
Molecular Medicine rePorTS  26:  342,  2022

Abstract. The role of high mobility group box 1 (HMGB1) 
in the regulation of efflux transporters in the liver and kidney 
remains unclear, although it has been reported that HMGB1 
can increase P‑glycoprotein (P‑gp) expression in the brain. 
The present study aimed to clarify the involvement of HMGB1 
in the regulation of P‑gp expression in the liver and kidney 
of mice with lipopolysaccharide (LPS)‑induced inflamma‑
tion. Mice were treated with LPS or LPS + glycyrrhizin (GL); 
GL is as an HMGB1 inhibitor. Subsequently, the expression 
levels of transporters, such as P‑gp, and HMGB1 receptors, 
such as toll‑like receptor (TLR)4 and receptor for advanced 
glycation end‑products (RAGE), were determined by quanti‑
tative PCR and LC‑MS/MS‑based targeted proteomics. For 
the in vitro study, HepG2 and KMRC‑1 cells were used, as 
was a co‑culture of KMRC‑1 and differentiated THP‑1 cells. 
The mRNA and protein expression levels of Mdr1a and Tlr4 
in the kidneys of LPS + GL‑treated mice were significantly 
decreased compared with those in LPS mice. The results 
indicated that HMGB1 had little effect on the expression of 
Mdr1a and Tlr4 in the liver, since there was little change in 
of Mdr1a and Mdr1b expression between the LPS and LPS + 
GL‑treated mice. Notably, regarding MDR1 mRNA expres‑
sion, KMRC‑1 cells were more responsive to LPS than HepG2 
cells, and KMRC‑1 cells treated with LPS exhibited increased 
levels compared with control KMRC‑1 cells. In differentiated 
THP‑1 cells, LPS treatment decreased the mRNA expression 
levels of TLR4, whereas they were restored to control levels 
by HMGB1. In conclusion, HMGB1 in the plasma and TLR4 

in macrophages may be involved in the regulation of P‑gp 
expression in the kidneys of inflamed mice.

Introduction

Efflux transporters, such as P‑glycoprotein (P‑gp/ABCB1), 
multidrug resistance‑associated protein (MRP/ABCC), 
and breast cancer resistance protein (BCRP/ABCG2), are 
involved in the active transport of endogenous substrates 
and xenobiotics. The regulatory mechanisms of transporter 
expression and activity for effective drug therapies must be 
understood as the expression and activity of transporters 
could be a determinant of the pharmacokinetics and effi‑
ciency of drugs. The induction of inflammation is known to 
affect the expression, plasma membrane localization, and 
transport activity of transporters (1‑3). In addition to our 
group, other research groups have demonstrated that trans‑
porter expression is decreased and increased in the liver and 
kidney, respectively, in some animal models of inflamma‑
tion (2,4). For example, our study revealed opposing changes 
in P‑gp and MRP2 expression in the livers and kidneys of rats 
with adjuvant‑induced arthritis (4). Similarly, Hartmann et al 
reported that P‑gp expression in the liver and kidney of 
mice treated with lipopolysaccharide (LPS) decreased and 
increased, respectively (2). However, it is unclear why the 
effect of inflammation on transporter expression differs 
between the liver and kidney.

Non‑histone protein high mobility group box 1 (HMGB1), 
which participates in the sustenance of chronic inflamma‑
tion, is actively secreted by monocytes and macrophages, 
and passively released from necrotic cells (5,6). The binding 
of HMGB1 to Toll‑like receptor (TLR)2, TLR4, and receptor 
for advanced glycation end‑products (RAGE) leads to the 
activation of intracellular signaling for inflammation and 
NF‑κB (7‑9). LPS‑TLR4 signaling transduction pathways 
contain MyD88‑dependent and MyD88‑independent signaling 
pathways (10). MyD88‑dependent signaling pathway activates 
NF‑kB via the upstream regulators such as MyD88 and TRAF6, 
while MyD88‑independent signaling pathway activates IRF‑3 
via the upstream regulators such as TRAM and TRIF. Further, 
the interaction between TLR4 and RAGE is important for 

Distinct roles of HMGB1 in the regulation of 
P‑glycoprotein expression in the liver and kidney of 
mice with lipopolysaccharide‑induced inflammation

ATSUSHI KAWASE1,  KOTA IRIE1,  naoYa MaTSuda1,  YUZUKI TAKAI1, 
HIROAKI SHIMADA1  and  MASAHIRO IWAKI1‑3

1Department of Pharmacy, Faculty of Pharmacy; 2Pharmaceutical Research and Technology Institute;  
3Antiaging Center, Kindai University, Higashiosaka, Osaka 577‑8502, Japan 

Received July 4, 2022;  Accepted September 6, 2022

DOI: 10.3892/mmr.2022.12858

Correspondence to: Dr Atsushi Kawase, department of 
Pharmacy, Faculty of Pharmacy, Kindai University, 3‑4‑1 Kowakae, 
Higashiosaka, Osaka 577‑8502, Japan
E‑mail: kawase@phar.kindai.ac.jp

Key words: efflux transporter, inflammation, macrophages, liver 
injury, kidney



KAWASE et al:  TranSPorTer reGulaTion BY HMGB12

the plasma membrane localization of TLR4, RAGE, and 
HMGB1‑induced inflammation (11). HMGB1 complexed 
with LPS, interleukin‑1, CXC chemokine ligand 12, or CD24, 
but not HMGB1 alone, has cytokine functions (12‑14). Some 
reports have revealed that HMGB1 increases P‑gp expression 
in the brain via the RAGE/NF‑κB signaling pathway (15‑17). 
However, the role of HMGB1 in the regulation of efflux trans‑
porters in the liver and kidney remains unclear. Elucidating the 
involvement of HMGB1 in the regulation of efflux transporters 
could help us understand the pharmacokinetics of efflux 
transporter substrates in inflammation.

