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Abstract PURPOSE. 1. To develop and validate an ana-
lytical method for pentamidine (PTM) by reversed-phase
HPLC. 2. To compare the effects of creatinine and inulin
on PTM excretion in the isolated perfused rat kidney.
METHODS. The HPLC method utilized a base deacti-
vated, 5µ, C18 column and a mobile phase containing ace-
tonitrile (24%) and 0.025M monobasic phosphate buffer,
pH 3.2 (76%). Mobile phase flow rate and UV detection
wavelength were 1mL/min and 270 nm, respectively. Sul-
fadiazine (SDZ) was used as the internal standard. The
method was used to measure pentamidine in perfusate and
urine samples generated from studies with the isolated per-
fused rat kidney (IPK) model. Perfusion experiments were
conducted in the presence of two different GFR markers:
creatinine and inulin (PTM dose 800 µg). Both creatinine
and inulin were assayed using colorimetric methods.
RESULTS. The HPLC assay is rapid, sensitive and repro-
ducible. The method was validated over two standard con-
centration ranges: 0.1 to 1 µg/mL, and 1 to 10 µg/mL. In
control (drug-naïve) IPK perfusions, creatinine clearance
was approximately 15% greater than inulin clearance (0.80
± 0.21 mL/min vs. 0.69 ± 0.17 mL/min, p > 0.05). In the
presence of PTM, however, creatinine clearance was
reduced to 0.56 ± 0.27 (p < 0.05 compared to control).
Inulin clearance was not altered by PTM administration
(0.76 ± 0.26 mL/min). Cumulative urinary excretion of
PTM (% dose) was 3.0 ± 0.47% and 9.6 ± 4.2% in the
presence of creatinine and inulin, respectively. PTM clear-
ance was significantly reduced (0.06 ± 0.01 mL/min vs.
0.13 ± 0.01 mL/min, p < 0.05) and % kidney accumula-

tion significantly enhanced (66 ± 4.7% vs. 37 ± 9.7%, p <
0.05) by creatinine. CONCLUSIONS. Creatinine overes-
timated GFR in the IPK. The altered renal excretion of
PTM by creatinine is consistent with inhibition of PTM
tubular secretion. Because of increased kidney accumula-
tion, detrimental effects of PTM on renal function were
observed. Based on these findings, creatinine should be
used cautiously as an indicator of GFR in IPK experimen-
tation. 

INTRODUCTION

Pentamidine (PTM), an aromatic diamidine, is an antipro-
tozoal agent active against a number of organisms includ-
ing Cryptosporidium (1), Giardia lamblia (2), and Toxoplasma
gondii (3). Clinically, PTM is used in the treatment of Afri-
can trypanosomiasis (4), antimony resistant leishmaniais
(5), and Pneumocystis carinii pneumonia (PCP) (6), an oppor-
tunistic infection in patients with Acquired Immune Defi-
ciency Syndrome (AIDS). However, the use of this
medication is limited by side effects, the most severe being
nephrotoxicity (7). In a 1991 retrospective study of 37
patients receiving PTM, two patients developed nephro-
toxicity that was directly attributed to the drug (8). Pres-
ently, the mechanism of PTM-nephrotoxicity is unknown.
Although renal excretion is a minor route of PTM elimina-
tion, accumulation of the drug within the kidney has been
suggested, analogous to aminoglycoside-induced renal tox-
icity (9). 

A number of different PTM assays have been reported
including several high-performance liquid chromatography
(HPLC) assays for the detection of PTM in plasma, serum,
and urine (10–17). Berger et al. summarized the problems
and pitfalls with these reported methods (18). Among the
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drawbacks of the methods is the need for a large sample
volume that is not obtainable in smaller species such as
rodents. Moreover, the mobile phase of many of the
reported methods contained one or more ion-pairing
agents. Several assays involve fluorescent detection that is
normally not recommended for routine clinical analysis. In
addition, most reported assays utilized hexamidine as an
internal standard. Hexamidine is not available commer-
cially.

