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Significance

Heparin is a mixture of sulfated 
polysaccharides with different 
sizes of sugar chains and 
sulfation patterns. As a 
commonly used anticoagulant 
drug, heparin also displays 
protection against sepsis in 
animal models and sepsis 
patients, but the benefit of 
heparin in human clinical trials is 
controversial. Our hypothesis is 
that using structurally 
homogeneous oligosaccharides 
will improve the efficacy against 
sepsis and enhance the 
understanding of the mechanism 
of action. Here, we demonstrate 
that an octadecasaccharide 
(18-mer) inhibits the 
inflammatory responses of the 
host animals to achieve 
protection against sepsis. The 
findings open a chemical space 
to design therapeutic agents to 
treat sepsis.
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Sepsis is a lethal syndrome manifested by an unregulated, overwhelming inflammation 
from the host in response to infection. Here, we exploit the use of a synthetic heparan 
sulfate octadecasaccharide (18-mer) to protect against sepsis. The 18-mer not only inhib-
its the pro-inflammatory activity of extracellular histone H3 and high mobility group 
box 1 (HMGB1), but also elicits the anti-inflammatory effect from apolipoprotein A-I 
(ApoA-I). We demonstrate that the 18-mer protects against sepsis-related injury and 
improves survival in cecal ligation and puncture mice and reduces inflammation in 
an endotoxemia mouse model. The 18-mer neutralizes the cytotoxic histone-3 (H3) 
through direct interaction with the protein. Furthermore, the 18-mer enlists the actions 
of ApoA-I to dissociate the complex of HMGB1 and lipopolysaccharide, a toxic complex 
contributing to cell death and tissue damage in sepsis. Our study provides strong evi-
dence that the 18-mer mitigates inflammatory damage in sepsis by targeting numerous 
mediators, setting it apart from other potential therapies with a single target.

heparin | sepsis | histone | HDL | HMGB1

Sepsis impacts millions of people worldwide annually (1), but effective therapeutics 
approved by regulatory agencies are unavailable (2, 3). Currently, septic patients are treated 
with antibiotics and supportive care such as fluid resuscitation, but the dysregulated host 
response remains unaddressed (4). The dysregulated systemic inflammatory response in 
sepsis is complex, involving many biological factors and signaling pathways. Damage-
associated molecular patterns, such as extracellular histones H3 (H3) and high mobility 
group box 1 (HMGB1), have been recently recognized as critical players leading to uncon-
trolled inflammation in sepsis and sepsis severity (5–7). Extracellular H3 is found in 
neutrophil extracellular traps, which are released in response to infection to perform 
antimicrobial functions. H3 is also released by injured cells in sepsis (8). As positively 
charged proteins, H3 directly induces endothelial cell death by interacting with phospho-
lipid–phosphodiester in the cell membrane (9). Extracellular H3 amplifies inflammation 
indirectly by toll-like receptor (TLR) signaling pathways, contributing to organ damage 
(8). HMGB1 is another cationic protein released from nuclei of damaged cells and acti-
vated immune cells. HMGB1 augments cellular injury in septic mice by intracellularly 
delivering endotoxin (lipopolysaccharide, LPS) to cause cell death. The delivery of LPS 
by HMGB1 requires the receptor for advanced glycation end-products (10).

Heparan sulfate (HS) is a sulfated polysaccharide widely present on the cell surface and 
in the extracellular matrix. HS regulates inflammatory responses by interacting with 
chemokines and controlling the migration of neutrophils (11, 12). HS interacts with 
histones to neutralize its cytotoxicity to endothelial cells and prevents histone-induced 
mortality in animal studies (13). HS also binds to HMGB1 to inhibit its pro-inflammatory 
activity (14). HS has the disaccharide repeating units of glucuronic acid (GlcA) or iduronic 
acid (IdoA) linked to glucosamine (GlcN), and these residues can carry sulfo groups. The 
saccharide length and sulfation patterns of HS determine the functions of HS (15). 
Understanding the relationship between the functions and the saccharide sequences is 
essential for developing an HS-based therapeutic agent. However, HS isolated from bio-
logical sources is a mixture of polysaccharides with different sizes and sulfation patterns. 
The structural heterogeneity of natural HS adds complexity to studying the relationship 
between the saccharide sequences and functions.