Accordingly, we sought to clarify whether HMGB1 
regulates the expression of efflux transporters in the liver 
and kidney during inflammation. Mice with LPS‑induced 
inflammation were employed as an acute inflammatory 
animal model, while glycyrrhizin (GL) was employed as an 
inhibitor of HMGB1. The possible mechanisms of HMGB1 
inhibition by GL include binding to HMGB1 (18), inhibiting 
the phosphorylation of HMGB1 (19), and decreasing HMGB1 
release from cells (20,21). In the in vitro study, we investigated 
the roles of HMGB1 in the regulation of P‑gp in the liver and 
kidney using human liver cancer HepG2 cells, human clear 
cell renal carcinoma KMRC‑1 cells, and a co‑culture system 
of KMRC‑1 with macrophage‑like cells.

Materials and methods

Chemicals and reagents. lPS from Escherichia coli was 
purchased from Sigma‑Aldrich Co., LLC. Sepasol‑RNA I 
Super G, GL, Dulbecco's modified Eagle's medium (DMEM), 
and phorbol 12‑myristate 13‑acetate (PMA) were purchased 
from Nacalai Tesque Inc. ReverTra Ace was purchased from 
Toyobo Co. Ltd. Fast SYBR Green Master Mix, Mem‑PER 
plus membrane protein extraction kit, and BCA protein 
assay kit were purchased from Thermo Fisher Scientific Inc. 
Transaminase CII‑test Wako and MS‑grade porcine pancre‑
atic trypsin were obtained from Fujifilm Wako Pure Chemical 
Co. Ltd. Recombinant human HMGB1 was obtained from 
Novus Biologicals. The Mouse/Rat HMGB1 ELISA Kit was 
obtained from Arigo Biolaboratories Co. Recombinant human 
IFN‑γ was purchased from R&D Systems Inc. Oligonucleotide 
primers were obtained from Eurofins Genomics Inc. All other 
chemicals and solvents were of MS grade or higher and of 
commercially available purity.

Animals and treatments. Five‑ to six‑week‑old male ICR mice 
were purchased from Japan SLC Inc. Mice were housed in 
a climate‑controlled room at 24±2˚C with relative humidity 
of 55±10% and a 12‑h lighting schedule (7:00 a.m. to 7:00 
p.m.), including free access to standard laboratory chow (MF; 
Oriental Yeast Co.). Mice were treated with LPS (5 mg/kg, i.p.) 
or GL (200 mg/kg, i.p.) 1 h before LPS (5 mg/kg, i.p.) (LPS 
+ GL) (21,22) while control mice were treated with saline 
as a vehicle or GL in saline. Six or 24 h after LPS injection, 
LPS, LPS + GL, and control mice were assessed. The livers 
and kidneys were excised from mice euthanized by sodium 
pentobarbital (150 mg/kg, i.p.) as judged by cardiac and 
respiratory arrest. The blood was collected from the central 
vein of euthanized mice. The study protocol was approved 
by the Committee for the Care and Use of Laboratory 

Animals of the Faculty of Pharmacy of Kindai University 
(approval no. KAPS‑2022‑021; Higashiosaka, Japan).

Plasma AST and ALT activities. Plasma aspartate aminotrans‑
ferase (AST) and alanine aminotransferase (ALT) levels were 
determined using the transaminase CII‑test Wako. Twenty 
microliters of plasma from control and LPS mice at 6 and 24 h, 
and LPS + GL mice at 24 h, was added to 500 µl AST or ALT 
substrates. After incubation for 5 min at 37˚C, chromogenic 
substrates were added to the reaction solutions. Absorbance 
at 540 nm was measured using an absorption spectrometer 
(Sunrise R, TECAN Group Ltd.). The activities of AST and 
ALT were estimated using standard curves.

Plasma HMGB1 concentrations. HMGB1 concentrations 
in the plasma of control, LPS, and LPS + GL mice were 
determined using the Mouse/Rat HMGB1 ELISA kit. Briefly, 
we added 100 µl of plasma to antibody‑coated microplates. 
Thereafter, HRP‑conjugated antibodies were added to each 
well. After 16 h at 4˚C, each well was washed with the wash 
buffer. 3,3',5,5'‑tetramethylbenzidine substrate was then added, 
and the absorbance at 450 nm was measured using an absorp‑
tion spectrometer (Sunrise R). The HMGB1 concentration was 
estimated using a standard curve.

mRNA levels of transporters and HMGB1 receptors in the 
liver and kidney. Total RNA was extracted from the liver 
and kidney of control, LPS, and LPS + GL mice, HepG2 
cells, KMRC‑1 cells, and M1 macrophages derived from 
THP‑1 cells (M1) using Sepasol RNA I Super G, and reverse 
transcribed into complementary DNA using ReverTra Ace 
qPCR RT Master Mix. The PCR mixtures were incubated at 
95˚C for 10 sec and then amplified at 95˚C for 5 sec, 57˚C for 
20 sec, and 72˚C for 40 sec for 40 cycles using Fast SYBR 
Green Master Mix. The oligonucleotide sequences of the 
primers used for each mRNA target are shown in Table I. Data 
were analyzed using the StepOne Real‑Time PCR System 
(Thermo Fisher Scientific, Inc.) and the multiplex compara‑
tive method. The target mRNA levels were normalized to 
those of β‑actin.