In this report, an alternative HLPC assay for PTM is pre-
sented. The method is rapid, sensitive, and reproducible.
The assay was used to support ongoing drug excretion
studies in the isolated perfused rat kidney (IPK). The IPK
has been utilized in a number of drug disposition studies
over the past two decades and investigators have demon-
strated a correlation between IPK results and human data
(19-22). Thus, the IPK represents a useful model to study
the renal excretion of pentamidine. In a series of experi-
ments, the reliability of creatinine and inulin as GFR mark-
ers was determined. Creatinine is the most commonly used
indicator of GFR in the clinical setting, primarily because it
is a more convenient and does not require invasive tactics
as does inulin. Likewise, creatinine has been widely used in
IPK investigations. Nevertheless, the accuracy of creati-
nine clearance as an estimation of GFR is compromised by
a reported secretory component to creatinine excretion
(23). Furthermore, assuming that the creatinine is indeed
secreted, an additional aim of the current study was to
assess a possible interaction between creatinine, a cation,
and PTM in the kidney. 

EXPERIMENTAL

Chemicals

Bovine serum albumin (Fraction V), dextran (clinical
grade, molecular weight range 60,000-90,000 Da), inulin
(from Chicory root), amino acids, potassium chloride,
sodium chloride, sodium bicarbonate, magnesium sulfate,
calcium chloride, glucose, pentamidine isethionate, sulfadi-
azine, and diagnostic test kits for glucose (Kit #315) and
creatinine (Kit #555-A) were purchased from Sigma
Chemical Company (St. Louis, MO, USA). Acetonitrile
(HPLC Grade), methylene chloride, and anthrone were
purchased from EM Science (Gibbstown, NJ, USA).
Potassium phosphate (monobasic) and phosphoric acid
were purchased from J. T. Baker (Phillipsburg, NJ, USA).
HPLC grade water was available in the laboratory.

CHROMATOGRAPHY

Instrumentation

The HPLC system consisted of a system controller (SCL-
6B, Shimadzu Scientific Instruments, Columbia, MD), an
auto injector (SIL-6B, Shimadzu Scientific Instruments),
and a scanning ultraviolet detector (SPD-10AV UV-Vis,
Shimadzu Scientific Instruments). The output was pro-
cessed using a Hewlett- Packard personal computer with
Turbochrome integration software (version 4.0, Perkin
Elmer Instruments, Norwalk, CT, USA) and with a PE
Nelson 900 series interface. 

Chromatographic Conditions

The chromatographic separation of PTM was performed
isocratically using a base deactivated reversed-phase C18
column (250 x 2.1 mm, Alltima, 5µ, Alltech Associates,
Deerfield, IL, USA). The mobile phase consisted of 76%
0.025M monobasic potassium phosphate solution (pH
adjusted to 3.2 with dilute phosphoric acid) and 24% ace-
tonitrile. The flow-rate was maintained at 1 mL/min with
an operating pressure of 150 kgf/cm2. The UV spectra of
the eluting peaks were determined at a wavelength of 270
nm (λmax for PTM). The injection volume was 100 µL. The
assay was conducted at ambient temperature (25° C). 

Aliquots of an aqueous stock solution of PTM were added
to matrix (IPK perfusate or Krebs Henseleit (KHS)
buffer) to generate standard samples. KHS buffer was
used for analysis of urine samples generated from perfu-
sion studies. The composition of each matrix is provided
below (see IPK experiments). Two ranges of standard con-
centrations were utilized: 0.1-1 µg/mL (0.1, 0.25, 0.5, 0.75,
and 1 µg/mL) and 1-10 µg/mL (1, 2.5, 5, 7.5, and 10 µg/
mL). Check samples representing two concentrations
within each standard range were prepared prior to assay
validation. For the lower concentration range, check sam-
ples of 0.2 µg/mL and 0.8 µg/mL were utilized, and con-
centrations of 2 µg/mL and 8 µg/mL were used for the
upper standard range. 

Sample extraction procedure

Fresh perfusate and KHS buffer was made before each
experiment. The required amount of PTM stock solution
was pipetted into a 1.5 mL microcentrifuge tube and the
calculated amount of matrix (perfusate or KHS buffer)
was added to produce a sample volume of 250 µL. A 25
µL internal standard solution [25 µg/mL of sulfadiazine
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(SDZ) stock solution] was added and the sample was vor-
tex-mixed for 1 minute. A 250 µL solution of 1% (w/v) of
zinc sulfate was added to the microcentrifuge tube, vortex-
mixed for 1 minute, and centrifuged for 10 minutes at
8000 x g. The layer of protein was easily separated at the
bottom and 100 µL of the clear supernatant was used for
analysis. Chemical structures of PTM and SDZ are pro-
vided in Figure 1.

