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Abstract: Endotoxemia-induced inflammation may impact the activity of hepatocyte transporters,
which control the hepatobiliary elimination of drugs and bile acids. 99mTc-mebrofenin is a non-
metabolized substrate of transporters expressed at the different poles of hepatocytes. 99mTc-mebrofenin
imaging was performed in rats after the injection of lipopolysaccharide (LPS). Changes in transporter
expression were assessed using quantitative polymerase chain reaction of resected liver samples.
Moreover, the particular impact of pharmacokinetic drug–drug interactions in the context of endotox-
emia was investigated using rifampicin (40 mg/kg), a potent inhibitor of hepatocyte transporters.
LPS increased 99mTc-mebrofenin exposure in the liver (1.7 ± 0.4-fold). Kinetic modeling revealed that
endotoxemia did not impact the blood-to-liver uptake of 99mTc-mebrofenin, which is mediated by
organic anion-transporting polypeptide (Oatp) transporters. However, liver-to-bile and liver-to-blood
efflux rates were dramatically decreased, leading to liver accumulation. The transcriptomic profile of
hepatocyte transporters consistently showed a downregulation of multidrug resistance-associated
proteins 2 and 3 (Mrp2 and Mrp3), which mediate the canalicular and sinusoidal efflux of 99mTc-
mebrofenin in hepatocytes, respectively. Rifampicin effectively blocked both the Oatp-mediated
influx and the Mrp2/3-related efflux of 99mTc-mebrofenin. The additive impact of endotoxemia and
rifampicin led to a 3.0 ± 1.3-fold increase in blood exposure compared with healthy non-treated
animals. 99mTc-mebrofenin imaging is useful to investigate disease-associated change in hepatocyte
transporter function.

Keywords: ABC-transporter; drug-induced liver injury; hepatotoxicity; organic anion-transporting
polypeptide; pharmacokinetics; liver function; SLC-transporter

1. Introduction

Inflammation is a common feature of many pathophysiological states, including
infection, systemic diseases, and cancer [1]. The physiological changes accompanying
inflammation may alter liver function, with consequences for the hepatobiliary elimination
of endogenous and exogeneous compounds and lead to liver injury [2,3] or impact the
pharmacokinetics (PK) of medications [4].
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From a molecular perspective, liver function can be estimated by the activity of
the membrane transporters expressed in hepatocytes, which work together to mediate
the hepatobiliary elimination of bile salts, drugs, and metabolites [5]. Several solute
carrier (SLC) influx transporters, including the organic anion-transporting polypeptides
(OATP)1B1/3 (SLCO1B1/1B3 corresponding to Oatp4/Slco1b2 in rodents [6]), are expressed
in the sinusoidal (blood-facing) membrane of hepatocytes, where they mediate the uptake
of their substrates from blood into the liver (Figure 1) [7]. Adenosine triphosphate-binding
cassette (ABC) efflux transporters expressed in the canalicular (bile-facing) membrane of
hepatocytes, such as the human multidrug resistance-associated protein (MRP)2/ABCC2
(Mrp2/Abcc2 in rodents) or the P-glycoprotein (P-gp, encoded by the multidrug resistance
1 gene (MDR1/ABCB1) in humans and both Mdr1a/Abcb1a and Mdr1b/Abcb1b in rodents),
control the biliary excretion of solutes and bile acids (Figure 1). Other ABC transporters
such as human MRP3/ABCC3 (Mrp3/Abcc3 gene in rodents) mediate the sinusoidal efflux
of drugs and metabolites from hepatocytes into the blood (Figure 1) [7].

Figure 1. Membrane transporters expressed in rat hepatocytes. Transporters known to be involved in
the hepatobiliary transport of 99mTc-mebrofenin are highlighted in blue. Bsep: bile salt export pump;
Mdr: multidrug resistance; Mrp: multidrug resistance-associated protein; Ntcp: Na+-taurocholate co-
transporting polypeptide; Oat: organic anion transporter; Oatp: organic anion-transporting polypep-
tide; Oct: organic cation transporter.

Disruption of hepatocyte transporter function by inflammation is increasingly consid-
ered as a cause of disease-related changes in liver function, hepatobiliary elimination of
drugs, PK, and toxicity [3,8]. Dysregulation of hepatocyte transporters and cytochromes has
been reported during endotoxin-mediated inflammation induced by lipopolysaccharide
(LPS) in vitro [9] and ex vivo, in several animal species [10–13]. In animal models, the
impaired activity of ABC transporters during inflammation has been linked to cholesta-
sis and/or abnormal liver accumulation of drugs and metabolites, which may provide a
mechanistical explanation for drug-induced liver injury (DILI) [14]. A similar disruption in
hepatocyte transporter function is likely to occur in patients and may lead to severe hepato-
toxicity outcomes. It remains, however, technically difficult to untangle and estimate the
intrinsic importance of each individual transporter in vivo, apart from cytochrome activity,
in mediating inflammation-related changes in PK in animal models and patients [4].
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Hepatocyte transporters are targets for pharmacokinetic drug–drug interactions
(DDI) [15]. The antituberculosis drug rifampicin (rifampin) is known to inhibit the function
of several hepatocyte transporters in vitro, including human OATPs, MRP2, and MRP3,
and rat Oatp2/Slco1a4, Oatp4, and Mrp3 [16–19]. Single dose rifampicin (600 mg) was
shown to enhance plasma exposure to OATP substrates [20], and is therefore recommended
by regulatory agencies as a model inhibitor drug to conduct pharmacokinetic DDI studies
in animals and humans [15]. However, the in vivo impact of rifampicin on each indi-
vidual transporter function and the consequences of liver exposure to solutes cannot be
assessed from the plasma PK. This particularly holds for transporters expressed at the
canalicular pole of hepatocytes distant from the plasma compartment [21]. Moreover, most
non-clinical/clinical PK and DDI studies are conducted in healthy subjects. This may not
recapitulate the pathological context, and underestimates the impact of DDI in patients
with inflammatory diseases [22].