Protein levels of P‑gp and HMGB1 receptors in the kidney 
by LC‑MS/MS‑based targeted proteomics. The protein levels 
of P‑gp, Tlr2, Tlr4, and Rage in the kidney were determined 
using LC‑MS/MS‑based targeted proteomics, as described 
previously (23,24). Briefly, membrane proteins were extracted 
from the kidneys of the control, LPS, and LPS + GL mice 
using a Mem‑PER plus membrane protein extraction kit. 
After reduction and alkylation of 200 µg proteins, MS‑grade 
porcine pancreatic trypsin was added to the reaction mixture, 
including proteins and 10 pmol reference AQUA peptide 
[(H)H(PC13N15)DASVNFSEFSK(OH), Sigma‑Aldrich Co., 
LLC.]. The surrogate peptides for the target proteins, as shown 
in Table II, were measured using an LC‑MS/MS system 
(UltiMate 3000 series, Thermo Fisher Scientific, Inc.) and a 
TSQ Endura Triple Quadrupole Mass Spectrometer with elec‑
trospray ionization (Thermo Fisher Scientific, Inc.). Finigan 
Xcalibur software (Thermo Fisher Scientific, Inc.) was used 
for data recording and analysis. The relative protein expres‑
sion levels to control were evaluated by dividing the area of 
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surrogate peptide by the area of reference AQUA peptide 
obtained from each sample using Skyline software V.21 
(MacCoss Lab at the University of Washington, USA).

Cell culture and treatments. Human liver cancer HepG2 cells 
and the human monocytic cell line, THP‑1, were obtained from 
RIKEN BRC. Human clear cell renal carcinoma KMRC‑1 
cells were obtained from JCRB Cell Bank. HepG2 and 
KMRC‑1 cells were maintained in DMEM supplemented with 
10% fetal bovine serum, 100 U/ml penicillin, and 100 µg/ml 
streptomycin. THP‑1 cells were maintained in RPMI 1640 
medium supplemented with 10% fetal bovine serum, 100 U/ml 
penicillin, and 100 µg/ml streptomycin. Cells were grown at 

37˚C in a humidified incubator equilibrated with 5% CO2. 
HepG2 and KMRC‑1 cells were subcultured every 3‑4 days 
using 0.25% trypsin and 1 mM EDTA. THP‑1 cells were 
sub‑cultured every 3‑4 days via dilution with fresh medium.

HepG2 or KMRC‑1 cells were seeded at 5x104 cells/cm2 in 
24‑well plates (Sumitomo Bakelite Co. Ltd.) 1 d before treat‑
ment. HepG2 cells or KMRC‑1 cells were treated with LPS 
alone (0.01‑10 µg/ml).

THP‑1 monocytes were differentiated into M0 macro‑
phages (M0) after 24 h of incubation with 150 nM PMA. 
M0 macrophages were polarized in classically activated 
M1 by incubation with 20 ng/ml IFN‑γ and 10 pg/ml LPS 
for 24 h. KMRC‑1 cells co‑culture with M1 (KMRC‑1/M1) 

Table I. Primer sequences used in reverse transcription‑quantitative PCR.

Gene Primer sequence, 5'‑3' Product size, bp

mMdr1a Forward: CTTCATCATGAAACTGCCCCA 138
 Reverse: GCCTCGTCCAACAAAAGGATC 
mMdr1b Forward: TTGAAGCCGTAAGAGGCTGAG 140
 Reverse: TTCAAACTCCATCACCACCTCAC 
mMrp2 Forward: AGACAGCGGCAAGATTGTTG  99
 Reverse: ACACTTTCAATGCCGGCTTC 
mBcrp Forward: CTGGTCCTCTCCCTGCTTTTT 183
 Reverse: TGCCTTTCTCTGCTATGTGTAATG 
mTlr2 Forward: TAGGGGCTTCACTTCTCTGCT 144
 Reverse: CACCAAGATCCAGAAGAGCCA 
mTlr4 Forward: TCATGGCACTGTTCTTCTCCT 125
 Reverse: AGAAGGAATGTCATCAGGGACTT 
mRage Forward: ACACTCGTGAAGGAAGAGACC 108
 Reverse: GAAGGTAGGATGGGTGGTTC 
mβ‑actin Forward: GATCAAGATCATTGCTCCTCCTG 171
 Reverse: GCAGCTCAGTAACAGTCCGC 
hMDR1 Forward: AGGCCAACATACATGCCTTCATC 163
 Reverse: GCTGACGTGGCTTCATCCAA 
hTLR2 Forward: GACTCTACCAGATGCCTCCC 135
 Reverse: AAGTTATTGCCACCAGCTTCC 
hTLR4 Forward: TGGATCAAGGACCAGAGGCA 141
 Reverse: GAGGACCGACACACCAATGA 
hRAGE Forward: CCCTGCTCATTGGGGTCATC 139
 Reverse: GTACTACTCTCGCCTGCCTC 
hMyD88 Forward: GAGGCTGAGAAGCCTTTACAGG 129
 Reverse: GCAGATGAAGGCATCGAAACGC 
hTRAF6 Forward: CAATGCCAGCGTCCCTTCCAAA 142
 Reverse: CCAAAGGACAGTTCTGGTCATGG 
hTRIF Forward: ACCTTCTGCGAGGATTTCCAGG 113
 Reverse: CGACAGTCGAAGTTGGAGGTGA 
hIRF3 Forward: TCTGCCCTCAACCGCAAAGAAG 151
 Reverse: TACTGCCTCCACCATTGGTGTC 
hβ‑actin Forward: CACCATTGGCAATGAGCGGTTC 135
 Reverse: AGGTCTTTGCGGATGTCCACGT 