Figure 1: Chemical structures of pentamidine (analyte)
and sulfadiazine (internal standard).

Assay Validation 

The method was validated in accordance with United
States Pharmacopoeia (USP 23) <1225> guidelines. The
parameters essential to ensure the acceptability of the per-
formance of the analytical method included linearity and
range, precision (method precision and system precision),
accuracy or recovery, and specificity. Limits of detection
and quantitation were determined. Stability studies were
also conducted. Each of these tests is described below.

Standard curve and linearity

Two PTM concentration ranges were studied in both per-
fusate and KHS buffer: 0.1-1 µg/mL and 1-10 µg/mL.
Each sample was analyzed in triplicate and the mean rela-
tive standard deviation (RSD) of the peak area ratio (PTM:
SDZ) was determined. Standard curves were constructed
for each concentration range by fitting a regression line to
the test results (peak area ratio vs. analyte concentration)
using the method of least squares. Blank (drug-naïve) sam-
ples were analyzed to demonstrate lack of interfering peaks
in the matrix.

Precision and accuracy 

System precision was assessed by analyzing five injections
from the same sample (concentration 0.5 µg/mL). The
RSD for the peak area ratio was calculated. Method preci-
sion was determined by analyzing five identical samples
(prepared through identical sample treatment) of PTM

(concentration 0.4 µg/mL) and calculating the percent
RSD for the peak area ratio. Inter-day precision of the
method in perfusate and KHS buffer was evaluated by
assaying calibration standards at five consecutive days.

Accuracy of the method was determined two ways. First,
the efficiency of the extraction procedure (recovery) was
assessed. Concentrations representing the middle of the
standard ranges (0.5 µg/mL and 5 µg/mL) were selected.
The absolute extraction ratio was measured by comparing
the peak area ratio of PTM (with internal standard) in the
matrix with the peak area ratio of an aqueous solution of
PTM (with internal standard). Second, the accuracy of the
method was studied over the two standard concentration
ranges. Concentrations representing the lower (0.2 µg/mL
and 2 µg/mL) middle (0.4 µg/mL and 4 µg/mL) and
upper (0.8 µg/mL and 8 µg/mL) end of each concentra-
tion range were selected. The percent error of the method
was calculated based upon differences between actual and
predicted concentrations. 

Specificity

The specificity of the method was determined by compar-
ing the chromatograms obtained from the samples con-
taining PTM and SDZ with those obtained from blank
samples.

Limit of detection (LOD) and limit of quantitation 
(LOQ)

LOD is a parameter that provides the lowest concentra-
tion of analyte in a sample that can be detected, but not
quantitated, under the stated experimental conditions.
LOD was determined using the signal-to-noise ratio by
comparing test results from samples with known concen-
trations of analyte to blank samples. The analyte concen-
tration that produced a signal-to-noise ratio of 3:1 was
accepted as the LOD. LOQ is defined as the lowest con-
centration of analyte that can be determined with accept-
able precision and accuracy under the stated experimental
conditions. LOQ was identified as the concentration that
produced a signal-to-noise ratio of 10:1. 

Stability

Samples from three concentrations within both the low
(0.2, 0.6 and 0.8 µg/mL) and high (2, 6 and 8 µg/mL) stan-
dard ranges were used to investigate the stability of PTM
over a period of 7 days. Two sets of samples were prepared
at each concentration. One set of samples was stored
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under ambient conditions in the absence of 1 % (w/v) zinc
sulfate (protein precipitating agent). The second set of
samples was stored at -2° C (also in the absence of zinc
sulfate). The samples in the low concentration range were
analyzed for PTM concentration on Days 1, 2, 3, 4 and 7.
Samples in the high concentration range were analyzed on
Days 1, 2, 5 and 7. No internal standard was added prior to
the analysis.

IPK STUDIES

Isolated Perfused Rat Kidney Preparation

The Institutional Animal Care and Usage Committee of
Long Island University approved the experimental proto-
col for this investigation. Male Sprague-Dawley rats were
used for perfusion experiments. Animals were housed in
stainless steel cages and fed a standard diet including water
ad libitum. The surgical technique employed was the Bow-
man modification (24) of the Nishiitsutsuji-Uwo proce-
dure (25). Anesthesia was induced with an intraperitoneal
injection of sodium pentobarbital (40 mg/kg). A midline
incision was made and the renal segment of the aorta
exposed. A ligature was passed under the right renal artery
close to the aorta, and distal and proximal ligatures placed
around the superior mesenteric artery. The right ureter was
catheterized with polyethylene-10 (PE-10) tubing, in order
to facilitate urine collection. A cannula was then threaded
through the mesenteric artery, across the aorta, and into
the right renal artery in situ. The ligatures were tied, secur-
ing the cannula in place. The right kidney was then excised
from the animal, trimmed of adhering tissue, and trans-
ferred to the in vitro recirculating perfusion apparatus.

