
ISSN 1672-9145                                        Acta Biochimica et Biophysica Sinica 2007, 39(2): 96–100                                CN 31-1940/Q

©Institute of Biochemistry and Cell Biology, SIBS, CAS

DOI: 10.1111/j.1745-7270.2007.00253.x

Tolerance of Mice to Lipopolysaccharide is Correlated with Inhibition
of Caspase-3-mediated Apoptosis in Mouse Liver Cells
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Abstract         Bacterial endotoxin lipopolysaccharide (LPS) often results in multiple organ failure. However,
pre-exposure of mice to a sublethal dose of LPS renders the animal tolerant to a lethal dose of LPS. This
study was designed to determine whether pre-exposure of a small dose of LPS was able to suppress
apoptosis in mice when challenged with LPS in combination with D-galactosamine, and to investigate the
expression changes of the apoptosis-associated molecules. The results showed that a characteristic apoptotic
DNA fragmentation existed in mouse livers of the LPS-naive group, but not in control groups; and the mice
of the LPS-naive group were all dead after 2 d. However, in the LPS-tolerance groups, both the lethal rate
and apoptotic DNA fragmentation were suppressed after the mice were challenged with LPS/D-galactosamine,
and the protection against the lethality and apoptotic reaction could be maintained for up to 7 d. In this
period, significantly lower levels of caspase-3 and its mRNA appeared in LPS-tolerant groups compared to
those of the LPS-naive group (P<0.05), and the caspase-3 activities gradually recovered as the observation
was prolonged. Our findings suggest that LPS tolerance could suppress apoptosis in mouse liver cells, and
the expression and activity of caspase-3 could be down-regulated.
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Bacterial endotoxin lipopolysaccharide (LPS), a complex
glycolipid, is composed of a hydrophilic polysaccharide
moiety and a hydrophobic domain known as lipid A. LPS
is a major component of the outer membrane of Gram-
negative bacteria and one of the most potent microbial
initiators of inflammation [1−3]. It has been shown that
LPS activates monocytes and macrophages to produce
proinflammatory cytokines such as tumor necrosis factor-
α (TNF-α), and interleukin (IL)-1, IL-6, IL-8, and IL-
12. Macrophages also secrete, in response to LPS, a wide
variety of other biological response mediators including
platelet-activating factor, prostaglandins, enzymes, and
free radicals, such as nitric oxide. Production of these
inflammatory cytokines and mediators by monocytes/
macrophages contributes to the efficient control of growth

and dissemination of invading pathogens. However,
excessive and uncontrolled production of these inflam-
matory cytokines and mediators may lead to serious
systemic complications including microcirculatory
dysfunction, liver and kidney damage [4,5], and septic
shock with a high mortality [6]. When macrophages are
treated with a sublethal dose of LPS, the cells become
refractory to subsequent exposure to a high dose of LPS,
which is known as endotoxin tolerance [7,8].

Apoptosis is an ATP-dependent cell death, morpho-
logically characterized by chromatin condensation,
nuclear fragmentation, cell shrinkage, and blebbing of
the plasma membrane, and biochemically characterized
by the activation of caspases, highly specific proteases
that cleave a wide array of intracellular substrates.
Activation of upstream caspases initiates a proteolytic
cascade leading to DNA fragmentation and the cleavage
of key regulatory proteins resulting in cell death. As an
inflammatory factor [9,10], LPS plays an important role
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in pathogenesis through inducing apoptosis in several cell
types [11,12].

We found in previous research that a characteristic
apoptotic DNA fragmentation in the liver of affected mice
was intimately correlated to lethality in mice that were
challenged with LPS (0.05 mg) in combination with D-
galactosamine (D-GalN) [13]. The exact molecular
mechanisms attributed to the LPS-induced apoptosis, as
well as LPS-induced tolerance, remain unknown.

For this reason, we intended to address, in this study,
whether the tolerance of mice to LPS was correlated with
the inhibition of caspase-3, which is believed to be in-
volved in the induction of lethality and formation of toler-
ant status.

