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Abstract HDL has been shown to be able to neutralize the
toxicity of lipopolysaccharide (LPS). Our previous study
( J. Lipid Res. 2005. 46: 1303–1311) characterized the prop-
erties of secondary structure and in vitro functions of dif-
ferent cysteine mutants of apolipoprotein A-I. Here, we
reconstituted recombinant HDLs (named rHDLwt, rHDL52,
rHDL74, rHDL107, rHDL129, rHDL173, rHDL195, and
rHDL228) by mixing wild type or those mutants with dipalmi-
toyl phosphatidylcholine and examined their in vivo effects
on LPS-induced endotoxemia in mice. Our results showed
that 24 h after injection, mice receiving rHDL74 or rHDL52
had a significant decrease of plasma tumor necrosis factor a
(TNF-a) and interleukin-1b (IL-1b), compared with control
mice receiving either saline or rHDLwt (P , 0.05). Admin-
istration of rHDL74 to mice injected with LPS also led to a
decrease of plasma IL-6, protection of lung against acute in-
jury, and attenuation of endotoxin-induced clinical symptoms
in mice, compared with controls injected with LPS only. How-
ever, injection of rHDL228 significantly increased plasma
concentration of TNF-a and exacerbated LPS-induced lung
injury. In summary, compared with rHDLwt, rHDL74
and rHDL52 exhibit higher anti-inflammation capabilities,
whereas rHDL228 shows hyper-proinflammation by exacer-
bating LPS-induced endotoxemia in mice.—Wang, Y., X.
Zhu, G. Wu, L. Shen, and B. Chen. Effect of lipid-bound
apoA-I cysteine mutants on lipopolysaccharide-induced
endotoxemia in mice. J. Lipid Res. 2008. 49: 1640–1645.
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Endotoxin or lipopolysaccharide (LPS) is the primary
constituent of the leaflet of the outer surface membrane
of Gram-negative bacteria. The structure of LPS includes
a lipid portion (lipid A) that anchors LPS into the mem-
brane, a polysaccharide core, and an oligo- or polysaccha-
ride extending from the core beyond the bacterial surface

(1). The lipid A domain can also anchor LPS in the phos-
pholipid monolayers, liposomes, the surface of discoidal
reconstituted HDL (rHDL), and spherical plasma HDL
(2–4). After entering the bloodstream, LPS will bind to
LPS binding protein, which helps in transfering LPS to
co-receptor CD14, leading to the formation of receptor
clusters of Toll-like receptor 4 (TLR4), CD14, and other
adaptors, resulting in the activation of the nuclear factor-
kB (NF-kB) pathway and production of a cascade of pro-
inflammatory cytokines, such as tumor necrosis factor a
(TNF-a), interleukin 1b (IL-1b), and IL-6, which mediate
the cellular inflammatory response to Gram-negative in-
fection (2, 5–8). In addition, LPS can also bind to plasma
HDL, resulting in inactivation of endotoxin (9–12).

Apolipoprotein A-I (apoA-I) is the major protein of HDL,
containing a 43-residue N-terminal globular region, fol-
lowed by a series of 10 repeating units that comprise ap-
proximately 80% of the protein (residues 44–243). Eight
of these repeats contain 22 amino acids and two contain
11 amino acids, most of which are separated by helix-
breaking amino acids such as proline (13, 14). According
to the Edmundson wheel (15) and the structures of two
natural apoA-I mutants, apoA-IMilano and apoA-IParis, with
the cysteine mutation position at the polar-nonpolar in-
terface on the helix, we designed and constructed six
cysteine mutants, with each cysteine residue located in each
of the various helical domains at the same helical wheel
position as for the substitution in A-IM: A-I(S52C), A-I
(N74C), A-I(K107C), A-I(G129C), A-I(K195C), and A-I
(S228C) (16). Although A-I(S228C) was not shown in
our previous data (16), it was generated using a method
similar to that used for the other mutants, except for the
mutant site. These variants exhibited different structural
features regarding their secondary structure and biological
activities of binding lipid, promoting cholesterol efflux
from THP-1 macrophages, and anti-peroxidation (16). In
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this study, we examined the in vivo effect of these cysteine
mutants and wild-type human apoA-I in the lipid-bound
states (rHDL52, rHDL74, rHDL107, rHDL129, rHDL173,
rHDL195, rHDL228, and rHDLwt) on LPS-induced endo-
toxemia in mice.