Perfusion of the kidney proceeded according to a method
described previously (26). Perfusate consisted of the fol-
lowing: KHS buffer (pH 7.4), 4.00% Fraction V bovine
serum albumin, 1.69 g/dL clinical grade dextran, 110 mg/
dL glucose, and a 13 mM amino acid solution. Inclusion of
amino acids improves viability of the preparation (27). The
volume of recirculating perfusate was 80 mL. The compo-
sition of KHS buffer was as follows: NaCl (0.117 M),
NaHCO3 (0.025 M), KCl (0.0047 M), CaCl2 (0.0025 M),
MgSO4 (0.0021 M) and KH2PO4 (0.0012 M).

Study Groups

PTM excretion was studied in the presence of creatinine or
inulin. The dose of PTM utilized in these experiments was
800 µg, yielding an initial perfusate concentration of 10

µg/mL. Additionally, three sets of control (drug-naïve)
perfusions were carried out using one or both GFR mark-
ers: inulin alone (60 mg/dL), creatinine alone (60 mg/dL),
and both inulin (60 mg/dL) and creatinine (60 mg/dL).
These control studies were used to elucidate the effects of
PTM on renal function, and allowed for comparison of
GFR estimation between inulin and creatinine. Three per-
fusion experiments were conducted for each study group
(n = 3). 

Study Design

Following kidney excision and transfer to the recirculating
perfusion system, a stabilization period (usually 10 min-
utes) preceded any pharmacokinetic experimentation. A
bolus dose of PTM was added to the perfusate, and a per-
fusate sample (0.8 mL) was then collected 15 minutes
post-dose and every 10 minutes thereafter. Urine was col-
lected in 10-minute intervals over the entire experiment
(90 minutes) Volume lost due to sampling or urine excre-
tion was replaced as needed with a 50:50 mixture of perfu-
sate and deionized water. All samples were stored at -20° C
until analyzed.

Aliquots of both perfusate and urine were analyzed for
sodium (ion specific electrode), glucose (glucose oxidase
reaction, Sigma Chemical diagnostic test kit #315), creati-
nine (picric acid reaction, Sigma Chemical diagnostic test
kit# 555-A), and/or inulin (colorimetric assay described
below). Preliminary studies found no interaction of analyte
(PTM) with the colorimetric assays for creatinine and inu-
lin. Parameters monitored to assess kidney function
throughout an IPK perfusion included glomerular filtra-
tion rate (GFR, estimated as inulin/creatinine clearance),
fractional reabsorption of glucose (FRglucose) and sodium
(FRsodium), urine flow rate, and urine pH. Perfusion pres-
sure was maintained at 100 ± 10 mm Hg by adjusting the
perfusate flow rate as necessary. 

Colorimetric Assay for Inulin

Inulin was measured in perfusate and urine samples by col-
orimetric analysis using anthrone complexation. This assay
was modified from published methods (28-30). To prepare
the anthrone reagent, 70 mL of concentrated sulfuric acid
(95%-98%) was slowly added to 30 mL of distilled water
(placed in an ice-bath), and 200 mg of anthrone was added
with continuous stirring. Anthrone reagent was prepared
fresh prior to analysis.
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The assay methodology is as follows: 30 µL of the perfu-
sate samples was added to 30 µL of glucose oxidase (2U/
µL) in 1.5 mL disposable micro-centrifuge tubes (for urine
analysis, 10 mL of sample was added to 10 µL of glucose
oxidase). The tubes were vortexed for 5 seconds and
placed in a shaker water bath at 37° C for 15 minutes. The
tubes were then cooled to ambient temperature (25° C)
and the sample volume adjusted to 250 µL with deionized
water. A total of 250 µL of 1% (w/v) aqueous zinc sulfate
solution was then added and the mixture vortex-mixed for
15 seconds. The tubes were then centrifuged for 10 min at
9000 x g. Aliquots of 350 µL were then transferred to 15-
mL test tubes in an ice bath. Four mL of ice-cold anthrone
reagent was added and the tubes were sealed with parafilm
and vortex-mixed for 30 seconds. The tubes were then
incubated in a shaker water bath at 57° C for 10 minutes.
During this period, samples exhibited differences in color
(green) as a function of inulin concentration. The test
tubes were then placed in ice-cold water for 5 minutes to
stop the reaction. Within 40 minutes of stopping the reac-
tion, samples were analyzed by a UV/Vis spectrophotom-
eter at a wavelength of 620 nm. 