Materials and Methods

Reagents and mice

LPS was prepared from Salmonella abortus equi as
previously described [14]. D-GalN hydrochloride was
purchased from Sigma (St. Louis, USA). Six- to eight-
week-old Kunming mice (18−20 g) of both sexes were
obtained from the Experimental Animal Center, Chinese
Academy of Sciences (Shanghai, China) and used in this
experiment. Mice were housed in stainless steel wire cages
with free access to food and water. After a one-week
equilibration period, the animals were randomly divided
into different experimental groups. All experimental pro-
cedures were carried out in compliance with the regula-
tions of the Shanghai Municipal Scientific and Technical
Committee.

LPS-induced tolerant mouse model

The experimental mice were divided into nine groups
(10 mice per group, except in the protection experiment).
Mice in group 1−4 were injected with normal saline, 0.1 μg
LPS, 2 μg LPS, or 20 mg D-GalN, respectively, as con-
trol groups. Those in the naive group (group 5) were chal-
lenged with LPS in combination with D-GalN directly. In
LPS tolerance groups (group 6−9), mice were pretreated
with a small dose of LPS (0.1 μg), and various periods
later (3 h, 1 d, 2 d, and 7 d), they were challenged with
LPS in combination with D-GalN. Six to seven hours after
the last injection, the animal organs of interest were
collected under ether anesthesia.

All reagents used in these experiments, including D-
GalN and LPS, were dissolved in pyrogen-free normal
saline. A standard volume of 200 μl was used throughout

the study. Injections were usually intravenous in the lateral
tail vein of the mice.

Protection of LPS tolerance

To detect the protection of LPS tolerance, mice were
challenged with the reagent and grouped as above. The
animals were continuously observed for 7 d, and the
survival numbers of mice in different groups were counted.
Thirty mice per group were used in this experiment.

Extraction of RNA-free DNA and electrophoresis

Mouse liver was homogenized in lysis buffer (10 mM
Tris-HCl, pH 7.5, 100 mM EDTA, 0.5% sodium dodecyl
sulfate) with 0.1 mg/ml of proteinase K. DNA was phenol/
chloroform extracted and dissolved in TE buffer (10 mM
Tris-HCl, pH 7.4, 1 mM EDTA, pH 8.0) containing RNase
(0.1 mg/L) at 37 ºC for 1 h. Subsequently, the DNA was
extracted by phenol/chloroform and electrophoresed on
1% agarose in TAE buffer. The gels were photographed
under UV light using the FR-980A electrophoresis image
analysis system (FURI Science & Technology, Shanghai,
China).

Caspase-3 activity

Caspase-3 activity was determined by a colorimetric
activity assay kit (Chemicon, Temecula, USA). Briefly,
after the animals’ death at the indicated time points, murine
livers were immediately dissected and frozen in liquid
nitrogen. Frozen tissues were pulverized and lysed with
lysis buffer provided by Chemicon. Caspase-3 activity
was detected at 405 nm in a microtiter plate reader. In
some assays, recombinant caspase-3 enzyme (Chemicon)
was used as a positive control. Buffer alone and cell lysate
alone were used as negative controls.

Extraction of total RNA and reverse transcription-
polymerase chain reaction (RT-PCR)

Total RNA was isolated from liver using RNArose
reagent (Watson Biotech, Shanghai, China) following the
manufacturer’s instructions and treated with RNase-free
DNase (TaKaRa, Dalian, China). For RT reaction, the
avian myeloblastosis virus (TaKaRa) was applied. PCR
amplification was carried out with Taq DNA polymerase
(Shenenergy Biotech, Shanghai, China) for 30 cycles at
94 ºC for 30 s, 58 ºC for 30 s, and 72 ºC for 1 min in a
PTC-100 PCR machine (MJ Research, Waltham, USA).
The primers used for RT-PCR were: β-actin, 5'-TGG-
AAGCCTGTGGCATCCA-3' and 5'-TAACAGTCCGCC-
TAGAAGCA-3'; and caspase-3, 5'-TGAAGGCAAGGT-
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GCTAAA-3' and 5'-CTGGCTCAAACCACATTCTC-3'. All
primers were obtained from Bioasia Biotech (Shanghai,
China). Data were quantitated by scanning with an FR-
980A electrophoresis image analysis system (FURI Science
& Technology).

