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Background: The role of HDL in sepsis remains to be clarified.

Results: ApoA-I-KO mice are susceptible but apoA-I-tg mice are resistant to CLP-induced sepsis. Lack of HDL leads to less LPS
neutralization, less LPS clearance, impaired leukocyte recruitment, and reduced corticosterone generation in sepsis.
Conclusion: HDL exerts multiple protective effects in polymicrobe-induced sepsis.

Significance: Our study supports efforts to raise HDL levels as a therapeutic approach for sepsis.

HDL has been considered to be a protective factor in sepsis;
however, most contributing studies were conducted using the
endotoxic animal model, and evidence from clinically relevant
septic animal models remains limited and controversial. Fur-
thermore, little is known about the roles of HDL in sepsis other
than LPS neutralization. In this study, we employed cecal liga-
tion and puncture (CLP), a clinically relevant septic animal
model, and utilized apoA-I knock-out (KO) and transgenic mice
to elucidate the roles of HDL in sepsis. ApoA-I-KO mice were
more susceptible to CLP-induced septic death as shown by the
47.1% survival of apoA-I-KO mice versus the 76.7% survival of
C57BL/6]J (B6) mice (p = 0.038). ApoA-I-KO mice had exacer-
bated inflammatory cytokine production during sepsis com-
pared with B6 mice. Further study indicated that serum from
apoA-I-KO mice displayed less capacity for LPS neutralization
compared with serum from B6 mice. In addition, apoA-I-KO
mice had less LPS clearance, reduced corticosterone generation,
and impaired leukocyte recruitment in sepsis. In contrast to
apoA-I-KO mice, apoA-I transgenic mice were moderately
resistant to CLP-induced septic death compared with B6 mice.
In conclusion, our findings reveal multiple protective roles of
HDL in CLP-induced sepsis. In addition to its well established
role in neutralization of LPS, HDL exerts its protection against
sepsis through promoting LPS clearance and modulating corti-
costerone production and leukocyte recruitment. Our study
supports efforts to raise HDL levels as a therapeutic approach
for sepsis.

Sepsis is a major health issue that claims over 215,000 lives
and costs $16.7 billion per year in the United States (1-4). The
prognosis for sepsis remains grim, with a mortality rate exceed-
ing 30%, due to the poor understanding of the disease (5). Iden-
tifying molecules involved in sepsis, especially endogenous pro-
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tective modulators, may provide new insights for efficient
therapies.

Disorders of lipid metabolism are critical issues in septic
patients. Plasma lipoproteins, especially HDL, are markedly
reduced during sepsis, and a number of clinical studies have
pointed out that low plasma HDL cholesterol is a poor prognos-
tic factor for severe sepsis (6—8). It has been speculated that
HDL plays a protective role in sepsis and that raising circulating
HDL levels may be an important therapeutic approach for the
treatment of sepsis, given the roles of HDL in binding and neu-
tralizing LPS (9-16) and in the anti-inflammatory response
(17).

As a major protein component of HDL, apoA-I is a key deter-
minant for HDL formation (18). ApoA-I levels are highly cor-
related with HDL cholesterol levels, and a lack of apoA-I results
in a gross deficiency of HDL (19, 20). Clinical studies indicated
that decreased apoA-I levels correlate with sepsis and adverse
outcomes among intensive care unit patients (21). Thus,
numerous efforts have been made to raise circulating HDL lev-
els by using reconstituted HDL made from apoA-I or by using
apoA-I mimetic peptide and to test whether an increase in cir-
culating HDL levels provides protection against sepsis. Tests in
the endotoxic animal model have provided encouraging results.
Administration of reconstituted HDL or apoA-I mimetic pep-
tide to LPS-challenged animals alleviates LPS-induced inflam-
matory cytokine production, improves cardiac function, and
reduces endotoxic animal death (22-25). Administration of
reconstituted HDL to humans challenged with low dose LPS is
also followed by a reduction in inflammatory cytokine produc-
tion and a decrease in membrane CD14 expression on mono-
cytes (26, 27). In addition to the reconstituted HDL and apoA-I
mimetic peptide approaches, mice overexpressing apoA-I show
a2-fold increase in circulating HDL levels, and this is associated
with protection against the LPS-induced inflammatory re-
sponse and endotoxic animal death (28), again pointing to a
potentially beneficial role of HDL in endotoxemia.