Mdr, multidrug resistance protein; Mrp, multidrug resistance‑associated protein; Bcrp, breast cancer resistance protein; Tlr, toll‑like receptor; 
Rage, receptor for advanced glycation end‑products; MyD88, myeloid differentiation factor 88; TRAF6, TNF receptor‑associated factor 6; 
TRIF, TIR domain‑containing adaptor‑inducing interferon‑β; IRF3, interferon regulatory factor 3.
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were performed under 24‑well plate with Falcon cell culture 
inserts (pore size: 0.4 µm; upper compartment: M1; lower 
compartment: KMRC‑1 cells) in fresh DMEM at KMRC‑1 
cells:M1 ratio of 1:0.4 (inflamed conditions) (25).

Statistical analysis. Differences between means were 
analyzed by one‑way analysis of variance followed by the 
Bonferroni test or by unpaired Student's t‑test. The correla‑
tion between the TLR2/4 or RAGE mRNA levels and the 
MDR1 mRNA levels was evaluated by Pearson's correlation 
and regression analysis. GraphPad Prism 5 was used for 
all statistical analyses. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Plasma AST and ALT activities. To determine whether 
HMGB1 affects the expression of efflux transporters and 
HMGB1 receptors in the liver and kidney of mice with inflam‑
mation, control, LPS, and LPS + GL mice were used. Table III 
shows the body weight, liver weight, kidney weight, and 
plasma AST and ALT levels of control, LPS, and LPS + GL 
mice. Body, liver, and kidney weights were unchanged after 
treatment with LPS or LPS + GL at 6 and 24 h. Both AST and 
ALT levels in LPS mice were significantly higher than those 
in control mice. The combination of GL and LPS resulted in 
significant decreases in both AST and ALT levels compared to 
levels found in LPS mice (Table III).

mRNA and protein levels of efflux transporters. The mrna 
levels of Mdr1a, Mdr1b, Mrp2, and Bcrp in the liver and 
kidney at 6 and 24 h after LPS treatment and the protein levels 
of Mdr1a and Mdr1b in the kidney 24 h after LPS treatment 
were determined to clarify the effects of LPS‑induced inflam‑
mation on the expression of efflux transporters (Fig. 1). Six 
hours after treatment with vehicle or LPS, only a minor change 
in the mRNA levels of efflux transporters in the liver and 
kidney was observed, with the exception of Mrp2 in the liver. 
Twenty‑four hours after treatment, the mRNA levels of Mdr1a, 
Mrp2, and Bcrp in the liver of LPS mice were significantly 
decreased compared to those of control mice (Fig. 1A). In 
contrast, the mRNA levels of Mdr1a and Mdr1b in the kidneys 
of LPS‑treated mice were significantly increased compared 
to those of control mice (Fig. 1B). The relative protein levels 
of Mdr1a, but not Mdr1b, in the kidneys of LPS‑treated mice 

after 24 h of treatment were higher than those in control mice 
(Fig. 1C).

Plasma HMGB1 concentrations. Fig. 2 shows the plasma 
concentrations of HMGB1 of LPS or LPS + GL mice. The 
plasma concentrations of HMGB1 in LPS mice at 6 h after 
treatment were approximately twice the concentration in 
control mice. Further, the increased HMGB1 concentrations 
in LPS mice were maintained until 24 h after LPS treatment 
(Fig. 2). The combination of GL and LPS prevented the 
increase in plasma HMGB1 levels in LPS mice (Fig. 2).

Effects of GL on Mdr1a, Mdr1b, and HMGB1 receptors 
expression. When GL and LPS were combined, plasma levels 
of HMGB1 were comparable to those in the control (Fig. 2). 
Therefore, the effects of the combination of GL and LPS on 
the mRNA levels of Mdr1a and Mdr1b in the liver and kidney, 
and the protein levels of Mdr1a and Mdr1b in the kidney were 
determined to clarify the roles of HMGB1 in the regulation of 
P‑gp expression (Fig. 3). Although the mRNA levels of Mdr1a 
and Mdr1b in the liver were unchanged between LPS and 
LPS + GL mice (Fig. 3A), both the mRNA and protein levels 
of Mdr1a in the kidneys of LPS + GL mice were significantly 
decreased compared with those of LPS mice (Fig. 3B and C). 
The mRNA levels of Mdr1b in the kidneys of LPS + GL mice 
were significantly lower than those of LPS mice (Fig. 3B). 
However, the protein levels of Mdr1b remained unchanged by 
the combination of GL and LPS by LC‑MS/MS‑based targeted 
proteomics (Fig. 3C). We proceeded to determine whether 
HMGB1 affected the mRNA levels of HMGB1 receptors, 
such as Tlr2, Tlr4, and Rage, in the liver and kidney of mice 
with LPS‑induced inflammation (Fig. 4A and B). In the livers 
of LPS and LPS + GL mice, the mRNA levels of Tlr2 and 
Rage were significantly increased and decreased, respectively, 
compared to those in the control. However, the mRNA levels of 
Tlr4 in the liver remained unchanged after treatment with LPS 
or LPS + GL (Fig. 4A). The mRNA levels of Tlr2 and Tlr4 in 
the kidneys of LPS‑treated mice were significantly increased 
compared with those of control mice and were reduced to 
significantly lower levels by the combination of GL and LPS 
(Fig. 4B). The mRNA levels of Rage in the kidneys of both 
LPS and LPS + GL mice were significantly lower than those 
in control mice (Fig. 4B). Fig. 4C shows the protein levels of 
Tlr2, Tlr4, and Rage in the kidneys of the control, LPS, and 
LPS + GL mice. The protein levels of Tlr4 were significantly 
increased by LPS treatment. Treatment with a combination 
of GL and LPS reversed the increase in Tlr4 protein by LPS 
treatment, in accordance with the changes in Tlr4 mrna in 
the kidney (Fig. 4C). These representative chromatograms of 
the surrogate peptides or Mdr1a, Mdr1b, Tlr2, Tlr4, and Rage 
were shown in Fig. S1. GL alone caused only a slight change in 
the AST, ALT, and HMGB1 levels and the expression of P‑gp 
and HMGB1 receptors (data not shown).

