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The purpose of this study was to determine if the disposition of cefadroxil, an �-amino-containing �-lactam antibiotic, changes
during lipopolysaccharide (LPS)-induced acute inflammation. Six hours after LPS or saline treatment, mice received 1 nmol/g
cefadroxil intravenously along with inulin for glomerular filtration rate (GFR) determination. Serial blood samples, along with
tissue and urine samples, were collected at predetermined time points. In order to determine inflammation-induced changes in
GFR, renal tubular secretion, and reabsorption, it was necessary to coadminister 70 mg/kg probenecid. Changes in the expres-
sion of the mRNA of transporters involved in cefadroxil disposition in the kidneys and choroid plexus were also investigated 6 h
after LPS treatment. The results demonstrated marked increases in blood, cerebrospinal fluid, and tissue cefadroxil concentra-
tions with LPS treatment. Tissue-to-blood concentration ratios were decreased by 4.6-fold in the choroid plexus and by 2.5-fold
in the kidneys during LPS-induced inflammation. Renal, but not choroid plexus, mRNA expression of peptide transporter 2,
organic-anion transporter 1 (OAT1), OAT3, and multidrug resistance-associated protein 4 was mildly reduced in LPS-treated
mice. The renal clearance of cefadroxil was substantially decreased by LPS treatment (3-fold). GFR was also reduced by 3-fold in
LPS-treated mice, but no significant differences in the fractional reabsorption of cefadroxil and renal secretion once normalized
by GFR were observed. These findings demonstrated that LPS-induced inflammation has a dramatic effect on the renal excretion
of cefadroxil. It appears that changes in transporter expression played a minor role during LPS treatment but that renal dysfunc-
tion, associated with GFR reduction, was responsible for the substantial increase in plasma cefadroxil concentration-time
profiles.

Inflammation can be protective but can also have deleterious
effects. Over the past half century, it has been reported that drug

absorption and disposition can be altered during an inflammatory
response because of modifications in plasma proteins, drug-me-
tabolizing enzymes, and drug transporters (1). Downregulation of
the levels of drug-binding plasma proteins and drug-metabolizing
enzymes is now well identified, which translates into increased
plasma drug concentrations or decreased clearance of drug sub-
strates (2–6). More recently, inflammation-mediated regulation
of drug transporters has been reported, especially for ATP-bind-
ing cassette (ABC) and solute carrier (SLC) transporters (1, 5).
ABC transporters, such as P-glycoprotein and multidrug resis-
tance-associated proteins (MRPs), are reported to be downregu-
lated during an inflammatory response in the brain, liver, and
intestine, thereby affecting the brain efflux, biliary clearance, and
intestinal absorption of drug substrates (5). Studies have also
shown that organic-anion-transporting polypeptides (OATPs)
and organic-anion transporters (OATs) are downregulated in the
kidney during inflammation, resulting in reduced renal clearance
of the substrate p-aminohippurate (7). Although inflammation-
induced changes in drug kinetics and dynamics have been in-
tensively studied over the past 30 years, there is still a lack of
knowledge concerning the mechanism(s) by which inflamma-
tion-associated changes in drug disposition are coordinated.
This information may be especially critical for those drugs with
narrow therapeutic indices.

Sepsis is a systemic inflammatory response state, commonly
caused by bacterial endotoxin. Sepsis is frequently associated with
acute renal failure (ARF), which is characterized by an abrupt
decline in the glomerular filtration rate (GFR) and tubular func-
tion (8). The mortality rate of sepsis patients is substantially in-

creased to 75% when they also have ARF (9). The kidney is in-
volved in the elimination pathway of a large variety of drugs.
Therefore, renal failure under septic conditions results in a signif-
icant decrease in renal clearance and a substantial increase in the
concentrations of many drugs in plasma (10).

Cefadroxil is an �-amino-containing �-lactam antibiotic with
a broad spectrum of antibacterial activity. It has good water solu-
bility and a modest degree of lipid solubility. Clinical studies
showed that cefadroxil is widely distributed in body tissues and
therefore is useful for infections of a variety of tissues (11, 12).
Cefadroxil is especially effective in the treatment of upper and
lower respiratory tract infections such as sinusitis, otitis media,
acute bronchitis, and lung abscesses (13). Cefadroxil is not metab-
olized in the body and is eliminated mainly via renal excretion in
intact form. It has been reported that 88 to 93% of the adminis-
tered dose is recovered in the urine within 24 h (14). Therefore,
elimination of cefadroxil is substantially reduced in patients with
impaired kidney function (15). The overall renal excretion of
cefadroxil occurs via the combined processes of glomerular filtra-
tion, tubular secretion, and tubular reabsorption. Previous studies
have shown that cefadroxil is a substrate of several drug transport-
ers, including the OATs and peptide transporters (PEPT1 and
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PEPT2). OATs are expressed on the basolateral side of proximal
tubule epithelial cells, and PEPTs are localized on the apical side of
proximal tubule epithelial cells, thereby playing a key role in the
active tubular secretion and reabsorption of drug substrates in the
kidney, respectively (16, 17). OATs and PEPTs are also expressed
at the apical surface of choroid plexus epithelia in the brain, play-
ing a role as efflux pumps for removing drug molecules from
cerebrospinal fluid (CSF) to the blood side. This may explain, in
part, why �-lactam antibiotics, including cefadroxil, are limited in
their use for the treatment of central nervous system infections.