99mTc-mebrofenin is a radiopharmaceutical used for hepatobiliary scintigraphy, rou-
tinely used in hepatobiliary disorders to perform imaging of the liver, bile, and gallbladder
to assess hepatic function and/or biliary excretion [23]. 99mTc-mebrofenin is well charac-
terized as a non-metabolized substrate of human OATP1B1, OATP1B3, MRP2, and MRP3,
which govern its hepatobiliary clearance [23]. Preclinical studies conducted in Oatp- and
Mrp2-deficient animals confirmed the transport of 99mTc-mebrofenin by the rodent or-
thologs of these transporters [24,25]. Our team and other teams have shown that dynamic
99mTc-mebrofenin imaging, aided by kinetic modeling, can be used for molecular imaging
of hepatocyte transporter function at the different poles of hepatocytes in animals and
humans [23,26–28] (Figure 1). Moreover, 99mTc-mebrofenin allows for selectively and si-
multaneously assessing the impact of transporter-mediated DDIs at the sinusoidal or the
canalicular level in vivo [29].

In this study, the impact of LPS-induced inflammation on liver transporter expression
and function was investigated in rats, using quantitative transcriptomics and
99mTc-mebrofenin imaging. Moreover, we hypothesized that inflammation may exac-
erbate the impact of transporter-mediated DDIs precipitated by rifampicin in terms of PK
and/or liver exposure.

2. Results
2.1. Quantitative Transcriptomics

A significant decrease in the mRNA expression of several transporters was observed
after LPS-treatment, including Mrp2 and Mrp3 (Figure 2 and Table S1). Among the tested
ABC transporters, the most important decrease was observed for the genes encoding
P-gp, with a significant −68% decrease for Mdr1a and a −75% decrease for Mdr1b. The
mRNA expression of most hepatic SLC transporters was also significantly decreased
after LPS-treatment, except for organic anion transporter (Oat)2/Slc22a7. The decrease
in Oatp1/Slco1a1 mRNA expression was less pronounced than for Oatp2/Slco1a4. The
decrease in Oatp4/Slco1b2 expression was also not statistically significant. Moreover, qPCR
showed a significant decrease in mRNA expression coding for cytochromes (Cyp), with a
−74% decrease of Cyp3a1 mRNA expression (Figure 2).

2.2. 99mTc-Mebrofenin Imaging

Figure 3 shows the mean time activity curves (TACs) obtained in each studied
group. The mean area under the curve (AUC) for each TAC is reported in Figure 4
and Table S2. Compared with the healthy group, LPS significantly increased exposure to
99mTc-mebrofenin in the liver (1.7 ± 0.4-fold, p < 0.01). A significant 1.5 ± 0.3-fold decrease
of radioactivity in the intestine was also observed, suggesting reduced biliary excretion
(p < 0.01).
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Figure 2. Changes in transporter and cytochrome mRNA expression in the liver of LPS-treated rats
(24 h after exposure to LPS) compared to healthy rats estimated by qPCR (n = 4 both in healthy
and LPS-treated groups). Data are mean ± SD. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns indicates
not significant, one-sample t-test after a Shapiro–Wilk Normality test. Cyp: cytochrome; LPS:
lipopolysaccharide; Mdr: multidrug resistance; Mrp: multidrug-resistance associated protein; Ntcp:
Na+-taurocholate cotransporting polypeptide; Oat: organic anion transporter; Oatp: organic anion-
transporting polypeptide; Oct: organic cation transporter.

Figure 3. Mean (±SD) time–activity curves of 99mTc-mebrofenin in the liver (#), intestine (
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blood (+) of healthy and LPS-treated rats (24 h after exposure to LPS) under baseline conditions and
after treatment with 9 or 40 mg/kg rifampicin (n = 5 for control animals and n = 6 for LPS-treated
animals). Radioactivity is expressed as counts per second (cps) normalized to the injected dose (MBq).
LPS: lipopolysaccharide. Data obtained in the healthy and Rifampicin 40 mg/kg groups have already
been presented in a previous study [29].
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Figure 4. Area under the time–activity curves (AUC) of 99mTc-mebrofenin in the blood pool (imaged-
derived), liver, and intestine obtained in healthy (n = 5 per group) and in lipopolysaccharide (LPS)-
treated rats (n = 6 per group). Impact of pre-treatment with 9 or 40 mg/kg of rifampicin (RIF), a
potent Oatp/Mrp2/Mrp3 inhibitor is reported. Radioactivity is expressed in counts per second (cps)
in each region of interest, normalized to the injected radioactivity amount in each animal (cps/MBq).
Data are mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, ns indicates not significant, ordinary one-way
ANOVA followed by a Tukey’s post hoc test for multiple comparison. LPS: lipopolysaccharide; RIF:
rifampicin. Data obtained in the healthy and RIF 40 mg/kg groups have already been presented in a
previous study [29].

High dose rifampicin (40 mg/kg) significantly reduced the amount of 99mTc-mebrofenin
in the intestines of healthy animals (1.9 ± 0.4-fold, p < 0.001) and LPS-treated animals
(1.2 ± 0.3-fold, p < 0.001). High dose rifampicin did not impact liver exposure neither in
healthy nor in LPS-treated animals. Rifampicin (9 or 40 mg/kg) increased blood exposure
in healthy animals (unpaired t-test, p < 0.01), although no significant difference was found
using a one-way ANOVA (p > 0.05, Figure 4). Rifampicin did not significantly increase
blood exposure in LPS-treated animals, regardless of statistical analysis (p > 0.05, Figure 4).
Impact of endotoxemic inflammation and rifampicin-perpetrated DDI on overall blood
clearance were additive: blood exposure of 99mTc-mebrofenin in LPS/rifampicin-treated
animals was 3.0 ± 1.3-fold higher than for healthy non-treated animals (p < 0.01).