Effects of LPS on MDR1 and TLR4 in HepG2 or KMRC‑1 
cells. To further investigate the role of HMGB1 in the regula‑
tion of P‑gp expression, in vitro studies were performed using 
human liver cancer HepG2 cells and human clear cell renal 
carcinoma KMRC‑1 cells. The mRNA levels of MDR1 and 
TLR4 were unchanged after the treatment of HepG2 cells with 

Table II. Surrogate amino acid sequences for targeted proteins.

Protein Sequence

Mdr1a ATVSASHIIR
Mdr1b GIYFSMVQAGAK
Tlr2 NYQSQSLK
Tlr4 DFIPGVAIAANIIQEGFHK
Rage VYQIPGKPEIVDPASELTASVPNK

Mdr, multidrug resistance protein; Tlr, toll‑like receptor; Rage, 
receptor for advanced glycation end‑products.
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Figure 1. Relative mRNA levels of Mdr1a, Mdr1b, Mrp2, and Bcrp in the (A) liver and (B) kidney of control and LPS mice at 6 and 24 h after vehicle or 
LPS administration. (C) Relative protein levels of Mdr1a and Mdr1b in the kidney of control and LPS mice at 24 h after vehicle or LPS administration. The 
results are expressed as mean ± SD of each group (n=3‑5). *P<0.05, **P<0.01 and ***P<0.001 vs. control. Mdr, multidrug resistance protein; Mrp, multidrug 
resistance‑associated protein; Bcrp, breast cancer resistance protein; LPS, lipopolysaccharide. 

Table III. Body weight, liver weight, kidney weight, plasma AST, and ALT levels in control, LPS, and LPS + GL mice. Mice were 
treated with vehicle, LPS (50 mg/kg, i.p.), or LPS (50 mg/kg, i.p.) combined with GL (200 mg/kg, i.p.). The organs and plasma 
were collected 6 h and 24 h after saline or LPS injection.

  Body Liver Liver weight/ Kidney Kidney weight/  
Time Group weight, g weight, g body weight weight, g body weight AST, IU/l ALT, IU/l

6 h Control 29.8±0.45 1.96±0.05 0.066±0.002 0.56±0.03 0.019±0.001 14.2±2.8 14.5±7.4
 LPS 29.2±0.84 1.90±0.05 0.065±0.001 0.50±0.04 0.017±0.001 38.7±18.8a 61.3±35.3b

 LPS + GL 31.2±1.10 1.94±0.15 0.062±0.005 0.51±0.02 0.017±0.001 16.8±6.6d 23.5±3.5d

24 h Control 30.0±1.41 1.80±0.09 0.060±0.005 0.49±0.07 0.016±0.002 13.3±2.8 17.0±1.1
 LPS 29.7±1.63 1.75±0.12 0.058±0.004 0.56±0.05 0.019±0.002 34.1±6.3c 23.8±5.1a

 LPS + GL 28.7±1.03 1.78±0.14 0.063±0.004 0.61±0.10 0.021±0.003 26.9±6.4 13.0±2.1e

The results are expressed as the mean ± standard deviation of each group (n=5‑8). aP<0.05, bP<0.01 and cP<0.001 vs. control; dP<0.05 and 
eP<0.01 vs. LPS. AST, aspartate aminotransferase; ALT, alanine aminotransferase; LPS, lipopolysaccharide; GL, glycyrrhizin.
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LPS (Fig. 5A). In contrast, treatment of KMRC‑1 cells with 
LPS (0.1, 1, and 10 µg/ml) resulted in a significant increase in 
MDR1 mRNA compared with that in control cells. Only few 
changes occurred in the mRNA levels of TLR4 in control and 
LPS‑treated KMRC‑1 cells (Fig. 5B).

Effects of LPS and HMGB1 on MDR1, HMGB1 receptors, and 
LPS‑TLR4 signaling molecules in KMRC‑1/M1. The co‑culture 
of KMRC‑1 cells with M1 derived from THP‑1 cells was used 
to clarify the role of HMGB1 in the regulation of MDR1 and 
TLR4 mRNA expression (Fig. 6). The mRNA levels of MDR1 
and TLR4 in KMRC‑1 cells after treatment with LPS alone or 

Figure 4. Relative mRNA levels of Tlr2, Tlr4, and Rage in the (A) liver and 
(B) kidney, and (C) relative protein levels of Tlr2, Tlr4 and Rage in the kidney 
of control, LPS, and LPS + GL mice at 24 h after treatment. The results 
are expressed as mean ± SD of each group (n=4−8). *P<0.05, **P<0.01 and 
***P<0.001 vs. control; #P<0.05 and ##P<0.01 vs. LPS. Tlr, toll‑like receptor; 
Rage, receptor for advanced glycation end‑products; LPS, lipopolysaccha‑
ride; GL, glycyrrhizin.