MATERIALS AND METHODS

Materials
LPS (from Escherichia coli 055:B5), dimyristoylphosphatidylcho-

line (DMPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) were purchased from Sigma. The bicinchoninic acid pro-
tein assay kit and Detoxi-Gel™ endotoxin-removing gel were pur-
chased from Pierce. ELISA kits were purchased from Boster
Biological Technology, Ltd. Phospholipid assay kits were pur-
chased from Beijing Kinghawk Pharmaceutical Co., Ltd. Male
BALB/c mice (18–20 g) were purchased from the laboratory
animal department of Peking Union Medical College. All animal
experiments were approved by the animal care committee of the
Chinese Academy of Medical Sciences.

Preparation of recombinant apolipoproteins
The expression and purification of recombinant apolipopro-

teins were performed as described previously (16). The purified
proteins were lyophilized and stored at 270°C and used in the
assays described below.

DMPC clearance assay
In order to assess the abilities of apoA-I and its mutants to associ-

ate with lipid, interactions of seven cysteine mutants and wild-type
apoA-I with DMPC were monitored as previously described (16).

Construction of recombinant HDLs
The lyophilized proteins were dissolved in physiologic saline.

To minimize endotoxin contamination in recombinant rHDL
particles, we pretreated apolipoproteins before preparing HDLs,
as described previously (17–19), then treated them with Detoxi-
Gel™ endotoxin removing gel to remove any residual endotoxin.
Recombinant HDLs were prepared using the sodium cholate dialy-
sis technique (20). Briefly, DPPC powder was dissolved in 725 mM
sodium cholate solution in Tris-HC1 buffer, mixed on a Vortex
mixer for 1 min at room temperature and added to the recombi-
nant apolipoproteins. After ultrasound, the mixture was incubated
in a 24°C shaking water bath for 20 min and then dialyzed exten-
sively against physiologic saline for 20 h at 4°C to remove cholate.

Ratios of DPPC to apoA-I or apoA-I mutants in rHDLs
The DPPC was measured by phospholipid assay kits according

to the manufacturerʼs instructions.

The effect of recombinant HDL on the septic mice
In vivo LPS-induced septic shock and the protection of rHDL

against septic shock in mice were performed according to the
methods described in the literature (2, 21). Animals were divided
into 18 experimental groups as shown in Table 1, where N de-
notes the number of animals in each group. Two control groups
were used in this study: the LPS group, in which mice received
only LPS by tail vein injection (4 mg/kg) to induce endotoxemia;
and the saline group, in which mice received only 300 ml of phys-
iologic saline through the tail vein. In the experimental rHDLs
groups, LPS was injected through the tail vein, then after the anal
temperature increased 0.5°C (11 min 32 s 6 30 s after LPS injec-

tion), each of the rHDLs prepared above was slowly injected into
mice through the tail vein within 60 s. Three and twenty-four
hours after injection, mice were euthanized and bled by extirpat-
ing eyeballs, and plasma was isolated by centrifugation at 12,000 g
for 10 min and stored at 280°C until analyses were performed.
The plasma levels of IL-1b, L-6, and TNF-a were measured by
ELISA kits according to the manufacturerʼs instructions. Twenty-
four hours after LPS injection, lungs were isolated and fixed in
10% formaldehyde solution at room temperature, sectioned, then
stained with hematoxylin-eosin (H and E) and examined under
light microscopy (2, 21).

Statistical analysis
Values were expressed as mean 6 SD, and differences be-

tween groups were examined for significance using one-way
ANOVA for multiple comparisons. P , 0.05 was considered statis-
tically significant.