Lipopolysaccharide (LPS), a major component of the bacterial
cell wall, is one of the best-characterized models of infection and is
commonly used to investigate the pathophysiology of sepsis in
experimental animal models. Administration of LPS is known to
induce significant reductions in the GFR and tubular function, as
commonly observed in patients with septic shock (18–21). It has
also been reported that LPS treatment downregulates OAT tran-
scripts and protein expression in the kidneys and upregulates
PEPT2 transcripts in the choroid plexus (7, 22). On the basis of the
previous knowledge that cefadroxil is excreted by the kidneys by
glomerular filtration, OAT-mediated secretion, and PEPT2-me-
diated reabsorption, as well as being distributed into important
target tissues by the OATs and PEPT2, we hypothesized that
cefadroxil disposition would be significantly changed by LPS-in-
duced inflammation. Our results are novel in elucidating the
mechanism(s) by which LPS-induced inflammation alters the dis-
position and renal pharmacokinetics of cefadroxil.

MATERIALS AND METHODS
Materials. LPS (from Escherichia coli serotype O111:B4), which was used
to induce peripheral inflammation, and unlabeled cefadroxil were pur-
chased from Sigma-Aldrich (St. Louis, MO). [3H]cefadroxil (0.8 Ci/
mmol), [14C]carboxyl-dextran 70,000 (1.1 mCi/g), and [14C]mannitol
were purchased from Moravek Biochemicals (Brea, CA). [14C]carboxyl-
inulin (2 mCi/g) was obtained from American Radiolabeled Chemicals
(St. Louis, MO). Hyamine hydroxide was obtained from ICN Pharmaceu-
ticals (Costa Mesa, CA), and nylon net filters (100 �m) were obtained
from Millipore Corporation (Bedford, MA). Primers for PEPT1/2 that
were used in reverse transcription (RT)-PCR studies were synthesized by
Invitrogen Life Technologies (Carlsbad, CA), and primers for OAT1/3
and MRP3/4 were purchased from Abbiotec (San Diego, CA). All other
chemicals were obtained from standard sources.

Animals. All animal studies were performed in accordance with the
Guide for the Care and Use of Laboratory Animals as adopted and pro-
mulgated by the U.S. National Institutes of Health. Wild-type
(PEPT2�/�) mice were generated in house (8 to 10 weeks old) as de-
scribed previously. Animals were kept under temperature-controlled con-
ditions with 12-h light and dark cycles and given a standard diet along
with water ad libitum (Unit for Laboratory Animal Medicine, University
of Michigan, Ann Arbor, MI).

Measurement of proinflammatory cytokine levels in plasma. Gen-
der-matched mice were given 5 mg/kg of LPS intraperitoneally to induce
acute peripheral inflammation. Control animals were injected with
normal saline. Plasma was collected by heart puncture 6 h after the ad-
ministration of LPS, and concentrations of tumor necrosis factor alpha
(TNF-�), interleukin-1� (IL-1�), and IL-6 were determined by using
Single-Analyte ELISArray kits (Qiagen Inc., Valencia, CA).

Pharmacokinetic and tissue distribution studies. Following 6 h of
pretreatment with LPS or normal saline, gender-matched mice were anes-
thetized with sodium pentobarbital (40 to 60 mg/kg, intraperitoneally
[i.p.]) and 1 nmol/g of [3H]cefadroxil (100 �l, 15 �Ci) administered by
tail vein injection. Serial blood samples (�15 �l) were obtained via tail
nicks at 0.25, 1, 2, 5, 15, 30, 45, 60, 90, and 120 min. Heparinized blood

samples were immediately centrifuged at 3,300 � g for 3 min at room
temperature to obtain plasma. The radioactivity in plasma samples was
determined with a dual-channel liquid scintillation counter (Beckman LS
3801; Beckman Coulter Inc., Fullerton, CA).

