorical
covariate infection by C. albicans did not influence the model
performance (p > 0.05). The stability of the final model was
assessed by bootstrap analysis, with parameters estimated by the
model agreeing with the respective confidence intervals estimated
for 200 bootstrap replicates (Table 1).

4 Discussion

This is the first study that assesses the renal penetration of AmB
usingmicrodialysis in healthy and C. albicans-infected rats. The sites
of candidiasis systemic infections are extravascular, so the
pharmacological treatment depends on the diffusion of the
antifungal drug out of the bloodstream and into the interstitial
space and intracellular fluid (Levison and Levison, 2009). Drug
penetration must be sufficient to achieve concentrations that
eliminate or stop the growth of the fungus, having therapeutic
success, and, ideally, the plasma concentration should reflect
tissue concentrations (Felton et al., 2014).

TABLE 1 Parameter estimates in the final AmB population PK model.

Parameter Estimate [R.S.E. (%)] Bootstrap (n = 200)

P 2.5 Median P 97.5

V1 (mL/kg) 3.3 (46.4) 1.42 3.52 6.95

V2 (mL/kg) 328.58 (21.6) 224.48 342.87 533.39

k10 (h
-1) 8.53 (33.4) 3.21 8.07 15.81

k12 (h
-1) 91.58 (31.3) 49.45 90.33 287.5

k21 (h
-1) 1.07 (15.1) 0.68 1.08 2.3

Inter-individual variability

Estimate C.V. (%) R.S.E. (%) P 2.5 Median P 97.5

ω2 (V1) 0.87 106.18 24.3 0.15 0.79 1.26

ω2 (V2) 0.67 74.71 23.4 0.29 0.61 0.81

ω2 (k10) 0.54 58.74 40.6 0.066 0.42 0.99

ω2 (k12) 0.57 62.34 47.9 0.15 0.52 0.98

Error model parameters

σ2 (proportional error, plasma) 0.76 (11.3) 0.57 0.77 0.96

σ2 (proportional error, kidney) 0.65 (8.26) 0.53 0.65 0.77
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Microdialysis has proven to be a powerful tool to investigate the
tissue distribution of antimicrobial agents. Compared with traditional
sampling methods, microdialysis is the only technique that allows the
collection of the protein unbound drug since the unbound fraction of
the drug is available for absorption, distribution, metabolism and
elimination, and delivery to the target sites for pharmacodynamic
actions. Furthermore, microdialysis allows systemic and local
administration of drugs, collection of small-molecular weight

substances from the extracellular space, and conducting of the
experiment in awake animals because the perfusion of the probe is
not painful. Regarding limitations, microdialysis is an invasive
procedure, and there are analytical difficulties with some molecules
and low membrane recoveries with high-molecular-weight
compounds (Parent et al., 2001; Lietsche et al., 2014; Tsai, 2003).

In vitro calibration of microdialysis probes is considered an
essential step for further in vivo studies. Although in vitro calibration

FIGURE 3
Visual predictive checks of total plasma (upper panel) and free kidney (lower panel) AmB concentrations versus time for the final model. Dots show
the observed plasma concentrations. The lines show the fifth percentile (lower dashed blue line), 50th percentile (blue line), and 95th percentile (upper
dashed blue line) of the observed plasma concentrations. The shaded areas show the fifth percentile (blue shading), 50th percentile (red shading), and
95th percentile (blue shading) of the observed kidney concentration.
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does not eliminate the need to assess drug recovery in vivo, it
provides essential information on drug gain and loss and the
feasibility of in vivo calibration (MacVane et al., 2014). It was
possible to define the microdialysis workflow by evaluating the
influence of the different test flow rates on the relative recovery
of AmB and drug concentration. Among all flow rates tested, the
relative recovery of AmB was greater in the flow rate of 1.5 μL/min
(the flow being chosen for this work) with RRD 22.5% ± 8.5% and
RRRD 20.0% ± 6.0%, with no statistical difference between rates of
recovery determined by the two methods used.

There is a change in recovery for different flow rates. In general,
lower flow rates result in higher relative recovery values, and high
flow rates result in lower recovery rates (Plock and Kloft, 2005). The
flow rate of 1 μL/min showed less relative recovery when compared
to the flow rate of 1.5 μL/min. This phenomenon can occur in
perfusion flows below or equal to 1 μL/min due to membrane
adsorption processes (Kjellström et al., 1998). Low flow rates also
increase the collection interval due to the sample volume and the
quantification limit of the analytical method. On the other hand,
high flow rates can be conducive to the ultrafiltration process due to
the pressure accumulated in the microdialysis tube, resulting in
liquid flow out of the probe (Plock and Kloft, 2005), as was the case
with the 2 μL/min flow rate, which had a less relative recovery.

In assessing the influence of AmB concentration on recovery
from microdialysis, the results showed that there was no statistical
difference in the relative recovery among the concentrations and
methods evaluated, showing that the recovery of AmB is
independent of the investigated concentration range and will not
change in concentrations in floating tissue.