However, when looking at more clinically relevant models of
sepsis, the data on the protective role of HDL are less clear. It is
important to recognize that although LPS-induced endotox-
emia is widely used for the study of sepsis, the endotoxic animal
model does not fully mimic the changes observed in sepsis (29).
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For example, T/r4 mutant mice are completely resistant to LPS-
induced endotoxic death but are still highly susceptible to bac-
teria-induced septic death (30-32). To determine the role of
HDL in a septic animal model, Zhang et al. (33) tested the effect
of apoA-I mimetic peptide in rats using cecal ligation and punc-
ture (CLP)*and showed that apoA-I mimetic peptide treatment
suppresses inflammatory responses and improves survival by
28% in CLP-treated rats. Unfortunately, survival was monitored
for only 2 days in that study. As there are profound septic ani-
mal deaths between 3 and 7 days post-CLP (34), it is unclear
whether the treatment still provides efficient protection against
sepsis beyond 2 days. Furthermore, a Gram-negative bacteria-
induced septic animal model showed that reconstituted HDL
suppresses inflammatory cytokine production in canines but
paradoxically causes more animal deaths (35).

In light of the distinct differences between endotoxemia and
sepsis, the limited studies that aimed to clarify the significance
of HDL in sepsis, and the poor understanding of the roles of
HDL in sepsis beyond LPS neutralization, we employed CLP, a
clinically relevant sepsis animal model (34), to elucidate the role
of HDL in sepsis. As mentioned above, apoA-I knock-out (KO)
and transgenic (tg) mice are excellent models to study the
effects of deficiency and abundance of HDL, respectively. In
this study, we employed these unique animals to assess the roles
of HDL in sepsis. We found that apoA-I-KO mice were more
susceptible to CLP-induced death and had exacerbated inflam-
matory cytokine production during sepsis. We also found that
serum from apoA-I-KO mice displayed less LPS neutralization
compared with C57BL/6] (B6) control mice. ApoA-I-KO mice
also displayed less LPS clearance, reduced corticosterone gen-
eration, and impaired recruitment of neutrophils/monocytes to
the peritoneal cavity in sepsis. In contrast, apoA-I-tg mice were
moderately resistant to CLP-induced septic death compared
with B6 mice. Our findings demonstrate multiple protective
roles of HDL in sepsis and suggest that raising HDL levels may
provide a therapeutic approach for sepsis.

EXPERIMENTAL PROCEDURES

Materials—LPS (Escherichia coli serotype K-12) was from
InvivoGen. Low endotoxin FBS was from HyClone. ELISA kits
for quantifying TNF-« and IL-6 were from eBioscience. The
LPS kit was from Charles River. The competitive ELISA kit for
quantifying mouse corticosterone was from Cayman.

Animals—ApoA-I-KO and apoA-I-tg mice on a B6 back-
ground and B6 mice were obtained from The Jackson Labora-
tory. The animals were bred at the animal facility of the Univer-
sity of Kentucky. The animals were fed a standard laboratory
diet. Animal care and experiments were approved by the Insti-
tutional Animal Care and Use Committee of the University of
Kentucky.

CLP Septic Animal Model—CLP was performed on 10-12-
week-old mice as described previously (36). Mice on a B6 back-
ground are very susceptible to sepsis. Thus, a relatively mild

2 The abbreviations used are: CLP, cecal ligation and puncture; KO, knock-out;
tg, transgenic; B6, C57BL/6J; PMN, polymorphonuclear leukocyte; IM,
inflammatory monocyte; SR-BI, scavenger receptor class B, type I.
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CLP (21-gauge needle, half-ligation) was employed in this
study. Survival was monitored for a 7-day period.

Gram-positive Bacterial Infection—ApoA-I-KO and B6 mice
(8 —10 weeks old) were intraperitoneally injected with 4.8 X 10®
cfu of mouse Staphylococcus aureus (ATCC 25923), and sur-
vival was monitored for 7 days.