For the tissue distribution study, mice were administered [14C]dex-
tran 70,000 (0.25 �Ci/mouse) intravenously (i.v.) 5 min before tissues
were harvested to correct tissue cefadroxil concentrations for the vascular
space. After the last blood sample was collected (120 min after i.v. injec-
tion of cefadroxil), a CSF sample was taken from the cisterna magna by
puncture of the atlanto-occipital membrane with a 28-gauge needle. The
mouse was immediately decapitated, and choroid plexus, cerebral cortex,
whole-kidney, liver, lung, heart, and spleen samples were collected. Sam-
ples were weighed and solubilized with 1 M hyamine hydroxide as de-
scribed by the manufacturer (MP Biomedicals). After solubilization, tis-
sue homogenate radioactivity was determined by liquid scintillation
counting after mixing with Ecolite liquid scintillation cocktail. Corrected
tissue cefadroxil concentrations (Ctissue,corr, nanomoles per gram of wet
tissue) were calculated with the equation Ctissue,corr � Ctissue 	 DS · Cb,
where Ctissue is the uncorrected tissue cefadroxil concentration (nano-
moles per gram), DS is the blood volume (milliliters per gram) deter-
mined as the dextran space (DS) of tissue samples estimated from dextran
concentrations in the final blood sample (23), and Cb is the blood
cefadroxil concentration (nanomoles per milliliter).

RT-PCR analysis of mRNA. Choroid plexuses from the lateral and
fourth ventricles, as well as kidneys, were rapidly harvested 6 h after pre-
treatment with LPS or normal saline and stored in RNAlater solution. For
measurement of transport protein mRNA in the choroid plexus, each
sample consisted of nine pooled plexuses from three mice. Total RNA was
extracted from mouse tissues with Tri-Reagent (Molecular Research Cen-
ter, Cincinnati, OH) according to the manufacturer’s protocol. RNA was
then reverse transcribed with 200 U of Omniscript reverse transcriptase
(Qiagen Inc., Valencia, CA) and oligo(dT) as a primer. Real-time PCR was
performed with the TaqMan system for PEPT1/2 and with the SYBR green
system (ABI) for OAT1/3 and MRP3/4. PCR was initiated at 95°C for 10
min, followed by 40 cycles of denaturation at 95°C for 15 s, annealing at
60°C for 60 s, and extension at 72°C for 60 s, and terminated by a final
extension for 7 min.

mRNA expression was presented as the ratio of the target gene to the
housekeeping gene for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) determined by the comparative CT method (24) with the equa-
tion Ratio�Target gene⁄GAPDH� � 2�CT � 2��CT,Target��CT,GAPDH�, where CT

is the cycle threshold of each gene.
Renal clearance studies. Following 6 h of pretreatment with LPS or

normal saline, gender-matched mice were anesthetized with sodium pen-
tobarbital (40 to 60 mg/kg, i.p.) and [3H]cefadroxil (1 nmol/g) was then
administered by tail vein injection along with [14C]inulin (73.6 mg/kg) for
GFR determination. Serial blood samples were collected at 0.25, 1, 2, 5, 15,
30, 45, 60, 90, and 120 min, after which plasma was obtained by centrifu-
gation. A urine sample was collected directly from the bladder at 120 min.
Renal cefadroxil pharmacokinetics were investigated in the presence and
absence of an OAT inhibitor, probenecid, to allow estimation of the frac-
tional reabsorption and active tubular secretion of cefadroxil during in-
flammation. Probenecid (70 or 150 mg/kg, i.p.) was administered 45 min
prior to, at time zero, and 45 and 90 min after the coinjection of [3H]
cefadroxil and [14C]inulin. Plasma and urine radioactivity was deter-
mined with a dual-channel liquid scintillation counter.

Plasma protein binding of cefadroxil. The unbound fraction of
cefadroxil in the plasma of control and LPS-treated mice was measured by
an ultrafiltration method as described previously by Shen et al. (25). Blank
plasma aliquots from mice were spiked with cefadroxil to produce stan-
dard concentrations of 0.01, 0.1, 1, and 10 �M. To measure the effect of
probenecid, the protein binding of a 1 �M cefadroxil plasma sample was
also measured in the presence of probenecid (0.1, 1, and 10 mM). After
incubation at 37°C for 15 min, plasma samples (200 �l) were loaded into
Amicon Ultra-30K devices and centrifuged at 14,000 � g for 25 min at
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37°C in accordance with the manufacturer’s protocol. The unbound frac-
tion was calculated by dividing the cefadroxil concentration in the ultra-
filtrate by that in the original plasma sample.

Systemic pharmacokinetic analysis of cefadroxil. Profiles of plasma
cefadroxil concentrations versus time were best described by a two-com-
partment model with a weighting factor of 1/predicted value (WinNonlin
version 5.2.1; Pharsight Inc., Mountain View, CA) by the equation
C�t� � C1 � e��1 t � C2 � e��2 t, where C(t) is the plasma cefadroxil con-
centration at time t and C1 and C2 are the coefficients associated with the
exponents 
1 and 
2, respectively. The quality of the fit was determined by
Akaike information criterion values and visual inspection of residual
plots. The area under the plasma drug concentration-time curve (AUC),
the terminal half-life (t1/2), the rate constant of elimination from the cen-
tral compartment (K10), the mean residence time (MRT), the volume of
distribution at steady state (Vss), the volume of the central compartment
(V1), and the total body clearance (CL) were determined by standard
methods from WinNonlin.