Statistical analysis

Results were obtained from at least three independent
experiments and presented as mean±SD. Differences were
established by Student’s t-test and P<0.05 was considered
significant.

Results

Protection of LPS tolerance

All mice in the control groups survived. From Fig. 1,
we can see that the survival rate clearly increased after
LPS-tolerance. The mice in the naive group were all dead
2 d after the LPS/D-GalN challenge. All mice in the LPS-
tolerance 3 h and 1 d groups survived during the period
of observation. In the LPS-tolerance 2 d group, the survival
rate was 100% after 2 d, but gradually decreased to 90%
after 7 d. In the LPS-tolerance 7 d group, mice died within
1 d, and a survival rate of 70% was observed after 7 d.
The differences were significant (P<0.05).

Suppression of apoptotic reaction in LPS-induced
tolerant mice

DNA fragmentation was detectable in the mice of the
naive group (Fig. 2, lane 5), whereas in LPS-induced
tolerant groups, a clear suppression of DNA fragmenta-
tion (Fig. 2, lane 6−9) was visualized. This suppression
of apoptotic reaction in terms of DNA fragmentation was
capable of being sustained for up to 7 d. The integrity of
the DNA was maintained in the control groups (Fig. 2,
lane 1−4).

Fig. 1        Survival rates of lipopolysaccharide/D-galactosamine
(LPS/D-GalN) challenged mice in LPS-tolerant and naive groups
The experimental mice were divided into nine groups (30 mice per group) as
described in “Materials and Methods”. The experimental mice were maintained
and continuously observed for 7 d. The survival numbers of the mice in different
groups were counted.

Fig. 2        Detection of DNA fragmentation in naive and tolerant
mice after lipopolysaccharide/D-galactosamine (LPS/D-GalN)
treatment
M, DL 2000 DNA marker; 1, DNA from normal saline control mouse; 2, DNA
from a single injection of LPS (0.1 μg) only; 3, DNA from a single injection of
LPS (2 μg) only; 4, DNA from a single injection of D-GalN (20 mg) only; 5, DNA
from LPS (2 μg)/D-GalN (20 mg) co-challenged mouse; 6−9, DNA from LPS pre-
treated mice (3 h, 1 d, 2 d and 7 d, respectively). DNA fragmentation was observed
only in naive mice (lane 5).

Alterations of caspase-3 expression in LPS-induced
tolerant mice

Caspase-3 mRNA measured by RT-PCR showed a
higher transcription level in the naive group [Fig. 3(A),
lane 5] than those in tolerant [Fig. 3(A), lane 6−9] and
control groups [Fig. 3(A), lane 1−4]. Densitometry of
caspase-3 [Fig. 3(B)] showed a down-regulation then a
gradual recovery in the LPS-induced tolerant mice. These
decreases in tolerant mice, compared with naive mice,
were statistically significant (P<0.05).