A pharmacological dose of rifampicin (9 mg/kg) significantly reduced the amount of
99mTc-mebrofenin in the intestines in healthy animals (p < 0.001), reaching similar levels
as for the high dose rifampicin-treated animals. The pharmacological dose of rifampicin
did not further decrease intestinal radioactivity in LPS-treated animals (p > 0.05). The
pharmacological dose of rifampicin did not impact liver exposure in healthy or LPS-treated
animals (p > 0.05). The pharmacological dose of rifampicin did not significantly exacerbate
the impact of LPS on blood exposure (p > 0.05, Figure 4).

Visually, the implemented PK model provided good fits for both the observed liver and
intestinal radioactivity (Figure S1), and the parameter precision (assessed by percentage
coefficient of variation, %CV) was, in general, acceptable (with a %CV of less than 40%
for most of the subjects, Table S3). A higher %CV was observed for four subjects in the
estimation of k2 and k3, especially in the situation of complete inhibition. This probably
reflects the difficulty to accurately estimate the extremely low values of the transfer rate
constants (Table S3). These subjects were not excluded from the statistical analysis. The
rate constant k1 defining the radiotracer transfer from blood into liver was not significantly
different between healthy and LPS-treated rats (Figure 5). Rifampicin dose-dependently
decreased k1 to a similar extent for both healthy and LPS-treated animals (Figure 5). The
sinusoidal efflux rate constant k2 was significantly lower in the LPS-treated animals com-
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pared with the healthy controls. Pharmacological dose of rifampicin significantly decreased
k2 in healthy animals but caused no further k2 decrease in LPS-treated rats. A maximal
decrease in k2 was observed after treatment with a high dose of rifampicin, in both healthy
and LPS-treated animals. LPS exposure strikingly decreased the liver-to-bile transfer rate
constant (k3) to a minimal level, which was not further decreased by rifampicin (Figure 5).
The non-parametric test showed no significant differences in the values of k5, which esti-
mates the rate transfer between the bile ducts and intestine, except between healthy and
LPS-treated animals when treated with a pharmacological dose of rifampicin (Figure 5).
However, the parameter precision was not satisfying for some subjects (Table S3) and a
high intra-group variability was observed (Figure 5).

Figure 5. Pharmacokinetic model outcome parameters describing the hepatobiliary transport of
99mTc-mebrofenin in healthy and LPS-treated rats (24 h after exposure to LPS) under baseline con-
ditions and after treatment with 9 or 40 mg/kg rifampicin (n = 5 for control animals and n = 6 for
LPS-treated animals). Data are mean ± SD. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns not significant,
ordinary one-way ANOVA followed by a Tukey’s post hoc test for k2 and k3, and Kruskal–Wallis test
for comparison of k1 and k3 data. LPS: lipopolysaccharide; RIF: rifampicin. The data of healthy and
RIF 40 mg/kg groups have already been presented in a previous study [29].
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3. Discussion

The present study highlights the dramatic impact of LPS-induced inflammation on
hepatocyte transporter expression and function in rats. The consequences for carrier-
mediated hepatobiliary clearance and for the magnitude of transporter-mediated DDIs
were assessed in vivo using 99mTc-mebrofenin imaging and kinetic modeling.

Quantitative transcriptomics confirmed the important disruption of the expression of
several hepatocyte transporters 24 h after LPS exposure. This is consistent with previous
rat studies, in which the mRNA and protein levels of most hepatic transporters were
dramatically decreased 6–12 h after LPS administration, although an increase in Mrp3
expression has been reported [10–12,30]. The concomitant decrease in the expression of
cytochrome P450 justified the use of a metabolically-stable imaging probe for quantitative
and selective determination of the functional impact of this downregulation on transporter
expression [31]. The mechanisms for the dysregulation of transporters and cytochromes
by LPS are thought to be mediated by xenobiotic receptors, such as pregnane X receptor
(PXR), aryl hydrocarbon receptor (AhR), glucocorticoid receptor (GR), and constitutive
androstane receptor (CAR) [32].

From a functional perspective, our results point to significant changes in the kinetics
of 99mTc-mebrofenin in LPS-treated rats, with a pronounced increase in liver exposure and
a decreased bile content (Figure 4). The mechanistic importance of each individual trans-
porter system was estimated using compartmental modeling. LPS significantly decreased
both the canalicular (k3) and basolateral (k2) efflux rate of 99mTc-mebrofenin, which may
reflect the activity of MRP2 and MRP3, respectively (Figure 5). This is consistent with the
observed decrease in the Mrp2 and Mrp3 expression (Figure 2). These changes led to a
greater exposure to 99mTc-mebrofenin in the liver of LPS-treated rats compared with healthy
rats. Interestingly, LPS did not impact the Oatp-mediated uptake of 99mTc-mebrofenin
(estimated by k1), consistent with the limited and non-significant impact of LPS treatment
on Oatp4 mRNA expression (Figure 2).

The impact of two different doses of the OATP/MRP inhibitor rifampicin on hepato-
cyte transporter function was also assessed using 99mTc-mebrofenin. In healthy rats, high
dose rifampicin (40 mg/kg) almost completely inhibited the activity of Oatp, Mrp2, and
Mrp3 inferred from the reduction in k1, k3, and k2, respectively, compared to the healthy
untreated group (Figure 5). In rats, pharmacological dose rifampicin (9 mg/kg) did not
significantly decrease Oatp function (although a tendency towards a decrease was ob-
served), while basolateral Mrp3 and canalicular Mrp2 were almost entirely inhibited at this
dose. This suggests differences in vulnerability to the inhibition of Oatp and Mrp2/3 at the
different poles of hepatocytes by a same dose of rifampicin in vivo. This suggests that liver
excretion of MRP2/3 substrates may be hindered, while uptake transport remains active
during concomitant rifampicin therapy. This may lead to liver accumulation of concomitant
drugs and bile acids, and account for the rifampicin-associated DILI observed in clinical
practice [33,34].