We have developed a chemoenzymatic method to synthesize pure HS oligosaccha-
rides (16). These pure HS oligosaccharides selectively bind to specific proteins in 
biological systems, serving as unique molecular probes to investigate the functions of 
HS. We used oligosaccharides to investigate the mechanism of the anti-inflammatory 
effect of HS. In one example, an HS octadecasaccharide protects against liver injury 
caused by acetaminophen overdose. This octadecasaccharide inhibits the pro-inflam-
matory activity of HMGB1 but does not exhibit anticoagulant activity (17). In another 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jian_liu@unc.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209528120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209528120/-/DCSupplemental
https://orcid.org/0000-0002-2114-8181
https://orcid.org/0000-0003-2803-3704
http://orcid.org/0000-0002-8947-7627
https://orcid.org/0000-0003-2219-5833
https://orcid.org/0000-0001-9380-2712
https://orcid.org/0000-0001-5162-7135
mailto:
https://orcid.org/0000-0001-8552-1400
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2209528120&domain=pdf&date_stamp=2023-1-14


2 of 8   https://doi.org/10.1073/pnas.2209528120� pnas.org

example, an HS dodecasaccharide protects against liver damage 
by ischemia-reperfusion injury by mitigating thromboinflam-
mation. The dodecasaccharide inhibits the pro-inflammatory 
activity of HMGB1 and carries anticoagulant activities (18).

In this study, we synthesized three homogeneous HS oligosac-
charides, including hexasaccharide (6-mer), dodecasaccharide 
(12-mer), and octadecasaccharide (18-mer), to investigate their 
anti-inflammatory activities in septic mouse models. We demon-
strate that the treatment of HS 18-mer reduces the inflammatory 
responses and improves the survival of the polymicrobial septic 
mice induced by cecal ligation and puncture (CLP) injury, a clin-
ically relevant sepsis model (19). We also employed an endotox-
emia mouse model to investigate the mechanism of action 18-mer. 
Our findings suggest that 18-mer protects against sepsis via at least 
two mechanisms. In one mechanism, 18-mer directly binds to 
histone 3 (H3) and neutralizes histone’s cytotoxicity. In the other 
mechanism, 18-mer promotes the release of apolipoprotein A-I 
(ApoA-I) from high-density lipoprotein (HDL) to form non-toxic 
ApoA-I/LPS complexes. ApoA-I reduces the levels of toxic LPS/
HMGB1 complexes, which were previously shown to be associ-
ated with sepsis lethality (20). Currently, the critical role of dys-
functional HDL, extracellular histones, and HMGB1 has been 

recognized in preclinical and clinical settings (10, 21, 22). 
Biologics that individually target HDL, histones, or HMGB1 have 
also been tested respectively in preclinical trials, yet the outcomes 
from the treatments are still in the investigational stage (23–25). 
Our findings set an example of a multi-target approach to dampen 
the excessive inflammatory response during sepsis and alleviate 
disease symptoms, which may provide a strategy to treat sepsis.