Perfusate Binding Determination

The perfusate binding of PTM was determined by ultrafil-
tration. Aliquots (1 mL) of perfusate were sampled during
each perfusion at 45 and 75 minutes post-dose and were
added to Amicon Centrifree Micropartition Systems (Milli-
pore Corporation, Bedford, MA, USA) and centrifuged at
1500 x g for 15 minutes. The resultant ultrafiltrate con-
tained free PTM and was stored as described previously.
Preliminary experiments determined that binding of the
drug to the membrane was negligible. 

Kidney Accumulation of PTM

Upon completion of a perfusion experiment, the kidney
was weighed and homogenized in 2 mL of 0.3M sucrose
solution using a DUALL tissue grinder (Kontes, Vineland,
NJ). The homogenized kidney tissue was stored at –20° C
until analyzed. Prior to analysis of PTM in the kidney
homogenate, samples were brought to ambient tempera-
ture. The homogenate sample was vortex-mixed and a 250
µL sample of the homogenate was added to a 1.5 mL
microcentrifuge tube. The pH was adjusted to approxi-
mately 10 with 20 µL of 1N sodium hydroxide and the
sample was vortex-mixed for 30 seconds. To the sample,
500 µL of methylene chloride was added and vortex-mixed
for 30 seconds. The sample was centrifuged for 15 minutes

at 15,000 x g, after which the aqueous supernatant was
removed by means of suction. The remaining water was
removed by freezing and the organic phase (methylene
chloride) was transferred to a clean 1.5 mL microcentri-
fuge and evaporated under reduced pressure at -108° C
using a vacuum evaporator (Speed Vacplus® SC 210,
Savant Instruments, Holbrook, NY, USA) attached to a
refrigerated vapor trap (Model RVT 4104, Savant Instru-
ments). The residue was dissolved in 250 µL of the mobile
phase. SDZ (25 µL stock solution of 12.5 µg/mL) was
added and the tube was vortex-mixed for 15 seconds. A
volume of 100 µL was injected into the HPLC system.
Samples were analyzed by HPLC using a standard curve
from samples prepared using drug-naïve kidney homoge-
nate (PTM concentration range of 10 to 100 µg/mL).

Data Analysis

PTM renal clearance (Cltotal) during each perfusion was cal-
culated as the ratio of dose and AUC (0-90 minutes). AUC
(0-90 minutes), representing AUC over the period of sam-
ple collection post-dose, was calculated using trapezoidal
rule. Filtration clearance (Clfiltration) was defined as the
product of glomerular filtration rate (GFR) and unbound
fraction of PTM in perfusate (fu). Excretion ratio (XR), an
indication of net mechanisms of elimination, was calcu-
lated as the ratio of Cltotal and Clfiltration (31). 

Statistical Analysis

Mean parameter estimates of IPK viability criteria (e.g.,
GFR, urine flow rate) for control and drug treatment
groups were compared using analysis of variance
(ANOVA). Pairwise comparison tests were performed to
identify those study groups that differed in terms of viabil-
ity criteria. Consequently, alterations in kidney function as
a function of drug administration were determined.
Results were considered statistically significant if a p-value
less than 0.05 was obtained.

Mean values for PTM excretion parameters were analyzed
by Student’s t-test. Significant differences between treat-
ment groups were identified in an effort to elucidate the
differential effects of creatinine and inulin on PTM dispo-
sition.
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RESULTS AND DISCUSSION

HPLC Method Validation

A reversed-phase column was chosen for analysis of PTM
because it is a polar compound and exhibits low solubility
in organic media. A microbore column (2.1 mm I.D.) was
chosen to provide increased sensitivity when analyzing
samples with drug concentrations less than 500 ng/mL.
The pH of mobile phase was made acidic (pH = 3.2) to
ensure that PTM was completely protonated. In the devel-
opment of this method, there was a need to have an inter-
nal standard to correct for the variable recovery of analyte
following sample preparation or expected differences in
the volume of sample injected. Published methods have
used hexamidine as internal standard. However, hexami-
dine is not commercially available. In this study, SDZ was
found to be a useful internal standard. SDZ eluted shortly
after PTM and its peak was completely resolved from
other peaks in the chromatogram. The composition and
pH of the mobile phase was optimized to ensure peak res-
olution among analyte, internal standard, and other materi-
als present in the matrix. 