Figure 2. Time‑course of the plasma concentrations of HMGB1 in control, 
LPS, and LPS + GL mice. The results are expressed as mean ± SD of each 
group (n=3−6). *P<0.05 and ***P<0.001 vs. control. HMGB1, high mobility 
group box 1; LPS, lipopolysaccharide; GL, glycyrrhizin.

Figure 3. Relative mRNA levels of Mdr1a and Mdr1b in the (A) liver and 
(B) kidney, and (C) relative protein levels of Mdr1a and Mdr1b in the kidney 
of LPS and LPS + GL mice at 24 h after treatment. The results are expressed 
as mean ± SD of each group (n=5‑8). *P<0.05 and ***P<0.001 vs. LPS. Dotted 
lines indicate the mRNA or protein levels of control mice. Mdr, multidrug 
resistance protein; LPS, lipopolysaccharide; GL, glycyrrhizin.



Molecular Medicine rePorTS  26:  342,  2022 7

LPS with HMGB1 were significantly increased compared to 
those in the control (Fig. 6A). The mRNA levels of MyD88, 
TRAF6, TRIF, and IRF3 in KMRC‑1 cells co‑cultured with 
M1 were significantly decreased by treatments of LPS alone, 
or LPS with HMGB1 (Fig. 6A). In KMRC‑1 alone, the mRNA 
levels of MyD88, TRAF6, TRIF, and IRF3 were unchanged 
(data not shown). When HepG2 cells were co‑cultured with 
M1 derived from THP‑1 cells, the mRNA levels of MDR1 and 
TLR4 after LPS treatment were unchanged (data not shown). 
However, the mRNA levels of TLR4 in M1 after treatment with 
LPS alone were significantly decreased compared with those 
of the control, and returned to control levels when treated with 
both HMGB1 and LPS (Fig. 6B). The mRNA levels of TLR2 
and RAGE in M1 remained unchanged among the three groups 
(Fig. 6B). The similar HMGB1 concentrations was found in 
the medium of the three groups at 24 h after the treatments 

(data not shown). The correlation between the mRNA levels of 
TLR4 in KMRC‑1, TLR2, TLR4, and RAGE in M1 and MDR1 
in KMRC‑1 24 h after treatment with LPS alone (1 µg/ml) 
or the combination of HMGB1 (1 µg/ml) and LPS (1 µg/ml) 
to KMRC‑1/M1 was assessed (Fig. 7). A significant positive 
correlation was found between the mRNA levels of TLR4 and 
MDR1 in KMRC‑1. Further, a significant negative correlation 
was found between the mRNA levels of TLR4 in M1 and 
MDR1 in KMRC‑1 cells.

Discussion

The present study revealed the roles of HMGB1 in the regula‑
tion of P‑gp and HMGB1 receptors in the liver and kidney 
of mice with LPS‑induced inflammation and the cell lines. 
Following treatment with LPS alone or combined with 

Figure 5. Relative mRNA levels of MDR1 and TLR4 in (A) HepG2 cells and (B) KMRC‑1 cells at 24 h after treatment with vehicle or LPS (0.01‑10 µg/ml). 
The results are expressed as mean ± standard error of each group (n=4). **P<0.01 vs. control (0 µg/ml). MDR1, multidrug resistance protein 1; TLR4, toll‑like 
receptor 4; LPS, lipopolysaccharide.
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Figure 6. Effects of LPS and HMGB1 on relative mRNA levels in co‑cultured KMRC‑1/M1 cells. (A) Relative mRNA levels of MDR1, TLR4, MyD88, TRAF6, 
TRIF and IRF3, and (B) TLR2, TLR4 and RAGE in M1 in KMRC‑1/M1 24 h after treatment with vehicle, LPS alone (1 µg/ml), or the combination of HMGB1 
(1 µg/ml) and LPS (1 µg/ml). The results are expressed as mean ± SE of each group (n=4‑5). *P<0.05, **P<0.01 and ***P<0.001. MDR1, multidrug resistance 
protein 1; TLR4, toll‑like receptor 4; LPS, lipopolysaccharide; HMGB1, high mobility group box 1.



Molecular Medicine rePorTS  26:  342,  2022 9

HMGB1, changes in the expression levels of P‑gp and HMGB1 
receptors were determined.

Based on the results, the increase in plasma HMGB1 
following treatment with LPS was involved in the regulation 
of Mdr1a expression in the kidney, but not in the liver. TLR4 
expression levels in macrophages and HMGB1 levels in 
plasma may be important for the regulation of MDR1 in the 
kidney; several lines of evidence support this finding. First, 
the inhibition of HMGB1 after GL treatment masked the 
increase in the mRNA and protein expression of Mdr1a and 
Tlr4 in the kidney after LPS treatment (Figs. 3C and 4C). The 
addition of HMGB1 and LPS to KMRC‑1/M1 suppressed the 
downregulation of TLR4 mRNA expression in M1 cells after 
LPS stimulation (Fig. 6B). To our knowledge, this is the first 
study to demonstrate the roles of HMGB1 and TLR4 in the 
kidney, but not in the liver, of mice with inflammation.