Results

Synthesis of Structurally Defined HS Oligosaccharides. Three 
structurally defined oligosaccharides were used in this study to 
test the relationship between the length of HS oligosaccharides 
and the anti-inflammatory effect. The 6-mer, 12-mer, and 18-
mer were synthesized using a chemoenzymatic method involving 
multiple enzymatic modification steps (SI Appendix, Fig. S1A). 
All three HS have a disaccharide unit of GlcNS-GlcA at the non-
reducing end, -IdoA2S-GlcNS- repeating units in the middle, 
and GlcA-pNP at the reducing end (Fig.1A) (17, 26). The 
structures and purities of these oligosaccharides were confirmed 
by mass spectrometry and anion exchange HPLC. None of the 
oligosaccharides exhibits anticoagulant activity as determined by 

Fig.  1. 18-mer inhibits inflammation in CLP-induced septic mice. (A) Chemical structures of 6-mer, 12-mer, and 18-mer. Short-hand structure for each 
oligosaccharide is also presented for clarity. Chemoenzymatic synthesis of the HS is shown in SI Appendix, Fig. S1A. (B–H) Mice underwent CLP surgery were 
administered (S.Q.) 20 mg/kg of 18-mer at 0, 6, 12 h after CLP, and euthanized 24 h after CLP to collect plasma for the following analysis. Concentrations of 
the biomarkers were individually presented for male and female groups in SI Appendix, Figs. S11 and S12. (B) Circulating H3 in mouse plasma was evaluated by 
Western analysis. A representative western analysis image is presented on top. The bar graph represents the H3 band intensities from the individual samples. 
The full image is presented in SI Appendix, Fig. S13. (C) Circulating HMGB1 in mouse plasma was evaluated by ELISA (n = 6 male and 3 female). (D–H) The levels 
of IL-6, MCP-1, soluble iCAM-1, creatinine, and BUN were tested in mice plasma. The Data was expressed as mean ± SEM and analyzed by one-way ANOVA 
followed by Dunnett’s multiple comparison test. n = 6 to 10 male and 3 to 5 female. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (I–K) Photomicrographs 
of proximal renal tubules. (I) Normal tubules of control mice. (J) 24 h post-CLP, proximal tubular epithelial cells have moderate vacuolation (blue arrowheads) 
and are less tall than in control mice. (K) 24 h post-CLP with 18-mer treatment, proximal tubular epithelial cells are similar to control mice.
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anti-factor Xa and anti-factor IIa assays (SI Appendix, Fig. S1 B 
and C). The lack of anticoagulant activity of these oligosaccharides 
allows us to probe the anti-inflammatory mechanism independent 
of the anticoagulation effect in a sepsis animal model.

18-mer Reduces Local and Systemic Inflammatory Responses as 
well as Kidney Damage in CLP-Injured Mice. We established the 
CLP mouse model based on the literature reports (27). The CLP 
model was validated using hematological analysis (SI  Appendix, 
Fig. S2). We hypothesized that the longest synthetic HS, 18-mer, 
could reduce inflammation in CLP-injured mice (Fig.  1 B–F). 
Based on our previous studies with synthetic chondroitin sulfates 
and other studies with nonanticoagulant HS in sepsis (13, 24, 28), 
we subcutaneously administered 18-mer (20 mg/kg) after CLP 
surgery to mice at 0, 6, and 12 h, and euthanized 24 h after CLP 
to collect plasma, peritoneal lavage, and the kidney for analysis. The 
18-mer treatment decreased the plasma concentration of histone 3 
(H3) and HMGB1 (Fig. 1 B and C). It also significantly reduced 
the protein levels of inflammatory cytokine (interleukin-6, IL-6), 
chemokine (monocyte chemoattractant protein-1, MCP-1), and 
adhesion molecule (intracellular adhesion molecule-1, iCAM-1) 
in plasma (Fig. 1 D–F) and peritoneal lavage (SI Appendix, Fig. S3 
A–C), suggesting that the 18-mer mitigated systemic and local 
inflammation in the peritoneal space. Peritoneal lavage bacterial 
counts were performed for CLP mice and 18-mer-treated mice. 
Although the 18-mer treatment appeared to reduce the bacteria 
counts, it was not statistically significant (SI Appendix, Fig. S3D). 
The result suggested that the 18-mer does not display a direct anti-
microbial effect in polymicrobial sepsis in vivo. We also conducted 
a multiplex assay covering 21 biomarkers related to sepsis, showing 
that the 18-mer had an overall protective effect against sepsis-
induced inflammation (SI Appendix, Fig. S3E and Table S3) (29).