The rifampicin-challenge was also tested in LPS-treated rats to investigate the mag-
nitude of transporter-mediated DDIs during endotoxemia. In the presence of high-dose
rifampicin (40 mg/kg), transfer rate constants were similar in healthy and LPS-treated
animals (Figure 5). This may be explained by the almost complete inhibition of inves-
tigated transporters, achieved with the administration of high dose rifampicin, which
was not further modulated by their LPS-mediated repression (Figure 5). However, the
blood exposure to 99mTc-mebrofenin in the situation of complete transporter inhibition
(40 mg/kg rifampicin) was significantly higher in LPS-treated compared with healthy
controls. This suggests a potentiation of the rifampicin perpetrated DDI in the context of
endotoxemia, in an additive manner (Figure 4). This may be explained by the multi-organ
dysfunction induced by endotoxemia, which may also impact the non-hepatic clearance
of 99mTc-mebrofenin, a phenomenon that is revealed when the carrier-mediated hepato-
biliary route is blocked. Interestingly, the absence of an additional impact of high-dose
rifampicin on Mrp2 and Mrp3 function in LPS-treated rats suggests that almost complete
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suppression of the transporter activity is obtained during endotoxemia. This supports
a transporter-based mechanism for cholestasis observed during endotoxemia in animals
and patients [10,35,36]. Pharmacological dose rifampicin did not exacerbate the impact
of LPS on hepatocyte Mrp2 and Mrp3 function, which were already almost completely
suppressed by LPS. Partial inhibition of the blood-to-liver transfer of 99mTc-mebrofenin by
a pharmacological dose of rifampicin was not exacerbated in LPS-treated animals, which
further supports the negligible impact of endotoxemia on Oatp function (Figure 5).

In the absence of adequate methods, studies to address the impact of systemic in-
flammation or sepsis on PK are still rare and are mainly focused on metabolic enzyme
activity [3,37]. 99mTc-mebrofenin imaging in combination with kinetic modeling offers an
appealing method to be safely translated into a clinical/hospital set-up to non-invasively
investigate the impact of inflammation on the function of important hepatocyte trans-
porters. 9mTc-mebrofenin imaging may thus help guide precision medicine with better
dose-selection for the numerous drugs, whose elimination depends on these particular
transporters. This work illustrates the great translational potential of molecular imaging
techniques to untangle the impact of drug transporters in controlling blood and liver
exposure in healthy volunteers and patients [31].

4. Materials and Methods
4.1. Chemicals and Radiochemicals

LPS (from Escherichia coli serotype 0111:B4), was purchased from Sigma-Aldrich (Saint
Quentin Fallavier, France) and rifampicin was used as the commercial drug Rifadine (Sanofi,
Paris, France). Commercial kits of mebrofenin (Cholediam) were gifted from Mediam
(Marcq en Baroeul, France). Each kit was labeled with a sodium 99mTc-pertechnetate
(99mTc-TcO4Na) eluate (~750 MBq/mL) obtained from a sterile 99Mo/99mTc generator
(Tekcis, GE Healthcare, Vélizy-Villacoublay, France), followed by quality control according
to the manufacturer’s recommendations.

4.2. Animals

A total of 41 male rats (Wistar, weight = 261 ± 108 g) aged of 5–7 weeks were used
for this study. All animal experiments were in accordance with the recommendations of
the European Community for animal experiments (2010/63/UE) and the French National
Committees (law 2013-118) for the care and use of laboratory animals. The experimental
protocol was approved by a local ethics committee for animal use (CETEA) and by the
French ministry of agriculture (APAFIS#5375-20l60513 17426342, and 13 December 2018).
Animals were housed in a controlled environment with access to food and water ad libitum.
Half of the animals received an intraperitoneal injection of an extemporaneously prepared
solution of LPS in physiological saline (2 mg/mL) at a dose of 4 mg/kg body weight.
The mean weight loss observed 24 h after treatment by LPS was −18.8 ± 11.6% of the
initial weight.

4.3. Transcriptomics in LPS-Treated Rats

The expression of the transcript of selected membrane transporters and metabolic
enzymes was determined using quantitative polymerase chain reaction (qPCR) analysis, as
previously described [38]. Twenty-four hours after LPS injection, eight animals were sacri-
ficed by injecting pentobarbital, and the livers were excised and frozen in liquid nitrogen.
The total RNAs were extracted from frozen liver fragments using the Nucleospin RNA kit
(Macherey-Nagel, Düren, Germany) and the TissueLyser LT (Qiagen, Courtaboeuf, France)
at 50 Hz for 2 min after RNA quantification using the NanoDrop ND-1000 Spectropho-
tomer (Thermo Fisher Scientific, Illkirch-Graffenstaden, France). RNAs were reversed
transcribed using the Applied Biosystems cDNA Reverse Transcription kit (Thermo Fisher
Scientific, Illkirch-Graffenstaden, France). Real-time quantitative PCR was performed using
the fluorescent SYBR Green dye (Thermo Fisher Scientific, Illkirch-Graffenstaden, France)
and the CFX384 TouchTM Real-time PCR Detection System (Bio-Rad, Marnes la Coquette,
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France). The primer sequences used for qPCR are detailed in Table S4. Two independent
liver fragments were processed and analyzed for each animal, and each measurement
was performed in duplicate. The specificity of each gene amplification was verified at
the end of quantitative PCR reactions, through analysis of the dissociation curves of the
PCR products. Amplification curves were analyzed with CFX Manager Software (Bio-Rad,
Marnes la Coquette, France), using the comparative cycle threshold method. Relative
quantification of the steady-state target mRNA levels was calculated after normalization of
the total amount of cDNA tested to the 18S rRNA endogenous reference, using the 2(−∆∆Ct)

method. Data were expressed as arbitrary units (a.u.) relative to the 18S rRNA contents, as
previously reported [38]. The percentage change in mRNA expression in each individual
LPS-treated rat (n = 4) was calculated compared with the mean gene expression obtained
in four healthy rats.