The expression of caspase-3 protein in LPS-induced
tolerance was at its lowest activity at 3 h, then a gradual
increase was found at 1 d, 2 d, and 7 d. In contrast,
caspase-3 had higher activity in the naive group than in
the LPS-induced tolerant and control groups (P<0.05)
[Fig. 3(C)].
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prostaglandins and cytokines. The secretion of TNF-α,
IL-1, IL-6, and IL-12 results in rapid induction and
amplification of the host response to infection [15−18].
In vitro, LPS directly promotes apoptosis in macrophages,
hepatocytes, ventricular myocytes and endothelial cells.
In vivo, LPS has shown a pro-apoptotic effect on
lymphocytes in Peyer’s patches and thymocytes. In
addition to direct apoptotic effects, LPS can also stimulate
the recruitment of leukocytes and production of pro-
inflammatory cytokines. Alikhani et al. [19] showed that
LPS significantly increased caspase-8 and caspase-3
activities in vivo, which were dependent on TNF receptor
signaling. But until recently [13,20], the relationship
between LPS tolerance and apoptotic reaction in liver cells
was not reported. In this study, we found that DNA
fragmentation in mouse liver was more obvious in naive
mice than in LPS-induced tolerant mice. More importantly,
the suppression of apoptosis against later challenge of LPS
could last up to 7 d, much longer than the previously
reported 1 d [13,20]. In this period, the expression of an
important executioner caspase, caspase-3, was also down-
regulated in the LPS-induced tolerant group and the
survival rate in LPS tolerant groups clearly increased. The
mechanism might be as follows. (1) The expression of
TNF receptor was altered after LPS tolerance. Previous
research [20] also confirmed that the induced tolerance
status was mediated not only by LPS but also by TNF,
and the signaling of induction of tolerance and promotion
of apoptosis was through TNF receptor 1. (2) LPS tolerance
might stimulate activities of LPS receptor-Toll like receptor
(TLR) 4 and its downstream molecular alteration. Any of
these changes can lead to the alteration of the expression
of caspase-3. In future research, we will use antagon of
different molecules or gene knockout mice to ascertain
the mechanism of suppressing apoptosis after LPS
tolerance.

D-GalN impairs the biosynthesis of RNA, glycoproteins
and glycogen, resulting in damage to hepatocytes. The
biopharmacological effects of D-GalN used in this study
are confined to hepatocytes, due to the lower level of
uridine triphosphate in liver. Several studies [21] have
demonstrated that mice treated with D-GalN were
dramatically sensitized to LPS, allowing more than a 2500-
fold reduction in the lethal dose of LPS. Single dose treat-
ment with D-GalN showed no influence in caspase-3
mRNA transcription and protein levels, implying that LPS
is the main factor in modulating caspase-3.

In conclusion, we found that pre-exposure of mice to
small doses of LPS can suppress the apoptotic response
for up to 7 d, much longer than the period of 1 d previously

Fig. 3        Alterations of caspase-3 activity in mice after lipo-
polysaccharide/D-galactosamine (LPS/D-GalN) treatment
(A) Reverse transcription-polymerase cahin reaction detection of caspase-3 mRNA.
Total RNA was extracted from experimental mouse liver and electrophoresed
through 1% agarose gel. β-actin served as a sample-loading control.  (B) Absor-
bance measurement of the bands on gel in (A). Differences were statistically
significant between naive and LPS-induced tolerant mice (P<0.05). (C) Caspase-
3 expression analysis. Caspase-3 activity in naive mice was higher than those in
LPS-induced tolerant mice, and the differences were statistically significant be-
tween naive and LPS-induced tolerant mice (P<0.05). M, DL 2000DNA marker;
1, sample from normal saline control mouse; 2, RNA from a single injection of
LPS (0.1 μg) only; 3, RNA from a single injection of LPS (2 μg) only; 4, RNA
from a single injection of D-GalN (20 mg) only; 5, RNA from LPS (2 μg)/D-GalN
(20 mg) co-challenged mouse; 6–9, RNAs from LPS pre-treated mice (3 h, 1 d, 2 d,
and 7 d, respectively).

Discussion

LPS is one of the strongest stimulators of macrophages
and leads to the secretion of nitrogen intermediates,

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/39/2/96/507 by guest on 24 April 2024



100                                                                                 Acta Biochim Biophys Sin                                                                         Vol. 39, No. 2

©Institute of Biochemistry and Cell Biology, SIBS, CAS

References

1 Raetz CR. Biochemistry of endotoxins. Annu Rev Biochem 1990, 59: 129−
170

2 Cohen J. The immunopathogenesis of sepsis. Nature 2002, 420: 885−891
3 Rietschel ET, Kirikae T, Schade FU, Mamat U, Schmidt G, Loppnow H,

Ulmer AJ et al. Bacterial endotoxin: Molecular relationships of structure to
activity and function. FASEB J 1994, 8: 217−225

4 Hewett JA, Roth RA. Hepatic and extrahepatic pathobiology of bacterial
lipopolysaccharides. Pharmacol Rev 1993, 45: 382−411