The RRRD in vivo was lower and statistically different from the
recovery determined in vitro by retrodialysis at the same rate. This
phenomenon is due in large part to the reduced volume of fluid and
the increase in tissue tortuosity, with an increase in the diffusion
length caused by the impediment imposed by cellular structures as
to the connectivity of spaces. In addition, tissue diffusion can be
further delayed by binding the analyte to cell surface proteins along
the diffusion path, indicating that the in vivo recovery of an analyte
must be less than the in vitro recovery of the same analyte in a
solution (Shippenberg and Thompson, 2001), as previously reported
for other drugs (Torres et al., 2017).

AmB total plasma and free kidney concentration–time profiles were
obtained after the administration of 2.5 mg/kg dose. This dose, still in
AmB linearity (Walsh et al., 1998), was used in the pharmacokinetic study
due to the low in vivo relative recovery of AmB and the quantification
limit of the validated analytical method. After the administration of this
dose, no change was observed in the pharmacokinetic parameters and
renal distribution of AmB during C. albicans infection in rats using a bi-
compartmental model with kidney/plasma redistribution and linear
elimination. The final model adequately describes the data with
adequate diagnostic parameters and graphics. Observations versus
model predictions, GOF, and VPC plots (Figure 3) support the
adequacy of the PK model in describing the experimental data.

Some studies demonstrate that an infection can alter the
physiological characteristics of the infected tissue due to the
inflammatory process developed by the host to eliminate
the invasive organism, as observed in soft tissue infections
(Joukhadar et al., 2001), septic shock (Joukhadar et al., 2002), or
infections (Tegeder et al., 2002) with several antibiotics.

Moxifloxacin (Joukhadar et al., 2003), imipenem (Tegeder et al.,
2002), piperacillin, and cefpirome (Joukhadar et al., 2002) had less
penetration into inflamed, infected tissues, and critical volunteers.
There is no clear possible explanation for the poor distribution of
tissues and organs. It is expected that the local inflammation itself
increases capillary permeability, but studies suggest that because of
the systemic inflammatory response of the infection, there is
capillary leakage, generating interstitial edema. Likewise, other
studies indicate that an infection, mainly caused by Candida sp,
does not interfere with the renal penetration of drugs, as with
voriconazole (de Araujo et al., 2009) and fluconazole (Azeredo
et al., 2012), and therefore, free kidney concentration is predicted
by total plasma concentration. Thus, it is suggested that the
phenomenon observed with AmB in this study is not exclusive to
this drug but is probably shared by other anti-infective agents.

AmB concentrations decreased rapidly during the first 4 h after
administration and remained almost constant until 36 h, revealing a
phase of slow elimination, as previously reported in Fielding et al.,
1991; Fielding et al., 1991. Studies using microdialysis to determine
the free tissue concentrations of AmB were not found in the
literature. Population parameters showed a considerable tissue
distribution of AmB, with V2 of 328.58 mL/kg and k12 91.58 h-1.
The entire free concentration of AmB in the plasma can be
distributed to the kidneys.

AmB protein binding determined for two plasma concentrations
(2 and 8 μg/mL) in vitro using both healthy and C. albicans-infected rat
plasma demonstrated that protein binding was concentration-
dependent. In the literature, there are no data on the connection to
plasma proteins of AmB in rats, although this drug has been used and
studied for a long time. The human data demonstrate that AmB is
mainly bound to plasma lipoproteins (Brajtburg et al., 1984) and also
human serum albumin and human alfa-1-acid glycoprotein (Bekersky
et al., 2002); Bekersky et al. (2002) evaluated the in vitro binding of AmB
to human plasma using increasing concentrations of drugs. AmB was
shown to be distinctly nonlinear and dependent on the concentration,
which is not expected formost drugs due to the saturation of the binding
site with increased plasma drug concentration (Bekersky et al., 2002).
Nonlinear protein binding has been studied and discussed by several
authors after some tetracyclines presented this type of behavior and
showed the importance of the exposure and penetration of the drug in
the tissues (Deitchman et al., 2018). Still, regarding the results of AmB
binding to proteins, there was no difference in the binding of the plasma
of healthy and C. albicans-infected rats. The concentration dependency
in our study did not interfere drastically since the plasma concentrations
of the drug only reached the concentration of 8 μg/mL in a fewmoments
of the experiment, as can be seen in the concentration versus time
curve (Figure 1).

In conclusion, a population PKmodel capable of simultaneously
describing plasma and kidney concentrations of AmB that was
generated and estimating the parameters associated with tissue
distribution in the rats’ model, demonstrating that there is no
statistical difference in drug penetration in the kidneys in healthy
and C. albicans-infected groups. In addition, the data from the
present study generate the hypothesis that AmB has a nonlinear
protein binding. Therefore, infection by C. albicans does not
interfere with kidney penetration of AmB, which easily
penetrates, and plasma AmB concentrations are considered a
good predictor for free kidney concentrations and can be used to
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optimize AmB regimens to treat disseminated candidiasis
considering the drug–protein binding.
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