RESULTS

Expression and purification of
recombinant apolipoproteins

The recombinant apolipoproteins were expressed mainly
in soluble form in BL21 (DE3) cells. As shown in Fig. 1,
most of the purified proteins were present in monomeric
form under nonreducing conditions, (Fig. 1A) or reducing
conditions (Fig. 1B) except A-I (S228C). The degrees of
dimerization and the migration rates of the dimers were
variable, depending on the sites of cysteine substitution.
Different from the other mutants, A-I (S228C) easily forms
dimers, and this may be due to the specific mutant site of
A-I (S228C). According to the model shown by Bhat et al.
(22), the mutant site of A-I (S228C) lies in the C-terminal
region, closer to the end of the peptide chain than the
other mutants, and so may produce more-stabile inter-
chain disulfide bonds to stabilize its dimer form.

TABLE 1. Experimental groups used in LPS and rHDL injection study

Group Injection LPS rHDL 3 h 24 h

300 ll mg/kg N

Saline Physiologic saline — — 5
LPS LPS 4 — 4 5
WT LPS/rHDLwt 4 80 4 6
WT control rHDLwt — 80 4 4
Mut52 LPS/rHDL52 4 80 4 6
Mut52 control rHDL52 — 80 4 4
Mut74 LPS/rHDL74 4 80 4 6
Mut74 control rHDL74 — 80 4 4
Mut107 LPS/rHDL107 4 80 4 6
Mut107 control rHDL107 — 80 4 4
Mut129 LPS/rHDL129 4 80 4 6
Mut129 control rHDL129 — 80 4 4
Mut195 LPS/rHDL195 4 80 4 6
Mut195 control rHDL195 — 80 4 4
Mut173 LPS/rHDL173 4 80 4 6
Mut173 control rHDL173 — 80 4 4
Mut228 LPS/rHDL228 4 80 4 6
Mut228 control rHDL228 — 80 4 4

LPS, lipopolysaccharide; rHDL, reconstituted HDL; WT, wild-type.
The mutant or WT control groups were only injected with rHDL; 3 h
and 24 h represent the time after rHDL injection. In the rHDL treat-
ment groups, 3 h and 24 h represent the time after LPS injection.

ApoA-I cysteine mutants and endotoxemia 1641
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DMPC clearance assay
Compared with wild-type apoA-I, the ability of Mut228 to

clear the lipid turbidity (determined by rate constant k1/2)
decreased by 90.8% (P , 0.05) (see supplementary Ta-
ble I). However, Mut74 had about 33.9% higher efficiency
to bind DMPC liposome than wild-type apoA-I (0.079 6
0.023 vs.0.059 6 0.002).

Weight ratios of DPPC to apoA-I or apoA-I mutants in
rHDL assay

As shown in Table 2, the weight ratio of DPPC to apoA-I
in rHDL74 was slightly higher than in rHDLwt (1.93 6
0.06 vs. 1.75 6 0.11). However, the ratios in rHDL228
(0.82 6 0.05 vs. 1.75 6 0.11, P , 0.05), rHDL107 (1.49 6
0.12 vs. 1.75 6 0.11, P , 0.05), and rHDL129 (1.47 6
0.04 vs. 1.75 6 0.11, P , 0.05) were significantly lower
than in rHDLwt. No significant alteration was observed
in the other rHDL groups.

Detection of level of inflammatory cytokines in plasma
of mice

To examine the ability of our recombinant HDLs to neu-
tralize LPS, we intravenously injected different HDL parti-
cles immediately following LPS injection to induce in vivo
septic shock, as described in Materials and Methods. Two
time points (3 h and 24 h post LPS injection) were checked
to better assess the effect of the rHDLs.