Renal pharmacokinetic analysis of cefadroxil. The renal clearances
of cefadroxil (CLR) and inulin (GFR) were calculated by the equations
CLR � Aecefadroxil(0-120)/AUCcefadroxil(0-120) and GFR � Aeinulin(0-120)/
AUCinulin(0-120), where Ae(0-120) is the total amount of cefadroxil (or inu-
lin) excreted unchanged in urine over 120 min and AUC(0-120) is the area
under the plasma cefadroxil (or inulin) concentration-time curve from 0
to 120 min, as determined by the trapezoidal rule.

The renal excretion of cefadroxil is composed of glomerular filtration,
tubular secretion, and tubular reabsorption (26, 27). Therefore, the renal
clearance of cefadroxil (25) can be expressed by the equation CLR � fu ·
(GFR � CLS) · (1 	 Fr), where fu is the unbound fraction of cefadroxil in
plasma, CLS is the secretion clearance mediated by OATs, and Fr is the
fraction of reabsorbed drug mediated by PEPT1 and PEPT2. Changes in
GFR during inflammation were directly calculated by comparing inulin
clearances in control and LPS-treated groups. In the presence of saturat-
ing concentrations of probenecid (CLS � 0), changes in Fr during inflam-
mation were calculated by comparing the control and LPS-treated groups,
since experimental values of CLR, fu, and GFR could be independently
obtained in the study. On the basis of the experimentally estimated values
of CLR, fu, GFR, and Fr, changes in CLS during inflammation could then
be determined by comparing the control and LPS-treated groups in the
absence of probenecid.

To normalize CLR for any differences in protein binding (fu) and func-
tional nephron mass (GFR), the excretion ratio (ER) of cefadroxil was
expressed as follows (28): ER � CLR/(fu · GFR).

Statistics. All data are reported as means � standard errors (SE). To
determine statistically significant differences between two different
groups, a two-sample t test was used and P � 0.05 was considered statis-
tically significant. For multiple comparisons, analysis of variance was per-

formed, followed by pairwise comparisons by Tukey’s test (GraphPad
Prism, v4.0; GraphPad Software Inc., San Diego, CA).

RESULTS
Plasma proinflammatory cytokine concentrations during LPS-
induced acute inflammation. Plasma cytokine concentrations
were measured 6 h after LPS treatment to ensure that acute in-
flammation was induced. LPS caused substantial increases in
TNF-� (15-fold, P � 0.001), IL-6 (2,100-fold, P � 0.01), and
IL-1� (610-fold, P � 0.05), all proinflammatory cytokines char-
acterizing the acute immune response (Fig. 1). The proinflamma-
tory cytokines IL-6, IL-1�, and TNF-� are known to be involved
in numerous complex signaling cascades and trigger the produc-
tion of acute-phase proteins (29). Moreover, it has been reported
that these cytokines induce transcription factors that play a role in
suppressing the expression of ABC transporters (30, 31) and per-
haps other SLC transporters. Therefore, changes in the pharma-
cokinetic profile of cefadroxil were further investigated 6 h after
LPS treatment.

Changes in cefadroxil pharmacokinetics during acute in-
flammation. Plasma cefadroxil concentration-time profiles and
pharmacokinetic parameters in control and LPS-treated mice
were compared. Cefadroxil concentrations in plasma were signif-
icantly higher in LPS-treated mice (Fig. 2). A summary of the
pharmacokinetic parameters studied is reported in Table 1. There
were no significant differences in the maximum plasma drug con-
centration (Cmax), V1, or Vss, whereas significant reductions in K10

and CL were observed in LPS-treated animals (about 3-fold, P �

FIG 1 Proinflammatory cytokine levels in the plasma of mice treated with
normal saline (control) and mice treated with 5 mg/kg LPS. Plasma was
collected 6 h after i.p. administration of LPS or saline. Data are expressed as
means � SE (n � 5). *, P � 0.05; **, P � 0.01; ***, P � 0.001 (compared to
the control).

FIG 2 Effect of 5 mg/kg LPS-induced inflammation on the pharmacokinetic
profile of cefadroxil (1-nmol/g i.v. bolus dose), where LPS was administered 6
h prior to cefadroxil. Data are expressed as means � SE (n � 5).