The protection from 18-mer treatment against kidney damage 
was examined. A statistically significant reduction of creatinine and 
blood urea nitrogen (BUN) was observed in the 18-mer-treated 
group (Fig. 1 G and H). Moreover, the mRNA levels of IL-6, MCP-
1, and iCAM-1 also significantly decreased in the kidney after 
18-mer treatment (SI Appendix, Fig. S4 A–C). Histological evalua-
tion of the kidneys in CLP animals revealed that the proximal tubule 
epithelial cells were shortened in height compared to control animals 
and had notable cytoplasmic vacuolation. This finding in sepsis 
models had been previously reported (30). Animals administered 
the 18-mer did not have this tubular vacuolation, and kidneys were 
comparable microscopically to control kidneys (Fig. 1 I–K). 
Additionally, CLP animals had microscopic findings in the tubules 
at the margin of the inner and outer stripe of the outer medulla in 
CLP animals (interpreted to involve the thin and thick segment of 
the loop of Henle). The findings were characterized by intratubular 
eosinophilic material and cellular debris, which reflected acute tubu-
lar degeneration. This region of the kidney is sensitive to ischemic 
injury, and the findings are consistent with acute hypoperfusion to 
the kidney which may occur with septicemia. This tubular degen-
eration was not observed in two of three animals administered the 
18-mer, similar to control animals (SI Appendix, Fig. S4 D–F). 
Taken together, our findings suggest that the treatment of 18-mer 
exerts renoprotection in CLP-injured mice.

18-mer Neutralizes the Cytotoxicity of Histone 3 (H3). An elevated 
plasma concentration of extracellular histone has been associated 
with septic damage (22). Abundant H3 was released to plasma 
at 24 h in CLP-injured mice; a significant decrease was found 
in the group treated with 18-mer (Fig. 1B). The effect of size of 
different HS oligosaccharides on the cytotoxicity of histone (H3) 
was carried out using the human endothelial cell line EA.hy926. 

Three oligosaccharides were employed, including 6-mer, 12-mer, 
and 18-mer (Fig. 2A). The 18-mer treatment improved the cell 
viability in a dose-dependent manner. While 12-mer improved the 
cell viability overall, the efficacy is consistently lower than that of 
18-mer under different concentrations, and 6-mer was much less 
effective than that of the 12-mer and 18-mer (Fig. 2A). The binding 
affinities (KD) to H3 for 18-mer and two shorter oligosaccharides, 
6-mer and 12-mer, were determined by surface plasmon resonance 
(SPR). 18-mer displayed the highest binding affinity (KD = 66 nM) 
to H3 (Fig. 2B). These data demonstrate that the binding affinity of 
HS oligosaccharide to H3 correlates with the efficacy of neutralizing 
extracellular H3’s cytotoxicity. Next, we examined 18-mer’s 
protection against histone-induced lethality in a mouse model (22, 
28). The 18-mer can fully protect against the intravenous injection 
of histones at a lethal dose (SI Appendix, Fig. S5), suggesting that 
the saccharide directly affects extracellular histones in vivo.