As shown in Fig. 2, 24 h post LPS injection, compared
with controls injected with rHDLwt (135.28 6 12.84 pg/ml),
mice receiving either rHDL74 or rHDL52 exhibited sig-
nificantly lower plasma levels of TNF-a (rHDL74: 24.47 6
3.96 pg/ml, P 5 0.002 , 0.05 vs. rHDLwt; rHDL52: 39.96 6
2.44 pg/ml, P 5 0.009 , 0.05 vs. rHDLwt). The plasma
concentration of TNF-a in rHDL74-treated mice was re-
duced down to the baseline level (24.16 6 1.63 pg/ml).
Alternatively, mice treated with rHDL195 or rHDL228
had much higher plasma concentrations of TNF-a com-
pared with the LPS single-injection groups (rHDL195:
P 5 0.037 , 0.05, rHDL228: P , 0.001, respectively).
Treatment with recombinant HDL containing wild-type

apoA-I also resulted in a significant decrease of plasma
TNF-a (135.28 6 12.84 pg/ml, P 5 0.045 , 0.05 vs.
LPS group). However, no statistical differences were ob-
served in groups treated with rHDL107, rHDL129, or
rHDL173, compared with the LPS–only group. We also
observed that the treatment of rHDLwt and all the other
rHDL mutants except rHDL228 resulted in a decrease
of plasma IL-1b (P , 0.001 vs. LPS). Mice treated with
rHDL74 and rHDL52 had significantly lower secretion
of IL-1b than those treated with rHDLwt (rHDL74: P ,
0.001; rHDL52: P 5 0.021 , 0.05, respectively). Other
rHDLs (rHDL107, rHDL129, rHDL173, or rHDL195,
P , 0.001, compared with LPS) also showed the ability
to decrease plasma IL-1b induced by LPS injection. We
also found that treating mice with rHDL74 significantly
attenuated plasma IL-6 production induced by in vivo LPS
injection, compared with the single-LPS-injection group
(P 5 0.006 , 0.05); however, treatments with rHDL52
and rHDL107 led to an increase of plasma IL-6 (rHDL52:
P 5 0.009 , 0.01; rHDL107: P 5 0.02 , 0.05, respectively).

Similar to our observations at 24 h after LPS injection,
at 3 h after LPS injection, mice treated with rHDLwt,
rHDL74, and rHDL52 had lower levels of TNF-a than mice
that received LPS injection alone (rHDLwt: P 5 0.049 ,
0.05; rHDL74: P 5 0.012 , 0.05; rHDL52: P 5 0.048 ,

TABLE 2. Weight ratios of DPPC to apoA-I or apoA-I mutants
in rHDLs

rHDLs DPPC:apoA-I

rHDLwt 1.75 6 0.11
rHDL52 1.66 6 0.11
rHDL74 1.93 6 0.06
rHDL107 1.49 6 0.12a

rHDL129 1.47 6 0.04a

rHDL173 1.63 6 0.06
rHDL195 1.56 6 0.04
rHDL228 0.82 6 0.05a

Each value represents means 6 SD of at least three indepen-
dent determinations.

a P , 0.05 versus rHDLwt.

Fig. 1. Recombinant purified wild-type and Cys mutant apolipoprotein A-I (apoA-I) were examined by 12% SDS-PAGE. A: Cysteine
substitution mutants are covalently linked dimers in nonreducing SDS-PAGE. B: Under reducing conditions (100 mmol/l DTT), these
proteins migrated as single bands of the same molecular mass as wild-type apoA-I. Each gel was loaded with approximately 2 mg of protein
per lane. Lanes 1–9 represent low-molecular-mass wild-type apoA-I, A-I(S52C), A-I(N74C), A-I(K107C), A-I(G129C), A-I(R173C), A-I(K195C),
and A-I(S228C).
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0.05, respectively). No significant alteration was observed
in other groups of mice treated with rHDL107, rHDL129,
rHDL173 and rHDL228, compared with the LPS-only
group. Recombinant HDL74, rHDL52, and rHDL107 de-
creased the level of IL-1b, compared with the LPS-only
group (rHDL74, P 5 0.003 , 0.05; rHDL52, P 5 0.007 ,
0.05; rHDL107, P 5 0.034 , 0.05), but we did not see any
significant effects of other rHDLs in reducing plasma IL-
1b. None of the rHDLs showed a reduction of plasma
IL-6 at 3 h post LPS injection.