TABLE 1 Pharmacokinetic parameters of 1 nmol/g cefadroxil following
an i.v. bolus dose in control and LPS-treated micea

Parameter Control LPS

AUC (min · nmol/ml) 63.6 � 4.3 203 � 23b

t1/2 (min) 7.8 � 0.7 24.0 � 4.7c

K10 (min	1) 0.092 � 0.008 0.034 � 0.006b

Cmax (�M) 5.9 � 0.9 6.3 � 0.5
MRT (min) 26.0 � 1.1 85.7 � 11.8c

Vss (ml) 7.1 � 0.3 7.4 � 0.5
V1 (ml) 3.1 � 0.3 2.9 � 0.3
CL (ml/min) 0.273 � 0.007 0.090 � 0.007b

a Data are expressed as means � SE (n � 5).
b P � 0.001 compared to the control (normal saline).
c P � 0.01 compared to the control (normal saline).
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0.001). These changes resulted in approximately 3-fold increases
in the AUC, MRT, and t1/2. It seems that LPS-induced acute in-
flammation affected mostly the elimination kinetics of cefadroxil
and not the volume-of-distribution terms.

Changes in tissue cefadroxil distribution during acute in-
flammation. Figure 3A shows changes in cefadroxil concentra-
tions in various tissues, CSF, and blood during LPS-induced acute
inflammation. Significant increases in cefadroxil were observed in
the CSF (4.8-fold), cerebral cortex (3.4-fold), heart (3.3-fold),
lungs (3.2-fold), liver (5.0-fold), spleen (3.5-fold), and blood (5.1-
fold) during LPS treatment. However, when the data were cor-
rected for differences in blood drug concentrations between the
control and LPS-treated groups, only the choroid plexus (5.0-fold

decrease) and kidneys (2.3-fold decrease) displayed significant
changes (Fig. 3B). When tissue-to-CSF concentration ratios were
further investigated in the brain, the choroid plexus showed a
significant decrease (2.5-fold, P � 0.01), whereas no difference
was observed in the cerebral cortex with LPS treatment (Fig. 3C).
On the basis of these findings, it appears that the choroid plexus
and kidneys are the major tissues in which cefadroxil concentra-
tions are affected by LPS-induced acute inflammation; therefore,
changes in these tissues were studied further.

Effect of LPS on transporter mRNA expression. The expres-
sion levels of several transporter mRNAs in the kidneys and cho-
roid plexus were evaluated 6 h after LPS treatment, a time when
there was a significant reduction in tissue-to-blood concentration
ratios of cefadroxil. PEPT1/2, OAT1/3, and MRP3/4 are known to
be involved in the transport of cefadroxil in epithelial cells (17, 32,
33) and are expressed in the kidneys and choroid plexus. Figure 4A
shows that the mRNA expression of PEPT2, OAT1, OAT3, and
MRP4 was mildly reduced by 19%, 33%, 27%, and 21%, respec-
tively, in the kidneys following LPS treatment (P � 0.05). How-
ever, choroid plexus PEPT2, OAT3, and MRP4 expression was not
changed by LPS-induced inflammation (Fig. 4B). Therefore, it
appears unlikely that the substantial changes in cefadroxil dispo-
sition in the kidneys and choroid plexus are attributable to
changes in the expression levels of relevant transporters.

Changes in renal cefadroxil clearance during acute inflam-
mation. As noted above, the systemic clearance of cefadroxil was
reduced 3-fold during LPS-induced acute inflammation. Cefa-
droxil is excreted mainly by the kidneys, and renal clearance
(which approximates systemic clearance) is a combination of glo-
merular filtration, tubular secretion, and tubular reabsorption. To
investigate the impact of LPS treatment on each of these excretion
processes, a renal clearance study was performed where probene-
cid was used to block the OAT-mediated renal secretion pathway.

FIG 3 LPS-induced effects on tissue, CSF, and blood cefadroxil concentra-
tions (A), the tissue-to-blood cefadroxil concentration ratio (B), and the tis-
sue-to-CSF cefadroxil concentration ratio (C), where 5 mg/kg LPS was admin-
istered i.p. 4 h before an i.v. bolus dose of 1 nmol/g cefadroxil. Tissues, blood,
and CSF were harvested 2 h after cefadroxil dosing (6 h after LPS dosing). Data
are expressed as means � SE (n � 4 to 8). *, P � 0.05; **, P � 0.01; ***, P �
0.001 (compared to the control [normal saline]). CP, choroid plexus; C.Cor-
tex, cerebral cortex.

FIG 4 Effect of inflammation induced with 5 mg/kg LPS on transporter gene
expression in the kidneys (A) and choroid plexus (B) 6 h after i.p. administra-
tion. Data are expressed as means � SE (n � 4). *, P � 0.05; **, P � 0.01
(compared to the control [normal saline]).

Huh et al.

6174 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


Figure 5 shows the cefadroxil concentration-versus-time pro-
files in the absence and presence of probenecid (70 or 150 mg/kg).
Coadministration of 70 mg/kg of probenecid significantly in-
creased plasma cefadroxil concentrations. Even when the dose of
probenecid coadministered was increased to 150 mg/kg, there was
no further increase in the cefadroxil concentration, suggesting
that a 70-mg/kg dose of probenecid is enough to completely block
the renal secretion of cefadroxil. Therefore, a 70-mg/kg dose of
probenecid was chosen for subsequent studies.