4.4. 99mTc-Mebrofenin Imaging

Imaging was performed in LPS-treated animals (24 h after LPS injection) and healthy
animals (no LPS). In both groups, 99mTc-mebrofenin scintigraphy was performed either
under the baseline condition (no transporter inhibition) or after transporter inhibition
using rifampicin. Two different doses of rifampicin were tested to investigate the differ-
ent levels of transporter inhibition: 9 mg/kg (corresponding to a human pharmacologi-
cal dose ~600 mg/70 kg) or 40 mg/kg (assuming maximal transporter inhibition at this
dose) [29]. The number of investigated animals under each tested condition is reported in
Tables S2 and S3.

Rats were anesthetized with isoflurane (3.5% and 1.5–2% in oxygen for induction
and maintenance, respectively). 99mTc-mebrofenin scintigraphy was performed using a
clinical SPECT-CT camera (Symbia, Siemens, Knoxville, TN, USA) with a Low Energy
High Resolution (LEHR) collimator. In each session, three rats were placed in a row on
the scanner bed and catheters were inserted in the caudal vein. Scintigraphy imaging is
not an absolute quantitative technique [31]. The position of the detectors relative to the
scanner bed was standardized to limit the variability associated with in counting efficiency.
Rifampicin was injected intravenously (i.v.), immediately (<5 s) before 99mTc-mebrofenin
injection. Dynamic planar scintigraphy acquisitions started with 99mTc-mebrofenin injection
(37.4 ± 5.0 MBq, i.v.) for 40 min, followed by an X-ray CT-scan. Dynamic images were
reconstructed in 54 frames with time durations of 20 × 0.25 min, 10 × 0.5 min, 20 × 1 min,
and 5 × 2 min.

4.5. Imaging Data Analysis

Images were analyzed with PMOD software (version 3.9, PMOD Technologies LLC,
Zurich, Switzerland), as described in a previous rat study [29]. Regions of interest (ROI)
were drawn on planar images over the liver and intestine (assumed to represent excreted
bile). Standardized ROIs consisted in the largest part possible of each organ, excluding
the overlapping region. The whole-heart was delineated to derive an image-derived blood
input function, as previously described [29]. Corresponding TACs were generated by
plotting the mean radioactivity counts (counts per second (cps)) in each region of interest
normalized to the injected radioactivity amount in each animal (cps/MBq) versus time.

A previously developed four-compartment pharmacokinetic model, which had al-
ready been applied to describe the transporter-mediated hepatobiliary disposition of
99mTc-mebrofenin in rats [29,39], was used to estimate the rate constants that describe
the transfer of the radiotracer between the blood and hepatocytes (k1 and k2, min−1), from
hepatocytes to the intrahepatic bile ducts (k3, min−1), and from the intrahepatic bile ducts
to bile excreted into the intestine (k5, min−1). The blood concentration was estimated
from the total amount of radioactivity in the heart divided by a standard heart volume
(Vheart = 2.55 mL), which was measured on an X-ray CT scan in a previous study in rats [29].
The model assumes that all radioactivity present in the intestine corresponds to excreted
bile. In addition, the model includes a dual blood input function, which accounts for the
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radiotracer delivery to the liver via the hepatic artery and the portal vein. The hepatic artery
concentration was obtained from the image-derived input function, while the concentration
in the portal vein was mathematically estimated from the arterial blood curve and the liver
and intestine scintigraphy data during the modeling process, as described previously [39].
The final flow-weighted dual-input blood curve was generated using a hepatic arterial flow
fraction of 0.17 [29].

4.6. Statistical Analysis

Statistical analysis was performed using Prism 8 (GraphPad Software method, La
Jolla, CA, USA) and R package (http://www.R-project.org/, accessed on 3 March 2022).
Transcriptomic profiles were compared using a one-sample t-test after confirmation of
normal distribution by a Shapiro–Wilk Normality test. Differences in pharmacokinetic
parameters between study groups were assessed by ordinary one-way ANOVA, followed
by a Tukey’s post hoc test for multiple comparison. Homoscedasticity was checked using
the Levene’s test. Homoscedasticity was not confirmed for k1 and k5, for which a non-
parametric Kruskal–Wallis test was performed. The level of statistical significance was set
to a p-value < 0.05. Data are reported as mean ± standard deviation (S.D.).

5. Conclusions
99mTc-mebrofenin imaging in rats unveiled a pattern of dramatic disruptions of hepato-

cyte transporters during LPS-induced endotoxemia in rats, particularly for Mrp2 and Mrp3
which control the biliary excretion and sinusoidal efflux of their substrates, respectively.
This led to decreased hepatobiliary clearance and increased liver accumulation. High
dose rifampicin almost completely blocked the carrier-mediated hepatobiliary transport
of 99mTc-mebrofenin, respectively. However, the impact of endotoxemia and transporter-
mediated DDI induced by a high dose rifampicin were additive, suggesting the importance
of multi-organ dysfunction in controlling blood exposure.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15040392/s1. Table S1: Expression levels of transporter mRNA
of selected genes in the liver of control and LPS-treated rats (24 h after exposure to LPS). Table S2: Area
under the time-activity curves (AUC) of 99mTc-mebrofenin in the blood pool (imaged-derived), liver
and intestine obtained in all the studied rat groups. Table S3: Transfer rate constants obtained with
the four-compartment model describing the hepatobiliary disposition of 99mTc-mebrofenin in all the
studied rat groups. Table S4: Primer sequences used for qPCR assays. Figure S1: Time-activity curves
of 99mTc-mebrofenin in the liver and intestine for observed data and model fits in a representative
subject of each studied rat group.

Author Contributions: Conceptualization, O.F., N.T. and S.M.; methodology, I.H.-L., M.G., L.B., S.G.,
M.L.V., O.F. and S.M.; software, I.H.-L., S.G. and S.M.; validation, O.F., N.T. and O.L.; formal analysis,
I.H.-L., S.G., M.L.V., O.F., O.L., N.T. and S.M.; investigation, M.G., L.B., W.S., C.T., M.L.V. and S.M.;
resources, O.F. and N.T.; writing—original draft preparation, I.H.-L. and S.M.; writing—review and
editing, O.F., O.L. and N.T.; visualization, S.M. and N.T.; supervision, S.M.; project administration,
S.M. and N.T.; funding acquisition, O.F. and N.T. All authors have read and agreed to the published
version of the manuscript.