A sample chromatogram is presented in Figure 2. 

Figure 2: Sample chromatograms of perfusate containing
analyte (PTM) and internal standard (SDZ). Also
presented in the figure are chromatograms for blank
(drug-naïve) perfusate and urine samples.

The retention times of PTM and SDZ were 4.8 minutes
and 5.8 minutes, respectively. As seen in the figure, the
method completely separated PTM and SDZ. Further-
more, no interfering peaks were identified in drug-naïve
samples. Calibration data are presented in Table 1.

Table 1: Calibration data for pentamidine in IPK

perfusate and Krebs Henseleit (KHS) buffera

The correlation coefficients of the regression lines gener-
ated over 5 consecutive days were greater than 0.993 and
the slopes were relatively constant among all study groups.
The linearity of the method was also verified by construct-
ing response factor plots. The plots followed horizontal
behavior in each matrix (perfusate and KHS buffer) at
both concentration ranges tested, indicating that the assay
was linear. Representative response factor plots are pro-
vided in Figure 3.

Figure 3: Response factor plots (peak area ratio/[PTM
concentration] vs. PTM concentration) for HPLC assay of
PTM in perfusate (●) and KHS buffer (■). Data is
presented as mean ± SD of five calibration curves
(analyte concentration range 0.1 – 1 µg/mL).

Intra-day reproducibility of the method was determined
upon replicate analysis of 10 samples representing two
concentrations within each standard range. 
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The results are provided in Table 2. Intra-day variability
was less than 2.2%.

Table 2: Intra-day reproducibility of the method for IPK

perfusate and Krebs Henseleit (KHS) buffera

Demonstration of system precision and method precision
is provided in Table 3. 

Table 3: Precision of the method in IPK perfusate and
Krebs Henseleit (KHS) buffer

The accuracy of the method is illustrated in Table 4.

Table 4: Accuracy of the method in IPK perfusate and

Krebs Henseleit (KHS) buffera

The error obtained was less than 5% in perfusate and KHS
buffer over all concentrations tested. These results indicate
that the method developed for the determination of PTM
is accurate within the concentration range studied. The
recovery of PTM from each matrix was greater than 85%
(range 85-98%). These data are presented in Table 5. 

Table 5: Recovery of pentamidine (PTM) from IPK

perfusate and KHS buffera

The absolute extraction ratio of PTM was better from
KHS buffer, presumably the result of protein binding in
perfusate. The limits of quantitation and detection of the
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method were 50 ng/mL and 10 ng/mL, respectively, for
the two sample matrices. Because of the need to store sam-
ples before analysis, the stability of PTM was assessed dur-
ing development and validation of the method. Table 6
indicates the stability data for PTM when stored under
ambient and frozen conditions (-2oC) for seven days.

Table 6: Stability of pentamidine (PTM) in IPK perfusate

and Krebs Henseleit (KHS) buffera

No significant degradation of PTM in perfusate was
observed during this period under the storage conditions.
There was also no significant degradation of PTM in KHS
buffer stored at –2oC. However, stability studies in KHS
buffer were conducted for only one day at room tempera-
ture. Beyond this storage period, there was visible evidence
of apparent microbial growth in the KHS buffer samples.

Comparative Effects of Creatinine and Inulin on 
GFR Estimation and PTM Excretion in the IPK

A specific aim of this research was to study the excretion
of PTM in the presence of different GFR markers, creati-
nine and inulin. Creatinine is the most commonly used
indicator of GFR in the clinical setting, primarily because it
is a more convenient and less invasive method than inulin.
Nevertheless, the accuracy of creatinine clearance as an
estimation of GFR is compromised by a reported secre-
tory component to creatinine excretion (23). Furthermore,

assuming that the kidney secretes creatinine, the possibility
of an interaction between creatinine, a cation, and PTM
existed in this investigation. Given that the perfusate con-
centration of creatinine in IPK studies (60 mg/dL) is
approximately 50-fold greater than in vivo levels (1.4 mg/
dL, reference 32), it was important to establish whether
PTM excretion was influenced by creatinine in the IPK.