Plasma cefadroxil and inulin concentrations in the absence or
presence of probenecid in the control and LPS-treated groups
were then compared (Fig. 6A and B). Pretreatment with LPS sig-
nificantly increased both cefadroxil and inulin concentrations in
plasma. Coadministration of probenecid further increased the
plasma cefadroxil concentrations in both the control and LPS-
treated groups, whereas the plasma inulin concentrations were
not changed by probenecid, suggesting that GFR values were sta-
ble in the presence of probenecid (Table 2). The plasma protein
binding of cefadroxil was not altered by either LPS treatment or
probenecid coadministration, with essentially all of the drug being
unbound in plasma (fu, 	0.97). Most of the i.v. administered
cefadroxil was excreted in urine over 2 h (95% in the control
group), but the amount of cefadroxil excreted in urine in the LPS-
treated group was significantly reduced (65%). The urinary recov-
ery of administered cefadroxil was somewhat lower in the pres-
ence of probenecid (i.e., 95 versus 81% in the control group and 65
versus 51% in the LPS-treated group) because of its saturating
effect on renal tubular secretion. The ER of cefadroxil was essen-
tially unity in both the control and LPS-treated groups and was
significantly reduced by probenecid (i.e., 1.01 versus 0.60 in the
control group and 1.06 versus 0.61 in the LPS-treated group). The
ER of cefadroxil was not changed by LPS treatment.

The renal clearance of cefadroxil was substantially decreased
(about 3-fold) during LPS-induced acute inflammation (i.e.,
0.256 versus 0.076 ml/min in the absence of probenecid and 0.127
versus 0.039 ml/min in the presence of probenecid). GFR values
were also reduced by �3-fold in the LPS-treated groups (i.e.,
0.254 versus 0.079 ml/min in the absence of probenecid and 0.212
versus 0.067 ml/min in the presence of probenecid). The fraction
of drug reabsorbed (Fr) was about 40% in both the control and
LPS-treated groups. Thus, it seems that renal tubular reabsorption
was not changed during LPS-induced acute inflammation. Since
the renal clearance, GFR, and fraction of drug reabsorbed were

experimentally determined, the secretion clearance could be cal-
culated for both control and LPS-treated animals. The secretion
clearance was determined to be 0.177 ml/min in the control group
and was substantially reduced (3.6-fold) to 0.049 ml/min in the
LPS-treated group. However, when the secretion clearance (CLS)
was corrected for LPS-induced changes in GFR, no significant
difference in the CLS/GFR ratio between the control and LPS-
treated groups was observed (i.e., 0.70 versus 0.63). Thus, it seems
that the reduction in secretion clearance during LPS-mediated
acute inflammation was due mainly to GFR changes and not to
changes in the intrinsic clearance of cefadroxil-mediated trans-
port.

DISCUSSION

Inflammation is a highly orchestrated process involving a variety
of events that can induce changes in drug pharmacokinetics. In
the present study, we showed that the disposition of cefadroxil was
substantially changed during LPS-induced acute inflammation.
Specifically, we demonstrated that: (i) the renal clearance of
cefadroxil was reduced 3-fold during the inflammatory response;
(ii) the functional nephron mass (as reflected by GFR) was de-
creased 3-fold during LPS treatment, such that the GFR-corrected
renal and secretory clearance values were not different from those
found during normal saline treatment; (iii) cefadroxil distribution
into the kidneys and choroid plexus was reduced 2.5- and 4.6-fold,
respectively, by LPS-induced inflammation; and (iv) changes in
transporter expression played only a minor role, at best, in affect-
ing the distribution of cefadroxil during LPS-mediated acute in-
flammation.

In this study, GFR was reduced 3-fold by LPS-induced inflam-
mation, and it seems that the renal dysfunction associated with
GFR reductions was responsible for the substantial increase in
plasma cefadroxil concentration-time profiles. GFR reduction by
inflammatory stimuli has been reported previously (19–21). In

FIG 6 Effect of inflammation induced with 5 mg/kg LPS on the plasma con-
centration-versus-time profiles of cefadroxil (1-nmol/g i.v. bolus dose) (A)
and inulin (73.6-mg/kg i.v. bolus dose) (B) in the presence or absence of
probenecid (PRO; 70 mg/kg). Data are expressed as means � SE (n � 4 or 5).

FIG 5 Profiles of plasma cefadroxil (CEF) concentrations versus time (1-
nmol/g i.v. bolus dose) in the presence or absence of probenecid (PRO; 70 or
150 mg/kg). Data are expressed as means � SE (n � 3 to 5).
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clinical trials, GFR reduction was reported during inflammation
especially when blood flow and/or blood pressure were substan-
tially reduced, for example, in hypodynamic septic shock associ-
ated with a lowered cardiac output, which leads to a significant
reduction in the clearance of a variety of drugs (34). In previous
studies, i.p. injection of 5 mg/kg of LPS, the same dose used in this
study, was reported to induce substantial reductions in both renal
blood flow and GFR without changes in blood pressure (20, 35).