Funding: Louise Breuil and Nicolas Tournier received funding from the French National Research
Agency (grant number ANR-19-CE17-0027). This work was performed on a platform member of the
France Life Imaging network (grant number ANR-11-INBS-0006).

Institutional Review Board Statement: All of the animal experiments were in accordance with the
recommendations of the European Community for animal experiments (2010/63/UE) and the French
National Committees (law 2013-118) for the care and use of laboratory animals. The experimental
protocol was approved by a local ethics committee for animal use (CETEA) and by the French ministry
of agriculture (APAFIS#5375-20l60513 17426342, and 13 December 2018).

Informed Consent Statement: Not applicable.

http://www.R-project.org/
https://www.mdpi.com/article/10.3390/ph15040392/s1
https://www.mdpi.com/article/10.3390/ph15040392/s1


Pharmaceuticals 2022, 15, 392 11 of 12

Data Availability Statement: Data is contained within the article and Supplementary Material.

Acknowledgments: The authors would like to thank Vincent Brulon, Yoan Fontyn, and Kevin
Phansavath for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Furman, D.; Campisi, J.; Verdin, E.; Carrera-Bastos, P.; Targ, S.; Franceschi, C.; Ferrucci, L.; Gilroy, D.; Fasano, A.; Miller, G.; et al.

Chronic Inflammation in the Etiology of Disease across the Life Span. Nat. Med. 2019, 25, 1822–1832. [CrossRef] [PubMed]
2. Christensen, H.; Hermann, M. Immunological Response as a Source to Variability in Drug Metabolism and Transport. Front.

Pharmacol. 2012, 3, 8. [CrossRef] [PubMed]
3. Stanke-Labesque, F.; Gautier-Veyret, E.; Chhun, S.; Guilhaumou, R. Inflammation Is a Major Regulator of Drug Metabolizing

Enzymes and Transporters: Consequences for the Personalization of Drug Treatment. Pharmacol. Ther. 2020, 215, 107627.
[CrossRef] [PubMed]

4. Dunvald, A.; Järvinen, E.; Mortensen, C.; Stage, T. Clinical and Molecular Perspectives on Inflammation-Mediated Regulation of
Drug Metabolism and Transport. Clin. Pharmacol. Ther. 2021. Available online: https://pubmed.ncbi.nlm.nih.gov/34605009/
(accessed on 3 March 2022). [CrossRef]

5. Jetter, A.; Kullak-Ublick, G.A. Drugs and Hepatic Transporters: A Review. Pharmacol. Res. 2020, 154, 104234. [CrossRef]
6. Roth, M.; Obaidat, A.; Hagenbuch, B. OATPs, OATs and OCTs: The Organic Anion and Cation Transporters of the SLCO and

SLC22A Gene Superfamilies. Br. J. Pharmacol. 2012, 165, 1260. [CrossRef] [PubMed]
7. Patel, M.; Taskar, K.; Zamek-Gliszczynski, M. Importance of Hepatic Transporters in Clinical Disposition of Drugs and Their

Metabolites. J. Clin. Pharmacol. 2016, 56, S23–S39. [CrossRef] [PubMed]
8. Evers, R.; Piquette-Miller, M.; Polli, J.W.; Russel, F.G.M.; Sprowl, J.A.; Tohyama, K.; Ware, J.A.; de Wildt, S.N.; Xie, W.;

Brouwer, K.L.R. Disease-Associated Changes in Drug Transporters May Impact the Pharmacokinetics and/or Toxicity of Drugs:
A White Paper from the International Transporter Consortium. Clin. Pharmacol. Ther. 2018, 104, 900–915. [CrossRef]

9. Diao, L.; Li, N.; Brayman, T.; Hotz, K.; Lai, Y. Regulation of MRP2/ABCC2 and BSEP/ABCB11 Expression in Sandwich Cultured
Human and Rat Hepatocytes Exposed to Inflammatory Cytokines TNF-α, IL-6, and IL-1β. J. Biol. Chem. 2010, 285, 31185–31192.
[CrossRef]

10. Cherrington, N.; Slitt, A.; Li, N.; Klaassen, C. Lipopolysaccharide-Mediated Regulation of Hepatic Transporter MRNA Levels in
Rats. Drug Metab. Dispos. 2004, 32, 734–741. [CrossRef]

11. Kubitz, R.; Wettstein, M.; Warskulat, U.; Häussinger, D. Regulation of the Multidrug Resistance Protein 2 in the Rat Liver by
Lipopolysaccharide and Dexamethasone. Gastroenterology 1999, 116, 401–410. [CrossRef] [PubMed]

12. Donner, M.G.; Warskulat, U.; Saha, N.; Häussinger, D. Enhanced Expression of Basolateral Multidrug Resistance Protein Isoforms
Mrp3 and Mrp5 in Rat Liver by LPS. Biol. Chem. 2004, 385, 331–339. [CrossRef] [PubMed]

13. Saib, S.; Delavenne, X. Inflammation Induces Changes in the Functional Expression of P-Gp, BCRP, and MRP2: An Overview of
Different Models and Consequences for Drug Disposition. Pharmaceutics 2021, 13, 1544. [CrossRef] [PubMed]

14. Corsini, A.; Bortolini, M. Drug-Induced Liver Injury: The Role of Drug Metabolism and Transport. J. Clin. Pharmacol. 2013,
53, 463–474. [CrossRef] [PubMed]

15. Giacomini, K.M.; Huang, S.-M.; Tweedie, D.J.; Benet, L.Z.; Brouwer, K.L.R.; Chu, X.; Dahlin, A.; Evers, R.; Fischer, V.;
Hillgren, K.M.; et al. Membrane Transporters in Drug Development. Nat. Rev. Drug Discov. 2010, 9, 215–236. [PubMed]