The rationales for choosing the structure of the 18-mer that has 
a repeating IdoA2S-GlcNS disaccharide are primarily based on 
two factors: 1) neutralization of the toxicity of histone; 2) resist-
ance to the digestion by heparanase. To this end, we tested two 
other 18-mers, NAc 18-mer and NS6S 18-mer, with different 
disaccharide repeating units. Unlike the 18-mer, NAc 18-mer did 
not bind to H3 (Fig. 2B). We also demonstrated that NAc 18-mer 
did not protect against the toxicity of histones in mice (SI Appendix, 
Fig. S5). NAc 18-mer consists of a disaccharide repeating unit of 
GlcA-GlcNAc, containing no sulfo groups, suggesting that sulfa-
tion is also important for the protection in addition to the size. 
Heparanase is reportedly upregulated under sepsis conditions (31). 
The enzyme degrades HS oligosaccharides to diminish the pro-
tective effect against sepsis. Therefore, an oligosaccharide that is 
resistant to heparanase digestion is desirable. As shown in 
SI Appendix, Figs. S6A and S7 A and B, the 18-mer is largely 
resistant to digestion. In a control experiment, NS6S 18-mer was 
shown to be susceptible to the digestion of heparanase (SI Appendix, 
Figs. S6B and S7 C and D). NS6S 18-mer has a repeating disac-
charide unit of GlcA-GlcNS6S that has a sulfation pattern distinct 
from that of the 18-mer (SI Appendix, Fig. S7 A and C).

18-mer Attenuates Inflammatory Responses Mediated by LPS/
HMGB1 Complex in Endotoxemia Mice but Does Not Disrupt 
LPS/HMGB1 Complex In Vitro. HMGB1 is also released under 
systemic inflammation conditions, including sepsis, and displays 
pro-inflammatory activity. Elevated plasma concentration of 
HMGB1 was observed in CLP-injured mice, and the treatment 
with 18-mer significantly reduced the plasma concentration of 
HMGB1 (Fig. 1C). HMGB1 forms complexes with bacterial LPS 
to deliver LPS into the cells, and the intracellular LPS augments 
pyroptosis through the caspase-11 mediated pathway (20). We 
previously reported that the 18-mer interacts with HMGB1 with a 
binding affinity of 186 nM (17). Here, we tested whether the 18-
mer reduces the HMGB1-mediated inflammation in endotoxemia 
mice. In this model, the injection of LPS induces the release of 
HMGB1 to peritoneal space and subsequent elevation of IL-6 and 
TNF-α (32). Co-injection of the 18-mer with LPS significantly 
reduced the concentration of IL-6 in peritoneal lavage and plasma 
(Fig. 2 C and D) and the concentration of TNF-α in peritoneal 
lavage and plasma (SI Appendix, Fig. S8 A and B). However, co-
injection of 6-mer or 12-mer with LPS showed no reduction in 
IL-6 and TNF-α, suggesting that the protective effect is HS size-
dependent (Fig. 2 C and D and SI Appendix, Fig. S8 A and B). 
The results confirmed that 18-mer, but not 6-mer or 12-mer, 
attenuates the inflammatory effect induced by LPS and HMGB1.

We next examined whether 18-mer prevented the formation of 
the complex of LPS/HMGB1 in vivo (Fig. 2 E and F). In this 
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experiment, we used an endotoxemia mouse model in which the 
release of HMGB1 was induced via peritoneally administering 
biotinylated LPS or co-injecting 18-mer and biotinylated LPS. 
The complex of LPS/HMGB1 was then isolated from peritoneal 
lavage using an avidin-agarose affinity column followed by immu-
noblotting for HMGB1. A reduction in LPS/HMGB1 was 
observed in the co-injection group (Fig. 2 E and F). Coinciding 
with the LPS/HMGB1 complex reduction, injection with 18-mer 
reduced concentrations of IL-6 in peritoneal lavage and plasma 
in a dose-dependent manner (SI Appendix, Fig. S8 C and D). 
These data suggest that a lower concentration of LPS/HMGB1 
complex leads to weaker inflammatory responses from the host.