Lipoprotein Profiling by FPLC—Serum (50 ul) was resolved
by gel filtration chromatography using an FPLC system
equipped with a Superose 6 column (GE Healthcare). The col-
umn was eluted at a flow rate of 0.5 ml/min in buffer containing
150 mm NaCl, 10 mm Tris-HCI (pH 7.4), and 0.01% sodium
azide, and 0.5 ml/fraction was collected. 100 ul of sample was
mixed with an equal volume of 2X assay reagent (Wako Chem-
icals) to determine the cholesterol content of fractions.

Neutralization of LPS-induced Inflammatory Response by
Serum—We used the HEK-Blue™ cell system (InvivoGen) to
analyze neutralization of the LPS-induced inflammatory
response by serum. HEK-Blue cells stably express TLR4, CD14,
MD2, and a NF-«B reporter. The HEK-Blue cell system is very
sensitive; as low as subnanogram amounts of LPS can be
detected (37). Instead of using isolated HDL, we utilized serum
in this assay because 1) the mouse is a HDL animal with >90%
of its lipoproteins as HDL and 2) the serum contains cofactors
of LPS, such as LPS-binding protein, which are required for
LPS-induced inflammatory signaling. Briefly, HEK-Blue cells
were cultured in a 96-well plate in complete DMEM containing
10% low endotoxin FBS to 90% confluency. The cells were
treated with 0.5 ng/ml LPS for 16 h in the presence and absence
of 5% mouse serum isolated from apoA-I-KO or B6 mice. 100 ul
of the culture supernatant was mixed with 100 ul of HEK-Blue
detection medium and incubated at 37 °C for 1 h. LPS binding
to TLR4 results in induction of NF-«B reporter expression,
which catalyzes the HEK-Blue detection medium to turn blue.
The blue color was quantified by measuring absorption at
650 nm.

Analysis of Endotoxicity of Serum from CLP-challenged Mice—
HEK-Blue cells were cultured in a 96-well plate in complete
DMEM containing 10% low endotoxin FBS to 90% confluency.
The cells were treated for 16 h with 5% mouse serum isolated
from apoA-I-KO or B6 mice that were challenged with CLP for
8 h. The activation of TLR4/NF-kB was quantified by mea-
suring absorption at 650 nm as described above.

Analysis of Serum LPS—The serum LPS levels in CLP-chal-
lenged mice were quantified with the LPS ELISA kit following
the manufacturer’s instructions.

Analysis of Leukocyte Recruitment to Peritoneum—Leuko-
cyte recruitment to the peritoneal cavity was analyzed by flow
cytometry as described (38, 39). Briefly, 8 -10-week-old apoA-
I-KO and B6 mice were CLP- or sham-treated for 6 h, and the
peritoneal fluids were collected. Peritoneal neutrophils (poly-
morphonuclear leukocytes (PMNs); CD11b™ Ly6C™) and
inflammatory monocytes (IMs; CD11b™™ Ly6C™) were gated by
CD11b and Ly6C expression on CD45™" cells. Ly6G expression
was confirmed to be high in gated PMNs and low in gated IMs.

Biochemical Assays—Mice (10 -12 weeks old) were killed by
CO, inhalation 2, 4, and 8 h following CLP. Blood was obtained
by cardiac puncture. Serum TNF-q, IL-6, or corticosterone was
quantified with a corresponding kit.
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FIGURE 1. ApoA-I-KO mice are more susceptible to CLP-induced septic death. A, plasma cholesterol concentration. Data are means = S.E. (n = 4 per group
with duplicate measurements) ***, p < 0.001 versus B6. B, lipoprotein profile analyzed by FPLC. Representative data are shown. C, survival analysis. ApoA-I-KO
(n =17) and B6 (n = 30) mice (10-12 weeks old) were subjected to CLP (21-gauge needle, half-ligation), and survival was monitored for 7 days. Data are
expressed as the percentage of mice surviving at the indicated times and analyzed by the log-rank x? test.

Statistical Analysis—p values for survival curves were deter-
mined from the Kaplan-Meier survival curves with the log-rank
test using SAS software. Significance in experiments comparing
two groups was determined by two-tailed Student’s ¢ test.
Means were considered different at p < 0.05.