16. Karlgren, M.; Vildhede, A.; Norinder, U.; Wisniewski, J.; Kimoto, E.; Lai, Y.; Haglund, U.; Artursson, P. Classification of Inhibitors
of Hepatic Organic Anion Transporting Polypeptides (OATPs): Influence of Protein Expression on Drug–Drug Interactions. J.
Med. Chem. 2012, 55, 4740–4763. [CrossRef]

17. Matsson, P.; Pedersen, J.; Norinder, U.; Bergström, C.; Artursson, P. Identification of Novel Specific and General Inhibitors of the
Three Major Human ATP-Binding Cassette Transporters P-Gp, BCRP and MRP2 Among Registered Drugs. Pharm. Res. 2009, 26,
1816–1831. [CrossRef]

18. Lengyel, G.; Veres, Z.; Tugyi, R.; Vereczkey, L.; Molnár, T.; Glavinas, H.; Krajcsi, P.; Jemnitz, K. Modulation of Sinusoidal and
Canalicular Elimination of Bilirubin-Glucuronides by Rifampicin and Other Cholestatic Drugs in a Sandwich Culture of Rat
Hepatocytes. Hepatol. Res. 2008, 38, 300–309. [CrossRef]

19. Ishida, K.; Ullah, M.; Tóth, B.; Juhasz, V.; Unadkat, J. Transport Kinetics, Selective Inhibition, and Successful Prediction of In Vivo
Inhibition of Rat Hepatic Organic Anion Transporting Polypeptides. Drug Metab. Dispos. 2018, 46, 1251–1258. [CrossRef]

20. Takashima, T.; Kitamura, S.; Wada, Y.; Tanaka, M.; Shigihara, Y.; Ishii, H.; Ijuin, R.; Shiomi, S.; Nakae, T.; Watanabe, Y.; et al.
PET Imaging–Based Evaluation of Hepatobiliary Transport in Humans with (15R)-11C-TIC-Me. J. Nucl. Med. 2012, 53, 741–748.
[CrossRef]

21. Ghibellini, G.; Leslie, E.; Brouwer, K. Methods to Evaluate Biliary Excretion of Drugs in Humans: An Updated Review. Mol.
Pharm. 2006, 3, 198–211. [CrossRef] [PubMed]

22. Gandhi, A.; Moorthy, B.; Ghose, R. Drug Disposition in Pathophysiological Conditions. Curr. Drug Metab. 2012, 13, 1327–1344.
[PubMed]

http://doi.org/10.1038/s41591-019-0675-0
http://www.ncbi.nlm.nih.gov/pubmed/31806905
http://doi.org/10.3389/fphar.2012.00008
http://www.ncbi.nlm.nih.gov/pubmed/22363283
http://doi.org/10.1016/j.pharmthera.2020.107627
http://www.ncbi.nlm.nih.gov/pubmed/32659304
https://pubmed.ncbi.nlm.nih.gov/34605009/
http://doi.org/10.1002/cpt.2432
http://doi.org/10.1016/j.phrs.2019.04.018
http://doi.org/10.1111/j.1476-5381.2011.01724.x
http://www.ncbi.nlm.nih.gov/pubmed/22013971
http://doi.org/10.1002/jcph.671
http://www.ncbi.nlm.nih.gov/pubmed/27385177
http://doi.org/10.1002/cpt.1115
http://doi.org/10.1074/jbc.M110.107805
http://doi.org/10.1124/dmd.32.7.734
http://doi.org/10.1016/S0016-5085(99)70138-1
http://www.ncbi.nlm.nih.gov/pubmed/9922322
http://doi.org/10.1515/BC.2004.029
http://www.ncbi.nlm.nih.gov/pubmed/15134348
http://doi.org/10.3390/pharmaceutics13101544
http://www.ncbi.nlm.nih.gov/pubmed/34683838
http://doi.org/10.1002/jcph.23
http://www.ncbi.nlm.nih.gov/pubmed/23436293
http://www.ncbi.nlm.nih.gov/pubmed/20190787
http://doi.org/10.1021/jm300212s
http://doi.org/10.1007/s11095-009-9896-0
http://doi.org/10.1111/j.1872-034X.2007.00255.x
http://doi.org/10.1124/dmd.118.080770
http://doi.org/10.2967/jnumed.111.098681
http://doi.org/10.1021/mp060011k
http://www.ncbi.nlm.nih.gov/pubmed/16749853
http://www.ncbi.nlm.nih.gov/pubmed/22746301


Pharmaceuticals 2022, 15, 392 12 of 12

23. Marie, S.; Hernandez-Lozano, I.; Langer, O.; Tournier, N. Repurposing 99mTc-Mebrofenin as a Probe for Molecular Imaging of
Hepatocyte Transporters. J. Nucl. Med. 2021, 62, 1043–1047. [CrossRef] [PubMed]

24. Neyt, S.; Huisman, M.; Vanhove, C.; Man, H.; Vliegen, M.; Moerman, L.; Dumolyn, C.; Mannens, G.; Vos, F. In Vivo Visualization
and Quantification of (Disturbed) Oatp-Mediated Hepatic Uptake and Mrp2-Mediated Biliary Excretion of 99mTc-Mebrofenin in
Mice. J. Nucl. Med. 2013, 54, 624–630. [CrossRef] [PubMed]

25. Bhargava, K.; Joseph, B.; Ananthanarayanan, M.; Balasubramaniyan, N.; Tronco, G.; Palestro, C.; Gupta, S. Adenosine
Triphosphate–Binding Cassette Subfamily C Member 2 Is the Major Transporter of the Hepatobiliary Imaging Agent 99mTc-
Mebrofenin. J. Nucl. Med. 2009, 50, 1140–1146. [CrossRef]

26. Marie, S.; Hernández-Lozano, I.; Breuil, L.; Truillet, C.; Hu, S.; Sparreboom, A.; Tournier, N.; Langer, O. Imaging-Based
Characterization of a Slco2b1(-/-) Mouse Model Using [11C]Erlotinib and [99mTc]Mebrofenin as Probe Substrates. Pharmaceutics
2021, 13, 918. [CrossRef]