Compared with 24 h of LPS injection, the effect of rHDL
on cytokine levels at 3 h after LPS was biologically very
small, suggesting a better neutralization of residual LPS
in the circulation by rHDL injection for a longer time.

Histological sections of lung tissue
Pretreatment with rHDL was shown to have a significant

effect in inhibiting endotoxin-induced organ damage, such
as the lowered neutrophil infiltration in lung seen in histo-
logical examination (23, 24). Hubsch, Casas, and Doran
(25) found that both prophylactic and therapeutic rHDL

administration could improve clinical outcome, with a sig-
nificant attenuation of acidosis in the rabbit Gram-negative
bacteremia model. Here, we have shown that our rHDLs
also had therapeutic function. In our study, the lung of mice
receiving only LPS (Fig. 3C, D) had significant pathological
changes: 1) congestion, 2) broadening of pulmonary inter-
stitial tissue, and 3) leukocyte infiltration, including mono-
cytes and neutrophils. As shown in Fig. 3E, F, we observed
that the mice treated with rHDLwt exhibited only slight
pathological lung changes, such as the moderate broaden-
ing of pulmonary interstitial tissue, compared with the sa-
line group (Fig. 3A, B). In addition, the ability of rHDL74
to protect lungs against LPS-induced injury in this septic
mice model is strongly supported by its histological results
(Fig. 3I, J), which were very close to those of the saline
group, and there was almost no pathological change in
the Mut74 group. However, in lung sections (Fig. 3K, L)
from mice treated with rHDL228, we did not see an effect
of reduced histological tissue injury, but saw instead aggra-
vation of the pathological changes, compared with the LPS-
only group. In addition, the histological sections of the

Fig. 2. Plasma cytokine concentration levels at 3 h
and 24 h after lipopolysaccharide (LPS)- or reconsti-
tuted HDL (rHDL)-only injection. Saline, LPS, wt,
mut52, mut74, mut107, mut129, mut173, mut195,
andmut228 represent the groups that were treated sep-
arately by physiologic saline, LPS, rHDLwt, rHDL52,
rHDL74, rHDL107, rHDL129, rHDL173, rHDL195,
and rHDL228, respectively. A: Levels of TNF-a. B: Lev-
els of IL-1b. C: Levels of IL-6. wt, wild-type apoA-I.
* P , 0.05 vs. LPS; ** P , 0.05 vs. wt. Error bars indi-
cate SD.

ApoA-I cysteine mutants and endotoxemia 1643
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other four rHDLs (see supplementary Fig. I), compared
with the saline group (Fig. 3A, B), showed many pathologi-
cal changes.

DISCUSSION

In this study, we reconstituted eight recombinant HDLs
(rHDL52, rHDL74, rHDL107, rHDL129, rHDL173,
rHDL195, rHDL228, and rHDLwt) by mixing DPPC with
either wild-type or mutant apoA-I containing one cysteine
mutation at the indicated residue. Then, we examined the
in vivo effects of different rHDLs on LPS-induced endo-
toxemia in mice.

Our results showed that 24 h post LPS injection, mice
injected with rHDL74 or rHDL52 showed significantly de-
creased plasma concentrations of TNF-a and IL-1b, com-
pared with control mice injected with saline or controls
injected with rHDLwt (P , 0.05). rHDL74 injection also
led to a decrease of plasma IL-6, lung protection from
LPS-induced acute injury, and as well as attenuation of
endotoxin-induced clinical symptoms in mice, compared
with controls injected with LPS only. We observed that only
rHDL74 could decrease the level of plasma IL-6, perhaps
because of the different activation pathways or cells of
these inflammatory cytokines. However, rHDL228 treat-
ment increased plasma concentrations of TNF-a (P ,
0.05 vs. LPS or rHDLwt injection group) and exacerbated
LPS-induced lung injury. Taken together, these data in-
dicate that the site of cysteine mutation on apoA-I dra-

matically alters the endotoxin neutralization capability of
HDLs. rHDL74 may be a potential clinical candidate for
therapy for endotoxin-induced septic shock.