Alterations in eff lux transporters, such as Mdr1a, 
Mdr1b, Mrp2, and Bcrp in the liver and kidney of mice 
with LPS‑induced inflammation were assessed. Following 
LPS treatment, both the mRNA and protein levels of 
Mdr1a in the kidneys of mice at 24 h after LPS treatment 
were significantly increased compared with those in control 
mice (Fig. 1). Hartmann et al demonstrated that the protein 
levels of P‑gp in the kidneys of LPS mice were significantly 
higher than those in control mice (2). Our previous study also 
revealed opposing changes in P‑gp between the liver and 
kidney of rats with adjuvant‑induced arthritis. Further, the 
relative expression levels of P‑gp in the kidneys of rats with 

adjuvant‑induced arthritis were found to be higher than those 
in control rats (4). An increase in Mdr1a, but not Mdr1b, was 
observed in the kidneys of mice at 24 h after LPS treatment 
(Fig. 1C). Inflammation was found to have different effects on 
the mRNA expression between Mdr1a and Mdr1b, as revealed 
by previous reports (2,26,27). P‑gp was selected to evaluate 
the roles of HMGB1 in the regulation of efflux transporters in 
the following studies as distinct differences were observed in 
the expression of P‑gp in the liver and kidney of LPS‑induced 
inflammatory mice compared with those of other efflux trans‑
porters. Previous report showed the decreases of the protein 
expression levels of P‑gp after LPS treatments to mice (2). It 
has been reported that HMGB1 increases P‑gp expression in 
the brain (15‑17). The mRNA levels of Mdr1a and Mdr1b were 
significantly increased in the kidneys but not livers of LPS 
mice. GL treatment with LPS had little impacts on the Mdr1a 
and Mdr1b levels in the livers of inflamed mice (Fig. 3A). 
These results suggested that the protein expression levels of 
P‑gp in the kidney were regulated by HMGB1 similar to the 
P‑gp expression in brain. Therefore, we focused the changes 
of P‑gp in the kidneys of LPS mice to clarify the roles of 
HMGB1 in the expression of P‑gp.

The increased plasma HMGB1, AST, and ALT levels after 
LPS treatment returned to control levels when treated with 
GL. GL has been frequently used as an inhibitor of HMGB1 
because it directly binds to HMGB1 and inhibits its release 
from cells (18,20,21). The effects of GL alone on the inflam‑
mation with mice would be excluded, because the treatment of 

Figure 7. Correlation between the mRNA levels of TLR4 in KMRC‑1, TLR2, TLR4 or RAGE in M1, and MDR1 in KMRC‑1 at 24 h after treatment with LPS 
alone (1 µg/ml) or the combination of HMGB1 (1 µg/ml) and LPS (1 µg/ml) in HepG2 cells co‑cultured with M1. Pearson coefficient values (r) and P‑values 
are shown. MDR1, multidrug resistance protein 1; TLR, toll‑like receptor; RAGE, receptor for advanced glycation end‑products; LPS, lipopolysaccharide; 
HMGB1, high mobility group box 1.
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GL alone did not affect the AST, ALT, and HMGB1 levels and 
the expression of P‑gp and HMGB1 receptors in control mice 
(data not shown). However, it is difficult to fully distinguish an 
effect of direct inhibition of HMGB1 by GL and an indirect 
effect of decreases of liver damage via HMGB1 inhibition 
by GL. GL does not necessarily suppress liver injury only 
through the pathway that inhibits HMGB1, although GL is 
widely used as an inhibitor for HMGB1. The further studies 
using anti‑HMGB1 antibody are needed to clarify the direct 
effects of HMGB1 on the regulation of P‑gp expression in 
inflamed kidney. If HMGB1 is involved in the P‑gp regulation 
in inflamed kidney, the treatment anti‑HMGB1 antibody with 
LPS results in the prevention of increase of the P‑gp expres‑
sion in the kidney after LPS treatment. Some reports also 
demonstrated that GL inhibited the liver injury via decrease 
of the HMGB1 secretion from Kupffer cells (28), inhibition 
of HMGB1‑TLR4 pathway (29), and decrease of oxidative 
stress (30). The expression levels of P‑gp in the kidneys of 
LPS‑treated mice were similar to those in control mice 
(Fig. 3C), indicating that plasma HMGB1 is a determinant 
of P‑gp expression in the kidneys of mice with LPS‑induced 
inflammation. According to previous reports, HMGB1 
promotes P‑gp expression in the brain (15‑17); however, 
whether it is involved in the regulation of P‑gp expression 
in the kidney is unknown. The increased expression levels 
of Tlr4, which is a receptor for LPS and HMGB1, restored 
to control levels by HMGB1 inhibition (Fig. 4C). Expression 
levels did not necessarily exhibit corresponding changes 
between mRNA and protein levels due to the stability of 
mRNA, and post‑transcriptional or post‑translational regula‑
tion. However, the causes of the proportional changes between 
mRNA and protein levels of Tlr4 but not Tlr2 and Rage in 
inflamed kidney were undetermined. There is no information 
on the differences of regulation of Tlr2 and Tlr4 expression in 
the inflamed kidney. The TLR4 mRNA levels of M1 treated 
with LPS and HMGB1 were significantly increased compared 
with those of M1 treated with LPS alone (Fig. 6B), indicating 
that HMGB1 participated in the upregulation of TLR4 in M1. 
The lower expression of Tlr4 in the kidneys of LPS + GL mice 
can be partially explained by this result (Fig. 6B). TLR4 is 
predominantly expressed in human and rodent monocytes and 
immature dendritic cells, with very low expression in the liver 
and kidneys (31‑33). Therefore, changes in TLR4 expression 
in monocyte‑derived macrophages, as shown in Fig. 6B, in 
addition to plasma HMGB1, could be important for the regula‑
tion of P‑gp expression in the liver and kidney of inflamed 
mice. Tlr4 in the kidney is reported to be involved in the 
induction of inflammation and tissue injury in nephrotoxicity 
via MyD88‑dependent and MyD88‑independent signaling 
pathways (34‑36). To our knowledge, this is the first study to 
reveal that HMGB1 and Tlr4 expression are important factors 
in the induction of P‑gp in the inflamed kidney. However, the 
expression levels of P‑gp in the liver did not markedly depend 
on plasma HMGB1 concentrations and Tlr4 mRNA levels 
in the liver. Thus, the upregulation of P‑gp expression in the 
kidney by HMGB1 and Tlr4 could be a characterization of the 
organ‑distinct effects of LPS‑induced inflammation, differing 
from that of the liver. As a result, the differences in Tlr4 expres‑
sion between the liver and kidney of mice with LPS‑induced 
inflammation should be considered. According to the Tlr4 