RESULTS

Increased Susceptibility to CLP-induced Septic Death in
ApoA-I-KO Mice—ApoA-I is a major protein component in
HDL. ApoA-I-KO mice had an 80% decrease in plasma choles-
terol levels and were grossly deficient in HDL as shown by lipo-
protein profile assay (Fig. 1, A and B). Thus, apoA-I-KO mice
have been widely employed as a HDL-deficient model to deter-
mine the role of HDL in vivo (40 —42). We determined the role
of HDL in sepsis using a clinically relevant septic animal model:
CLP. Considering the B6 background of apoA-I-KO mice, we
utilized a relatively mild CLP (21-gauge needle, half-ligation).
As shown in Fig. 1C, apoA-I-KO mice were more susceptible to
CLP-induced septic death as shown by the 47.1% survival of
apoA-I-KO mice versus the 76.7% survival of B6 control mice
(p = 0.038).

Exacerbated Inflammatory Cytokine Generation in ApoA-
I-KO Mice during Sepsis—To understand why apoA-I-KO mice
are susceptible to septic death, we subjected apoA-I-KO and B6
mice to CLP and determined the serum cytokine level. As
shown in Fig. 2, apoA-I-KO mice generated more TNF-« and
IL-6 compared with B6 mice as shown by a 3.6-fold increase in
the IL-6 level 4 h post-CLP and a 1.7-fold increase in the TNF-«
level 8 h post-CLP.

Impaired LPS Neutralization and Clearance in ApoA-I-KO
Mice—Previous reports have shown that HDL is capable of
neutralizing LPS (15, 16). ApoA-I-KO mice were grossly defi-
cient in HDL (Fig. 1A). Thus, we speculated that the HDL defi-
ciency in apoA-I-KO mice leads to a decreased capability to
neutralize LPS. To test this, we took two approaches. First, we
assessed LPS neutralization by serum isolated from apoA-I-KO
and B6 mice using the HEK-Blue cell system. In the absence of
B6 mouse serum, we observed a profound activation of TLR4/
NE-«B by LPS (Fig. 3A). In the presence of B6 mouse serum, the
activation of TLR4/NEF-«B by LPS was effectively suppressed.
As expected, serum from apoA-I-KO mice was significantly less
capable of neutralizing LPS compared with serum from B6 mice
as shown by a 3-fold increase at A45, ,,m (Fig. 3B). Second, we
isolated serum from CLP-challenged apoA-I-KO and B6 mice
and tested TLR4/NF-«B activation using the HEK-Blue cell sys-
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FIGURE 2. Exacerbated inflammatory cytokine generation in apoA-I-KO
mice during sepsis. ApoA-I-KO and B6 mice were subjected to CLP for 2, 4,
and 8 h, and the serum concentrations of TNF-« (A) and IL-6 (B) were quanti-
fied. Data are means = S.E. (n = 7-11 per group with duplicate measure-
ments). *, p < 0.05 versus B6.

tem. As shown in Fig. 3C, serum from CLP-challenged apoA-
I-KO mice induced 3-fold more TLR4/NF-«B activation than
serum from CLP-challenged B6 mice.

A body of evidence indicates that LPS gets cleared via scav-
enger receptor class B, type I (SR-BI), as SR-BI binds LPS and
mediates the uptake of LPS in vitro (43), and SR-BI null mice
display impaired LPS clearance in circulation in LPS-induced
endotoxemia or CLP-induced sepsis (37, 44). Interestingly, the
previous study also showed that HDL promotes SR-BI-medi-
ated LPS uptake in vitro (43). Considering that LPS associates
with HDL to form HDL-LPS complexes and that almost all
LPSs exist as HDL-LPS complexes in circulating blood (15, 16),
we speculated that HDL functions as a LPS transporter that
facilitates LPS clearance. If so, HDL deficiency in apoA-I mice
may impair LPS clearance. To test this possibility, we quantified
circulating LPS levels 18 h following CLP. ApoA-I-KO mice
had a moderate increase in LPS concentration in serum com-
pared with B6 control mice (Fig. 3D). Taken together, the
decreased capacity of LPS neutralization and impaired LPS
clearance in apoA-I-KO mice likely contribute to the increase
in fatality and greater inflammatory cytokine production in
sepsis.