A potential explanation for the reduction of the LPS/HMGB1 
complex by the 18-mer injection is that the 18-mer disassociates 
the complex. To test the hypothesis, we would need to demon-
strate that the 18-mer disrupts the complex of LPS/HMGB1 in 
an in vitro experiment. This experiment was carried out using the 
peritoneal lavage harvested from endotoxemia mice that contained 
the LPS/HMGB1 complex. However, the addition of 18-mer to 
the lavage failed to decrease the amount of HMGB1 bound to 
LPS (SI Appendix, Fig. S8E). Like 18-mer, 6-mer did not decrease 
the complex of LPS/HMGB1. As a positive control, unlabeled 
LPS effectively displaced HMGB1 from the complex of biotiny-
lated LPS/HMGB1 (SI Appendix, Fig. S8F). Our data suggest that 
the presence of 18-mer does not cause the disassociation of the 
LPS/HMGB1 complex. In a separate experiment, no interaction 
was observed between 18-mer and LPS using a centrifugal ultra-
filtration approach (28) (SI Appendix, Fig. S8 G and H), ruling 

out the possibility that 18-mer reduces the complex of LPS/
HMGB1 via interacting with LPS.

18-mer Induces the Formation of ApoA-I/LPS Complex In Vivo. 
The inability to disrupt the LPS/HMGB1 complex in the in vitro 
experiment led us to hypothesize that reduction of the LPS/
HMGB1 complex by the 18-mer involves other factors. To this 
end, we analyzed the proteins bound to biotinylated LPS from the 
endotoxemia mice with and without co-injection of 18-mer. SDS-
PAGE analysis with Ponceau S staining clearly revealed an extra 
protein band (~25 kDa) from the co-injection group (Fig. 3A). 
Furthermore, the proteomic analysis confirmed that the protein 
band was ApoA-I (SI Appendix, Table S1 and Fig. S9A).

Three lines of evidence demonstrated that the presence of ApoA-I 
ameliorates the damage associated with LPS/HMGB1 and LPS 
alone. First, we discovered that ApoA-I disrupted the LPS/HMGB1 
complex in the in vitro experiment. The incubation of recombinant 
ApoA-I with peritoneal lavage containing biotinylated LPS/HMGB1 
complex reduced the binding of HMGB1 to LPS in a dose-depend-
ent manner (SI Appendix, Fig. S9B). Second, we discovered a sub-
stantial increase in ApoA-I/LPS complex in the 18-mer co-injected 
group. In contrast, a decrease in the LPS/HMGB1 complex concen-
tration was observed in this group (Fig. 3B). An inverse correlation 
between the concentrations of ApoA-I/LPS and LPS/HMGB1 sug-
gests that ApoA-I is used to sequester LPS and to lower the level of 
LPS/HMGB1 complex. Additionally, the increases in ApoA-I/LPS 
complex in peritoneal lavage depend on the size of HS oligosaccha-
rides co-injected with LPS. Only the LPS/18-mer co-injection group 