A nonradioactive analytical method for inulin (described
above) was used for analysis of perfusate and urine sam-
ples generated from IPK studies. With this methodology
established in our laboratory, an investigation was con-
ducted to compare the effects of creatinine and inulin on
PTM excretion. A summary of renal function parameters
for the IPK experiments is provided in Table 7.

Table 7: IPK viability parameters (comparison of
creatinine and inulin as GFR markers)

Collectively, these parameters provide an assessment of
kidney viability. Overall, the values reported (for the con-
trol group) in Table 7 are consistent with those reported
by other investigators (33-35). 

Two important inferences can be made from the data in
Table 7. First, creatinine clearance appears to over estimate
GFR in comparison to inulin. The GFR estimate from the
creatinine control group (drug naïve perfusion) is approxi-
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mately 15% greater than the inulin control group (0.80 ±
0.21 vs. 0.69 ± 0.17 mL/min, p > 0.05). To eliminate the
possible influence of inter-kidney variability on these find-
ings, IPK perfusions containing both creatinine and inulin
(drug naïve perfusion) were conducted. Again, creatinine-
based GFR estimations were roughly 15% greater than
inulin. Although these differences were not statistically sig-
nificant within the study group (0.74 ± 0.13 vs. 0.64 ±
0.13, p > 0.05), they suggest that creatinine overestimates
GFR. Toto (23) reported that 10 to 20% of urinary excre-
tion of creatinine is derived by secretion, consistent with
these observations. Therefore, it appears that inulin is the
preferred marker for GFR in IPK experimentation. 

Table 8: Pentamidine (PTM) renal excretion parameters
in the IPK: Comparison of creatinine and inulin

A second important observation from Table 7 is the
impaired kidney viability in the PTM-creatinine treatment
group. Significant (p < 0.05) reductions in GFR and
sodium reabsorption were noted in kidneys perfused with
PTM and creatinine. Since there were no observed drug
effects in the inulin treatment group, it appeared that crea-
tinine was an important determinant of PTM-induced tox-
icity. Previous studies in rodents support these physiologic
findings. Intravenous administration of PTM (10 mg/kg)
produced a 43.5% reduction in GFR in anesthetized rats
(36). Kleyman et al. (37) demonstrated that luminal PTM

inhibits sodium reabsorption in the distal tubule in a man-
ner similar to potassium sparing diuretics. Evidence of an
apparent interaction between creatinine and PTM is pro-
vided in Table 8.

With creatinine as a GFR marker, a significant reduction (p
< 0.05) in PTM Cltotal was noted. Although XR values for
both study groups were indicative of net PTM reabsorp-
tion in the IPK, the decrease in XR for creatinine suggests
an inhibition of tubular transport of PTM. Furthermore,
cumulative PTM excretion was significantly reduced (p <
0.05) and PTM kidney accumulation was significantly
increased (p < 0.05) by creatinine. Collectively, these find-
ings are consistent with a reduction in tubular secretion of
PTM in the presence of creatinine, resulting in increased
kidney accumulation of drug and, consequently, detrimen-
tal effects on kidney function (GFR and sodium reabsorp-
tion, Table 7). 

CONCLUSIONS

This report describes a sensitive and reliable HPLC
method for analysis of PTM. The method was validated in
accordance with USP guidelines. This method offers sev-
eral advantages compared with previously published
HPLC assays including a mobile phase devoid of an ion-
pairing agent, a short run time, and use of a commercially
available internal standard. 

The method was applied to a preliminary study of PTM
disposition in the IPK and several important results were
obtained. First, compared with creatinine, inulin is a supe-
rior marker for GFR in IPK experimentation. Not only
was creatinine found to overestimate GFR by roughly
15%, but creatinine also influenced the renal disposition of
PTM. Whereas creatinine significantly altered the renal dis-
position of PTM in this study, this finding is not likely to
be clinically significant as much higher creatinine levels
were used in IPK compared to in vivo. Nevertheless, creati-
nine should be used cautiously in IPK methodology
because of the potential for interaction with the com-
pound(s) being studied. Studies are ongoing to elucidate
the mechanisms of renal excretion and kidney accumula-
tion of PTM further.
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