5 Hirata K, Kaneko A, Ogawa K, Hayasaka H, Onoe T. Effect of endotoxin on
rat liver. Analysis of acid phosphatase isozymes in the liver of normal and
endotoxin-treated rats. Lab Invest 1980, 43: 165−171

6 Ulevitch RJ, Tobias PS. Receptor-dependent mechanisms of cell stimulation
by bacterial endotoxin. Annu Rev Immunol 1995, 13: 437−457

7 Cross AS. Endotoxin tolerance−−current concepts in historical perspective. J
Endotoxin Res 2002, 8: 83−98

8 Dobrovolskaia MA, Vogel SN. Toll receptors, CD14, and macrophage acti-
vation and deactivation by LPS. Microbes Infect 2002, 4: 903−914

9 Lakics V, Vogel SN. Lipopolysaccharide and ceramide use divergent signal-
ing pathways to induce cell death in murine macrophages. J Immunol 1998,
161: 2490−2500

10 Koteish A, Yang S, Lin H, Huang X, Diehl A. Chronic ethanol exposure
potentiates lipopolysaccharide liver injury despite inhibiting Jun N-terminal

kinase and caspase 3 activation. J Biol Chem 2002, 277: 13037−13044
11 Li HL, Suzuki J, Bayna E, Zhang FM, Dalle Molle E, Clark A, Engler RL

et al. Lipopolysaccharide induces apoptosis in adult rat ventricular myocytes
via cardiac AT1 receptors. Am J Physiol Heart Circ Physiol 2002, 283: H461−
H467

12 Munshi N, Fernandis AZ, Cherla RP, Park IW, Ganju RK. Lipopolysaccha-
ride-induced apoptosis of endothelial cells and its inhibition by vascular
endothelial growth factor. J Immunol 2002, 168: 5860−5866

13 Zhou BR, Gumenscheimer M, Freudenberg M, Galanos C. Lethal effect and
apoptotic DNA fragmentation in response of D-GalN-treated mice to bacterial
LPS can be suppressed by pre-exposure to minute amount of bacterial LPS:
Dual role of TNF receptor 1. World J Gastroenterol 2005, 11: 3398−3404

14 Galanos C, Luderitz O, Westphal O. Preparation and properties of a standard-
ized bacterial LPS from Salmonella abortus equi (Novo-Pyrexal). Zentralbl
Bakteriol 1979, 243: 226−244

15 Bone RC. Sepsis, the sepsis syndrome, multi-organ failure: A plea for com-
parable definitions. Ann Intern Med 1991, 114: 332−333.

16 Manthey CL, Vogel SN. Interactions of lipopolysaccharide with macrophages.
Immunol Ser 1994, 60: 63−81

17 Morrison DC, Ryan JL. Endotoxins and disease mechanisms. Annu Rev
Med 1987, 38: 417−432

18 Parrillo JE. Pathogenetic mechanisms of septic shock. N Engl J Med 1993,
328: 1471−1477

19 Alikhani M, Alikhani Z, Graves DT. Apoptotic effects of LPS on fibroblasts
are indirectly mediated through TNFR1. J Dent Res 2004, 83: 671−676

20 Zhou BR, Gumenscheimer M, Freudenberg M, Galanos C. A striking correlation
between lethal activity and apoptotic DNA fragmentation of liver in response
of D-ga lac tosamine-sensi t ized  mice  to a  non-letha l  amount  of
lipopolysaccharide. Acta Pharmacol Sin 2003, 24: 193−198

21 Mignon A, Rouquet N, Fabre M, Martin S, Pages JC, Dhainaut JF, Kahn A
et al. LPS challenge in D-galactosamine-sensitized mice accounts for caspase-
dependent fulminant hepatitis, not for septic shock. Am J Respir Crit Care
Med 1999, 159: 1308−1315

reported [13,20]. The low mouse fatality rate was
coincidental. Our findings suggest LPS tolerance could
suppress apoptosis in mouse liver cells, and the activity
and expression of caspase-3 are both down-regulated in
this period.
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