To determine whether HDL provides protection other than
LPS neutralization and clearance, we infected apoA-I-KO and
B6 mice with the Gram-positive bacterium S. aureus and mon-
itored survival for 7 days. ApoA-I-KO mice exhibited a moder-
ately decreased survival upon S. aureus infection as shown by
the 20% fatality of apoA-I-KO mice compared with the 6.7%
fatality of B6 mice (p = 0.296) (supplemental Fig. I). These data
suggest that HDL exerts its protection in addition to LPS neu-
tralization and clearance.
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FIGURE 3. Impaired LPS neutralization and clearance in apoA-I-KO mice. A, activation of TLR4/NF-«B by LPS in the absence of mouse serum. HEK-Blue cells
were treated with LPS at 0.5 ng/ml for 16 h, and the activation of TLR4/NF-«B was analyzed. B, less LPS neutralization by serum from apoA-I-KO mice. HEK-Blue
cells were treated with LPS at 0.5 ng/ml for 16 h in the presence of 5% serum from apoA-I-KO and B6 mice. Data are means =+ S.E. (n = 4 per group with duplicate
measurements). **, p < 0.01. C, serum from CLP-treated apoA-I-KO mice induced a greater inflammatory response in HEK-Blue cells than that from wild-
type mice. Data are means * S.E. (n = 7-11 per group with duplicate measurements). *, p < 0.05 versus B6. D, serum LPS concentration 18 h post-CLP. Data are
means £ S.E. (n = 9-11 per group with duplicate measurements; p = 0.18 versus B6).

Reduced Corticosterone Generation in ApoA-1-KO Mice dur-
ing Sepsis—An important function of HDL is to provide choles-
terol for glucocorticoid synthesis in adrenal glands (37, 44, 45).
HDL deficiency in apoA-I-KO mice likely impairs glucocorti-
coid synthesis in response to septic stress. To test this, we mea-
sured serum corticosterone, the major type of glucocorticoid in
circulation. As shown in Fig. 4, there was no significant differ-
ence in serum corticosterone concentration in sham-treated
animals. However, 4 h following CLP, apoA-I-KO mice pro-
duced significantly less corticosterone compared with B6 con-
trol mice.

Moderately Impaired Recruitment of Leukocytes into Peri-
toneum—HDL has been shown to regulate the expression of
adhesion molecules (46), which may affect the mobilization of
leukocytes to the peritoneal cavity following CLP. We quanti-
fied PMNs and IMs in CLP/sham-treated apoA-I-KO and B6
mice by flow cytometry. Almost no PMNs and IMs were
observed in the sham-treated animals (Fig. 54). 6 h post-CLP, a
significant number of PMNs and IMs were recruited to the
peritoneum (Fig. 5B), and apoA-I-KO mice displayed a 2-fold
decrease in the number of PMNs and IMs (Fig. 5C). The differ-
ence was not statistically significant due to the relatively low
number of mice used.

Overexpression of ApoA-I Provides Moderate Protection
against CLP-induced Septic Death—Finally, we asked whether
overexpression of apoA-I in vivo provides protection against
CLP-induced septic death. To test this, we utilized apoA-I-tg
mice. ApoA-I-tg mice had a 2-fold increase in plasma choles-
terol levels (Fig. 6A), which is consistent with a previous study
showing that apoA-I-tg mice have 2-fold increases in apoA-I
and HDL cholesterol levels in circulation (47). As shown in Fig.
6B, CLP induced 23.3% fatality in B6 mice, but only 10% fatality
in apoA-I-tg mice. Although the difference in survival was not
statistically significant, this finding suggests that an elevation in
the HDL level provides moderate protection against septic
death.

DISCUSSION

ApoA-I is a major protein component of HDL and a key
determinant of HDL formation. ApoA-I-KO mice are grossly
deficient in HDL, and apoA-I-tg mice have a 2-fold increase in
HDL cholesterol levels. Thus, apoA-I-KO and apoA-I-tg mice
present unique animal models to assess HDL function in vivo
(40, 48). In this study, we used CLP (a clinically relevant septic
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FIGURE 4. Impaired corticosterone generation in apoA-I-KO mice during
sepsis. ApoA-I-KO and B6 mice were subjected to CLP or sham-treated for 4 h,
and the serum corticosterone concentration was quantified with an ELISA kit.
Data are means = S.E. (n = 5-11 per group with duplicate measurements).

animal model) to investigate a role of HDL in sepsis. We found
that apoA-I-KO mice are more susceptible to CLP-induced
death and that apoA-I-tg mice have moderate protection
against septic death.