The reduced renal tubular secretion of cefadroxil observed
during LPS-mediated acute inflammation can also be explained
by renal dysfunction, as judged by GFR reductions in this study.
Renal secretion clearance is dependent upon renal blood flow (Q),
the unbound fraction of a drug in blood (fu), and intrinsic secre-
tory clearance (CLint,s), depending on whether the drug has a high
extraction ratio [fu · CLint,S  Q and CLS � (Q · fu · CLint,s)/
(Q � fu · CLint,s) � Q] or a low extraction ratio [fu · CLint,s �� Q
and CLS � (Q · fu · CLint,s)/(Q � fu · CLint,s) � fu · CLint,s]. In
comparing the secretion clearance of cefadroxil (0.177 ml/min,
Table 2) to renal blood flow in mice (1.3 ml/min) (36), cefadroxil
seems to be a low-extraction drug. Moreover, protein binding of
cefadroxil was negligible (fu � 1, Table 2) and the efficiency of
renal secretion per unit nephron (CLS/GFR) was very similar be-
tween the control and LPS-treated groups (0.70 versus 0.63, Table
2). Therefore, it seems that the reduced renal secretion during
LPS-mediated inflammation is driven mainly by a reduction in the
functional nephron mass, which leads to reduced intrinsic secre-
tory clearance of cefadroxil. However, even though it appears that
reduced renal blood flow cannot be directly translated into re-
duced renal secretion of cefadroxil, we cannot rule out the possi-
bility that hypoxia or redistribution of renal blood flow during
LPS-induced inflammation can change the renal secretion of
cefadroxil via altered transporter activity (10, 37, 38). Such
changes could also affect the distribution of cefadroxil into the
kidneys, as observed in this study (Fig. 3B).

RT-PCR confirmed that changes in the renal distribution of
cefadroxil were not due to changes in the expression of relevant
transporters (i.e., PEPT1/2, OAT1/3, and MRP3/4). Although
OAT2 is also expressed in the proximal tubules of mouse and rat
kidneys, at the brush border membrane (39), it interacts weakly
with cefadroxil in which the inhibitory concentration that reduces
prostaglandin F2� uptake by 50% is 	5 mM for rat and human
OAT2 and 	1.8 mM for rat OAT1/3 when expressed in Xenopus
oocytes (16). Given the number of OATs present in the kidney; the
location of OAT2 at apical and not basolateral membranes, as is

the case for OAT1/3; and the weak affinity of cefadroxil for OAT2,
it is unlikely that changes in OAT2 gene expression would have a
significant effect on the renal distribution of cefadroxil.

In addition to the changes observed in the kidneys, a substan-
tial decrease in the distribution of cefadroxil in the choroid plexus
was observed during acute inflammation (Fig. 3B). From the RT-
PCR study, we confirmed that this reduction was not due to
changes in the expression of relevant drug transporters (Fig. 4B).
Cefadroxil may also be transported by peptide/histidine trans-
porter 1 (PHT1), which is known to be expressed in the choroid
plexus. However, it was demonstrated that the apical uptake of
cefadroxil in rat choroid plexus cell monolayers was not affected
by L-histidine, precluding the PHT1-mediated uptake of cefa-
droxil in this tissue (40). In the same study, only a nonsaturable
component was reported to exist for the basolateral uptake of
cefadroxil in choroid plexus cell monolayers. Therefore, the re-
duced choroid plexus-to-blood concentration ratio of cefadroxil
during inflammation may be explained by hypoperfusion of this
tissue because of reduced blood flow (38) or reduced CSF efflux of
cefadroxil into the choroid plexus, where PEPT2 and OAT play an
important role. To evaluate if there are changes in the CSF efflux
of cefadroxil into brain tissues during LPS-mediated inflamma-
tion, tissue-to-CSF concentration ratios in the choroid plexus and
cerebral cortex were further investigated (Fig. 3C). The results
indicate that cefadroxil uptake at the apical membrane of the cho-
roid plexus was significantly disrupted, whereas cefadroxil distri-
bution between the CSF and cerebral cortex was not changed by
LPS-mediated acute inflammation. It has been reported that
PEPT2 is responsible for 80 to 85% of cefadroxil uptake into the
choroid plexus and the remaining 15 to 20% is mediated by OAT
and nonsaturable mechanisms. Considering that a major driving
force of PEPT2-mediated transport is the proton gradient, it is
possible that changes in the cytoplasmic pH environment of tissue
during acute inflammation may affect the functional activity of
PEPT2 in apical membranes of choroid plexus epithelia (41–43).
Future studies should investigate the underlying mechanism of
reduced cefadroxil distribution into the choroid plexus during
LPS-mediated acute inflammation.