mRNA levels, the kidney was found to be more responsive 
to LPS‑induced inflammation than the liver (Fig. 4). Further 
studies using Tlr4 deficient mice could help to elucidate the 
detailed roles of Tlr4 and HMGB1 in the regulation of P‑gp in 
the kidneys of mice with inflammation.

Following the treatment of HepG2 or KMRC‑1 cells 
with LPS, there were significant differences in the induc‑
tion of MDR1 between HepG2 and KMRC‑1 cells (Fig. 5). 
Treatment of KMRC‑1 cells, but not HepG2 cells, with LPS 
(0.1, 1, or 10 µg/ml) led to a significant induction of MDR1 
mRNA expression compared with that observed in control 
cells. However, TLR4 mRNA expression was unchanged after 
LPS treatment in both KMRC‑1 and HepG2 cells (Fig. 5). 
These results suggest that LPS stimulation of KMRC‑1 cells 
results in an increase in MDR1 without the upregulation of 
TLR4. Since KMRC‑1 and HepG2 cells are cancer cells, some 
characteristics of them do not reflect the properties of normal 
kidney and liver. Further studies using normal proximal renal 
tubular cells and primary hepatocytes are needed to clarify 
the detailed roles of HMGB1 in the regulation of P‑gp expres‑
sion, although KMRC‑1 and HepG2 cells are frequently used 
to examine the expression and function of P‑gp in kidney and 
liver. Further, other factors, in addition to LPS stimulation, 
may be needed to increase TLR4 expression in KMRC‑1 cells. 
In contrast, TLR4 mRNA levels in KMRC‑1 cells increased 
after LPS stimulation of KMRC‑1/M1 (Fig. 6), suggesting that 
the presence of inflammatory macrophages participated in the 
upregulation of TLR4 in KMRC‑1 cells. Moreover, the mRNA 
levels of MDR1 after treatment with HMGB1 and LPS were 
comparable to those after LPS treatment alone. Accordingly, 
it is difficult to determine the roles of HMGB1 and TLR4 
in the regulation of MDR1 using KMRC‑1 cells alone. As 
shown in Fig. 7, TLR4 mRNA expression levels in KMRC‑1 
cells and M1 correlated with MDR1 mRNA expression levels 
in KMRC‑1 cells. Treatment of KMRC‑1/M1 cells with LPS 
alone increased and decreased the expression of TLR4 mrna 
in KMRC‑1 cells and M1, respectively. The addition of LPS to 
KMRC‑1/M1 (Fig. 6), but not to KMRC‑1 cells alone (Fig. 5), 
resulted in an increase in TLR4 in KMRC‑1 cells, which might 
be due to the release of inflammatory cytokines from M1. 
According to previous reports, TLR4 in renal parenchymal 
cells is an important receptor for the production of inflam‑
matory cytokines and induction of inflammation (34,37,38). 
Taken together, the presence of M1 increased TLR4 mRNA 
expression, similar to Tlr4 expression in the kidneys of mice 
with LPS‑induced inflammation. Owing to the combination 
of HMGB1 and LPS, the mRNA levels of TLR4 were signifi‑
cantly higher than those with LPS alone, although similar 
mRNA levels of MDR1 were observed after treatment with 
LPS or LPS + HMGB1. Other studies revealed the synergistic 
effects of HMGB1 and LPS on inflammation (39‑41). HMGB1 
might be involved in maintaining the regulatory levels of TLR4 
mRNA in the M1. However, the results obtained using this 
co‑culture system were insufficient to explain the changes in 
P‑gp expression in the kidney of LPS‑induced inflamed mice. 
Further studies are thus needed to clarify the role of HMGB1 
in the regulation of P‑gp expression in the kidney.

In conclusion, to the best of our knowledge, this is the first 
report on the involvement of HMGB1 in the regulation of P‑gp 
expression in the kidney, but not in the liver, of inflamed mice 
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similar to brain, although the interaction between HMGB1 and 
TLR4, inhibitory effects of GL on HMGB1, and LPS‑mediated 
activation of HMGB1 have been reported. It was unclear 
whether HMGB1 regulated the transporters such as P‑gp 
expression in the kidneys and livers of inflamed mice. These 
findings may provide important information for us to under‑
stand the effects of inflammation on the disposition of P‑gp 
substrates to the kidneys and livers. The regulation of TLR4 
expression in M1 by HMGB1 may contribute to P‑gp expres‑
sion in the kidneys. Further, the upregulation of HMGB1 and 
Tlr4 in the kidney could be the cause of the differing effect of 
inflammation on P‑gp expression in the liver and kidney. Thus, 
altering P‑gp expression in the inflammatory kidney may affect 
the pharmacokinetics of P‑gp substrates; the involvement of 
HMGB1 and TLR4 should also be investigated.
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