Fig. 2. 18-mer reduces inflammation by targeting extracellular H3 and the LPS/HMGB1 complex. (A) The viability of endothelial cells EA.hy926 was analyzed by 
flow cytometry. Cells were treated with 30 μg/mL of H3 and the indicated concentration of HS for an hour before analysis (n = 3). The statistical difference in cell 
viability with the same HS treatment but the different concentrations is shown compared to the untreated group (group 3) (&P < 0.05 for 6-mer, #P < 0.05 for 
12-mer, *P < 0.05 for 18-mer.) (B) The associate rate constant (ka), disassociation constant (kd), and binding affinity (KD) of oligosaccharides to H3 as measured 
by SPR. (C–F) Plasma and peritoneal lavage were collected from mice 2 h after biotinylated LPS (B*LPS) administration (i.p., 5 mg/kg) with or without the indicated 
concentration of HS (n = 4 to 7). (C, D) The protein level of IL-6 was evaluated by ELISA. (E, F) The complex of B*LPS/HMGB1 was isolated by affinity pull-down 
using streptavidin resin from mouse peritoneal lavage, shown as a representative image of immunoblot with HMGB1 (E) and bar graph for the intensity of the 
band (F). Samples before and after passing streptavidin resin are labeled “preload” and “elution,” respectively. Data expressed as mean ± SEM and analyzed by 
one-way ANOVA followed by Dunnett’s multiple comparison test. *P < 0.05; **P < 0.01.
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or, to a lesser extent, the LPS/12-mer, but not the LPS/6-mer co-in-
jection group, showed an increase in ApoA-I/LPS complex 
(SI Appendix, Fig. S9C). It should be noted that co-injection of 
6-mer or 12-mer did not display an anti-inflammatory effect in 
animals, as demonstrated by comparable levels of IL-6 and TNF-a 
as in the LPS control group (Fig. 2 C and D and SI Appendix, Fig. S8 
A and B). Our data suggest that the ability to elevate the complex of 
ApoA-I/LPS appears to correlate with anti-inflammatory potency. 
Third, the plasma concentration of LPS was reduced by 7.8- fold in 
the 18-mer co-injection group (Fig. 3C). Lower plasma LPS con-
centrations reduced organ damage. It is known that LPS is cleared 
in 3 min from blood circulation through the liver when it complexes 
with HDL (33). It is plausible that 18-mer increases the formation 
of the ApoA-I/LPS complex and accelerates the clearance of LPS 
when ApoA-I/LPS enters the circulation. Although there was an 
approximately 50% reduction in the concentration of lavage LPS 
from the 18-mer co-injection group, this difference was not statisti-
cally significant (Fig. 3D) (P = 0.15). We further measured the con-
centrations of ApoA-I in peritoneal lavage and plasma from 
endotoxemia mice and 18-mer co-injection mice. No differences in 
the concentrations of ApoA-I were observed between the two groups 
(SI Appendix, Fig. S10 A and B). Taken together, our data suggest 
that the 18-mer decreases the concentration of the LPS/HMGB1 
complex by eliciting the action of ApoA-I.

18-mer Induces the Dissociation of ApoA-I from HDL. As a 
primary carrier for ApoA-I, HDL reportedly directly interacts with 
LPS (34), and thereby HDL should also neutralize the cytotoxicity 

from LPS. We found that HDL inhibited the release of TNF-α 
by LPS from raw246.7 cells dose-dependently (Fig. 3E). Notably, 
high concentrations of HDL (500 mg/mL) completely inhibited 
the release of TNF-α to background levels, suggesting that HDL 
effectively neutralizes the cytotoxicity of LPS. Furthermore, 
HDL was detected in plasma and peritoneal lavage from both 
endotoxemia and 18-mer co-injection groups (SI  Appendix, 
Fig. S10 C and D). The co-localization of HDL and ApoA-I in the 
peritoneal space suggests that both HDL and ApoA-I contribute 
to reducing the toxic effect of LPS/HMGB1.

The impact of 18-mer on the structure of HDL was next inves-
tigated. Heparin reportedly caused the dissociation of ApoA-I 
from HDL particles (35, 36). To this end, we examined whether 
18-mer displays a similar effect on HDL using purified human 
HDL. We incubated 18-mer, 12-mer, and 6-mer each with HDL 
for one hour before centrifugation. Both supernatants and pellets 
were subjected to SDS-PAGE analysis (Fig. 3F). SDS-PAGE anal-
ysis showed that the addition of 18-mer to HDL moved ApoA-I 
from the supernatant fraction to the pellet fraction, indicating 
that 18-mer dissociated ApoA-I from HDL particles. This disso-
ciation depended on oligosaccharide size (Fig. 3F), with 18-mer 
being the most effective at dissociating ApoA-I from HDL. Our 
data suggest that HDL undergoes structural changes in the pres-
ence of 18-mer.