In 1957, Rall, Gaskins, and Kelly (26) first reported that
preincubation of the serum with LPS could decrease the
febrile response of rabbits to bacterial LPS. At the end of
the 1970s, LPS was shown to be able to interact with HDL
to form HDL-LPS complexes (27, 28). Later, more evi-
dence emerged showing that lipoproteins, especially HDL,
were able to bind bacterial cell wall components, including
lipoteichoic acid (12, 29, 30). H that in gram-negative arris
et al. (31) reported that preincubation of endotoxin with
HDL or other lipoproteins before injection could protect
animals against LPS-induced mortality. In 1995, Hubsch,
Casas, and Doran (25) showed in septicemia models that
rHDL infusion, by either prophylactic or therapeutical ad-
ministration, could significantly lower plasma LPS levels
and attenuate acidosis. Taken together, these data indicate
a therapeutic function of rHDL. In our study, consistent
with these findings, we also observed similar therapeutic
functions of rHDLwt, as shown in Results.

Our previous study (16) showed that the ability of
Mut129 and Mut195 to clear lipid turbidity decreased by
83% and 76%, respectively, relative to wild-type apoA-I
(P , 0.05). Here, we can see that compared with wild-type
apoA-I, the ability of mut228 to clear lipid turbidity de-
creased by 90.8% (see supplementary Table II) (0.0054 6
0.002 vs.0.059 6 0.002, P , 0.05). In addition, we also
saw that the ratio of DPPC to apoA-I in rHDL74 was much
higher, compared to other rHDLs (1.936 0.06), and the ra-

Fig. 3. Photomicrographs of representative histological sections of lung. (A, C, E, G, I, K: magnification3100; B, D, F, H, J, L: magnification
3200). A, B: Saline group (control group), treated by physiologic saline only. C, D: Septic group without any other treatment. E, F: Group
treated by rHDLwt. G, H: Group treated by rHDL52. I, J: Group treated by rHDL74. K, L: Group treated by rHDL228.

1644 Journal of Lipid Research Volume 49, 2008
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tio of DPPC to apoA-I in rHDL228 was the lowest among all
the recombinant HDLs (0.826 0.06). When rHDLs were in-
jected in mice preinjected with LPS, rHDL228 could not at-
tenuate LPS-induced endotoxemia, compared with rHDL52
or rHDL74. Instead, treatment using rHDL228 post LPS
injection resulted in an increase of pro-inflammatory cyto-
kine expression and exaggerated acute lung damage. We as-
sume that this result may be due in part to the poor ability
of Mut228 to bind DPPC, inasmuch as we showed that ap-
proximately 80% of the mut228 spontaneously formed into
dimer in solution after expression by BL21 (DE3) (Fig. 1).

In addition, it was suggested that an increase of phos-
pholipid-to-apoA-I ratios in reconstituted HDL particles
could increase their ability to neutralize LPS (32). In our
study, we found a higher phospholipid binding ability of
mut74 (see supplementary Table II) and also a higher
ratio of DPPC to lipoprotein in reconstituted rHDL74
(Table 2). This increased lipid binding capability of mut74
may explain, in part, the increased ability of rHDL74 to neu-
tralize LPS and to decrease LPS-induced pro-inflammatory
cytokine expression and protect lung from acute injury in
our in vivo study.

In summary, our study compared, for the first time, the
different effects of rHDL containing apoA-I cysteine mu-
tants on in vivo LPS-induced endotoxemia in mice. Our
data suggest that cysteine mutation not only induces the
alteration of secondary structure and in vitro functions
of apoA-I but also influences the capability of HDL to neu-
tralize endotoxin or LPS. Because of its significant positive
protection against LPS-induced endotoxemia in our study,
rHDL74 may be a potential clinical candidate for therapy
for endotoxin-induced septic shock.
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