HDL is well known for its role in binding and neutralizing
LPS (15, 16). As expected, we found that serum from apoA-
I-KO mice exhibits decreased LPS neutralization compared
with serum from B6 control mice. In addition to LPS neutral-
ization, emerging evidence suggests that HDL may play a role in
LPS clearance. 1) Almost all LPSs exist as HDL-LPS complexes
in circulation (15, 16). 2) SR-BI, a HDL receptor, binds and
mediates the uptake of LPS, and HDL promotes SR-BI-medi-
ated LPS uptake in vitro (43, 49). 3) SR-BI null mice display
impaired LPS clearance in circulation in LPS-induced endotox-
emia and CLP-induced sepsis (37, 44). We speculated that HDL
functions as a LPS transporter that promotes LPS clearance via
SR-BI. Indeed, we found that CLP-treated apoA-I-KO mice
have impaired LPS clearance, which provides support to this
speculation.

Using a Gram-positive bacterial infection animal model, we
found that apoA-I-KO mice are moderately more susceptible to
S. aureus infection, which suggests that HDL exerts its protec-
tion in addition to LPS neutralization and clearance. HDLs are
multifunctional particles. HDL provides cholesterol for gluco-
corticoid synthesis via SR-BI-mediated intracellular cholesterol
uptake (37, 44, 45). A previous report showed a moderate
decrease in corticosterone generation in ACTH-treated apoA-
I-KO mice compared with wild-type mice (50). Thus, HDL defi-
ciency in apoA-I-KO mice may impair glucocorticoid produc-
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FIGURE 5. Impaired leukocyte recruitment into peritoneum in apoA-I-KO
mice during sepsis. ApoA-I-KO and B6 mice were subjected to CLP or sham-
treated for 6 h, and the peritoneal fluids were collected. PMNs (CD11b™
Ly6C"™) and IMs (CD11b™ Ly6C") were gated by CD11b and Ly6C expression
onCD45* cells. Ly6G expression was confirmed to be high in gated PMNs and
low in gated IMs. A, non-CLP-treated apoA-I-KO and B6 mice. Almost no PMNs
and IMs were observed in the peritoneum of non-CLP-treated mice. B and
C, CLP-treated apoA-I-KO and B6 mice. A similar percentage of PMNs and IMs
in CD45™ cells was detected in CLP-treated apoA-I-KO and B6 mice (B), and a
2-fold increase in peritoneal PMN and IM numbers was detected in CLP-
treated apoA-I mice compared with CLP-treated B6 mice (C). Data are
means * S.E. (n = 6 per group).

tion in CLP-induced sepsis. As expected, we observed a
significant decrease in inducible corticosterone generation in
CLP-challenged apoA-I-KO mice. The impaired glucocorti-
coid production during sepsis may contribute to an exacer-
bated inflammatory response in CLP-challenged apoA-I-KO
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FIGURE 6. Moderately improved CLP survival in mice overexpressing
apoA-I. A, plasma cholesterol concentration. Data are means * S.E. (n = 4 per
group with duplicate measurements). ***, p < 0.001 versus B6. B, survival
analysis. ApoA-I-tg (n = 20) and B6 (n = 30) mice (10-12 weeks old) were
subjected to CLP (21-gauge needle, half-ligation), and survival was monitored
for 7 days. The data are expressed as the percentage of mice surviving at the
indicated times and analyzed by the log-rank x* test.

mice; HDL has been shown to regulate the expression of adhe-
sion molecules (46). Indeed, we found that apoA-I-KO mice
have a 2-fold decrease in the number of PMNs and IMs. This
altered leukocyte recruitment may impair innate immunity,
which renders apoA-I-KO mice more susceptible to sepsis.

In summary, our findings reveal multiple protective roles of
HDL in CLP-induced sepsis. In addition to the well established
role of HDL in neutralization of LPS, HDL exerts its protection
against sepsis through promoting LPS clearance, modulating
leukocyte recruitment, and regulating corticosterone produc-
tion. Our study supports efforts to raise HDL levels as a thera-
peutic approach for sepsis.
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