In the present study, drug transporters were less likely to be
involved in inflammation-mediated changes in cefadroxil phar-
macokinetics. However, it has been increasingly reported that the
expression of drug transporters is downregulated during inflam-
mation, thereby affecting the disposition of drug substrates (5).
Little is known about possible changes in PEPT2 expression dur-

TABLE 2 Renal pharmacokinetic parameters of 1 nmol/g cefadroxil following an i.v. bolus dose in control and LPS-treated mice in the absence or
presence of probenecida

Parameter Control LPS Control � PRO LPS � PRO

CLR (ml/min) 0.256 � 0.013A 0.076 � 0.009B 0.127 � 0.007C 0.039 � 0.004D

GFR (ml/min) 0.254 � 0.021A 0.079 � 0.029B 0.212 � 0.014A 0.067 � 0.009B

fu 0.99 � 0.01A 0.97 � 0.01A 1.00 � 0.03A 1.00 � 0.01A

fe0-120
b 0.95 � 0.03A 0.65 � 0.03B 0.81 � 0.03C 0.51 � 0.05D

ER 1.01 � 0.04A 1.06 � 0.20A 0.60 � 0.03B 0.61 � 0.03B

Fr 0.40A 0.39A 0.40 � 0.03A 0.39 � 0.03A

CLS (ml/min) 0.177 0.049 0 0
CLS/GFR ratio 0.70 0.63 0 0
a A 70-mg/kg dose of probenecid (PRO) was administered. Data are expressed as means � SE (n � 4 or 5). Different superscript letters denote significant differences between the
treatment groups (� � 0.05) for a given parameter.
b fe(0-120) is the fraction of cefadroxil excreted unchanged in urine over 120 min.
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ing inflammation, but one recent study showed that the PEPT2
gene in the choroid plexus was significantly upregulated under
LPS-induced peripheral inflammation (22). However, that study
did not specify when PEPT2 gene expression started to change
after LPS treatment or the extent of the change compared to the
control. Another study reported that both mRNA and protein
expression levels of OATs in the kidney were decreased by 30 to
50% at 12 h following LPS treatment (7). In our study, the PEPT2
and OAT mRNA expression levels were unchanged in the choroid
plexus and only mildly decreased (by 20 to 30%) in the kidneys
(Fig. 4). One possible reason for this is that the 6-h pretreatment of
LPS may be too early to induce significant alterations in drug
transporter expression. In previous studies, changes in drug trans-
porter protein expression were usually reported later than when
mRNA expression was maximally changed, and LPS-induced al-
terations in protein expression were commonly observed at least
12 to 48 h after LPS treatment (7, 44–46). Therefore, it may be
worthwhile to investigate if PEPT2 and OAT protein expression
levels are changed 12 to 48 h after LPS treatment and, if so, how
changes in drug transporters induce alterations in cefadroxil phar-
macokinetics.

Although the distribution of cefadroxil was significantly de-
creased in the kidneys and choroid plexus, these changes were not
translated into changes in the volume of distribution (Table 1). In
severe inflammations such as septic shock, various endogenous
mediators are reported to promote endothelial damage, which
results in increased capillary permeability (47–49). This capillary
leakage has large amounts of fluid shifting from the intravascular
space to the interstitium, called the “third spacing” phenomenon.
For hydrophilic antibiotics with a relatively small volume of dis-
tribution, such as �-lactams, the volume of distribution can be
significantly increased by this third spacing phenomenon, leading
to significant reductions in plasma and tissue drug concentrations
(50, 51). Increased volumes of distribution have been observed in
the hyperdynamic state of sepsis, whereas these volumes were not
changed in the hypodynamic state of sepsis (52). Even though the
volumes of distribution of cefadroxil were not changed by inflam-
matory stimuli in the present study, changes in the volume of
distribution during inflammation should still be monitored for
hydrophilic antibiotics such as cefadroxil to be on the safe side of
dosing recommendations.

In conclusion, this study demonstrates that the renal clearance
of cefadroxil is substantially reduced under LPS-mediated acute
inflammation, thereby resulting in significant increases in plasma
cefadroxil concentration-time profiles. Our findings suggest that
dose adjustments would be necessary for those therapeutic agents
that are excreted primarily by the kidney and have narrow thera-
peutic indices. For example, cephaloridine, another �-lactam an-
tibiotic, is renally excreted and exhibits OAT-mediated tubular
secretion. Unlike cefadroxil, cephaloridine can cause severe renal
toxicity if serum drug concentrations exceed the therapeutic limit
(53). In addition, aminoglycoside antibiotics, such as vancomy-
cin, are also renally excreted and can have severe side effects such
as nephrotoxicity and ototoxicity. Therefore, for these predomi-
nantly renally eliminated drugs, decreased clearances and corre-
sponding increased plasma drug concentrations during inflam-
mation necessitate that they be carefully monitored to ensure both
efficacy and safety during their use.
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