27. Pfeifer, N.; Goss, S.; Swift, B.; Ghibellini, G.; Ivanovic, M.; Heizer, W.; Gangarosa, L.; Brouwer, K. Effect of Ritonavir on
99mTechnetium–Mebrofenin Disposition in Humans: A Semi-PBPK Modeling and In Vitro Approach to Predict Transporter-
Mediated DDIs. CPT Pharmacomet. Syst. Pharmacol. 2013, 2, e20. [CrossRef]

28. Ali, I.; Slizgi, J.; Kaullen, J.; Ivanovic, M.; Niemi, M.; Stewart, P.; Barritt, A.; Brouwer, K. Transporter-Mediated Alterations in
Patients with NASH Increase Systemic and Hepatic Exposure to an OATP and MRP2 Substrate. Clin. Pharmacol. Ther. 2017,
104, 749–756. [CrossRef]

29. Marie, S.; Hernández-Lozano, I.; Breuil, L.; Saba, W.; Novell, A.; Gennisson, J.; Langer, O.; Truillet, C.; Tournier, N. Validation
of Pharmacological Protocols for Targeted Inhibition of Canalicular MRP2 Activity in Hepatocytes Using [99mTc]Mebrofenin
Imaging in Rats. Pharmaceutics 2020, 12, 486. [CrossRef]

30. Elferink, M.; Olinga, P.; Draaisma, A.; Merema, M.; Faber, K.; Slooff, M.; Meijer, D.; Groothuis, G. LPS-Induced Downregulation of
MRP2 and BSEP in Human Liver Is Due to a Posttranscriptional Process. Am. J. Physiol.-Gastrointest. Liver Physiol. 2004, 287,
G1008–G1016. [CrossRef]

31. Tournier, N.; Stieger, B.; Langer, O. Imaging Techniques to Study Drug Transporter Function In Vivo. Pharmacol. Ther. 2018,
189, 104–122. [CrossRef] [PubMed]

32. Lv, C.; Huang, L. Xenobiotic Receptors in Mediating the Effect of Sepsis on Drug Metabolism. Acta Pharm. Sin. B 2020, 10, 33–41.
[CrossRef] [PubMed]

33. Ramappa, V.; Aithal, G. Hepatotoxicity Related to Anti-Tuberculosis Drugs: Mechanisms and Management. J. Clin. Exp. Hepatol.
2013, 3, 37–49. [CrossRef] [PubMed]

34. Segovia-Zafra, A.; Di Zeo-Sánchez, D.; López-Gómez, C.; Pérez-Valdés, Z.; García-Fuentes, E.; Andrade, R.; Lucena, M.;
Villanueva-Paz, M. Preclinical Models of Idiosyncratic Drug-Induced Liver Injury (IDILI): Moving towards Prediction. Acta
Pharm. Sin. B 2021, 11, 3685–3726. [CrossRef] [PubMed]

35. Roughneen, P.T.; Kumar, S.C.; Pellis, N.R.; Rowlands, B.J. Endotoxemia and Cholestasis. Surg. Gynecol. Obstet. 1988, 167, 205–210.
36. Chand, N.; Sanyal, A. Sepsis-Induced Cholestasis. Hepatology 2007, 45, 230–241. [CrossRef]
37. Schmith, V.; Foss, J. Effects of Inflammation on Pharmacokinetics/Pharmacodynamics: Increasing Recognition of Its Contribution

to Variability in Response. Clin. Pharmacol. Ther. 2008, 83, 809–811. [CrossRef]
38. Le Vee, M.; Jouan, E.; Noel, G.; Stieger, B.; Fardel, O. Polarized Location of SLC and ABC Drug Transporters in Monolayer-Cultured

Human Hepatocytes. Toxicol. In Vitro 2015, 29, 938–946. [CrossRef]
39. Hernández Lozano, I.; Karch, R.; Bauer, M.; Blaickner, M.; Matsuda, A.; Wulkersdorfer, B.; Hacker, M.; Zeitlinger, M.; Langer, O.

Towards Improved Pharmacokinetic Models for the Analysis of Transporter-Mediated Hepatic Disposition of Drug Molecules
with Positron Emission Tomography. AAPS J. 2019, 21, 61. [CrossRef]

http://doi.org/10.2967/jnumed.120.261321
http://www.ncbi.nlm.nih.gov/pubmed/33674399
http://doi.org/10.2967/jnumed.112.108233
http://www.ncbi.nlm.nih.gov/pubmed/23440558
http://doi.org/10.2967/jnumed.109.062448
http://doi.org/10.3390/pharmaceutics13060918
http://doi.org/10.1038/psp.2012.21
http://doi.org/10.1002/cpt.997
http://doi.org/10.3390/pharmaceutics12060486
http://doi.org/10.1152/ajpgi.00071.2004
http://doi.org/10.1016/j.pharmthera.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/29684469
http://doi.org/10.1016/j.apsb.2019.12.003
http://www.ncbi.nlm.nih.gov/pubmed/31993305
http://doi.org/10.1016/j.jceh.2012.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25755470
http://doi.org/10.1016/j.apsb.2021.11.013
http://www.ncbi.nlm.nih.gov/pubmed/35024301
http://doi.org/10.1002/hep.21480
http://doi.org/10.1038/clpt.2008.62
http://doi.org/10.1016/j.tiv.2015.03.019
http://doi.org/10.1208/s12248-019-0323-0

	Introduction 
	Results 
	Quantitative Transcriptomics 
	99mTc-Mebrofenin Imaging 

	Discussion 
	Materials and Methods 
	Chemicals and Radiochemicals 
	Animals 
	Transcriptomics in LPS-Treated Rats 
	99mTc-Mebrofenin Imaging 
	Imaging Data Analysis 
	Statistical Analysis 

	Conclusions 
	References