18-mer Treatment Reduces Lethality in CLP-Injured Mice. 
A 72-h survival study with 6-mer and 18-mer treatment was 
conducted. Compared to CLP-injured mice receiving saline, 18-

Fig. 3. 18-mer enlists ApoA-I to reduce inflammation and exert a protective effect against sepsis. (A–D) Plasma and peritoneal lavage were collected from mice 
2 h after B*LPS administration (i.p., 5 mg/kg) with or without the indicated concentration of HS (n = 4 to 7). (A) The SDS-PAGE image of the peritoneal lavage 
stained with Ponceau S. The membrane is the same as Fig. 2E. The protein migrated at 25 kDa was identified as ApoA-I by proteomic analysis. (B) Immunoblot 
of the level of B*LPS/HMGB1 (Top) and B*LPS/ApoA-I (Bottom) from peritoneal lavage. Samples before and after affinity purification by streptavidin resin are 
labeled “preload” and “elution,” respectively. The full image is presented in SI Appendix, Fig. S15. (C, D) The concentration of LPS in the plasma and peritoneal 
lavage (n = 4 to 7). Data expressed as mean ± SEM and analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test. ***P < 0.001(E) The 
protein level of TNF-a from the cell supernatant of LPS-stimulated Raw264.7, with or without HDL pretreatment (n = 3). (F) The dissociation of human HDL by 
HS oligosaccharides. Human HDL (200 mg/mL) was incubated with 6-mer, 12-mer, and 18-mer (5 mg/mL) under mildly acidic conditions and centrifuged. The 
supernatant and precipitation from each reaction were analyzed by SDS-PAGE followed by Coomassie blue staining. (G) The 72-h survival in CLP mice was 
administered (S.Q.) with saline, 6-mer, and 18-mer at 0, 6, 12, 24, 36, and 52 h. (sham, n=8 male; CLP, n=22 male and 6 female; CLP + 18-mer, n = 20 male and 6 
female, CLP + 6-mer, n = 20 male and 6 female). Data analyzed by log-rank test; overall, P = 0.0006; CLP vs. Sham, P = 0.0019; CLP vs. CLP + 18-mer, P = 0.0015; 
CLP vs. CLP + 6-mer, P = 0.2040. Survival data were individually presented for male and female groups in SI Appendix, Fig. S11.

http://www.pnas.org/lookup/doi/10.1073/pnas.2209528120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209528120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209528120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209528120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209528120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209528120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209528120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209528120#supplementary-materials
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mer significantly improved the survival, while 6-mer treatment 
had no significant effect on lethality reduction (Fig. 3G). We 
also measured the concentrations of ApoA-I and HDL in 
CLP-injured mice with or without the treatment of 18-mer. 
A statistically significant reduction in the concentrations of 
ApoA-I and HDL in peritoneal lavage was observed in the 18-
mer treated group (SI Appendix, Fig. S10 E and G), possibly 
attributed to less injury. However, the plasma concentrations of 
ApoA-I and HDL showed no difference between the two groups 
(SI Appendix, Fig. S10 F and H).

Discussion

During sepsis, histones and HMGB1 are released from damaged 
cells and immune cells, fueling inflammation by increasing 
pro-inflammatory cytokines, chemokines, and adhesion mole-
cules, resulting in a dysregulated host response, organ damage, 
and death (5). Curbing these excessive and dysregulated inflam-
matory responses represents a potential strategy for treating 
sepsis. Extracellular histone and HMGB1 are attractive targets 
as they control the upstream inflammatory response pathways 
(4, 22, 37). Several reports emerged in recent years using sul-
fated glycans, including heparin, chondroitin sulfate E, and 
synthetic per-O-sulfated maltotrioses and cellobiose to block 
the pro-inflammatory activities of histone or HMGB1 and 
thereby to treat sepsis in animal models (13, 24, 28, 32). In this 
study, we demonstrated that a synthetic non-anticoagulant hep-
arin-based molecule, 18-mer, protected against sepsis-induced 

inflammation and resulting lethality by simultaneously targeting 
different pathways. Our findings revealed that the 18-mer 
engaged at least two targets to protect the animals from damage 
in sepsis, as illustrated in Fig. 4. First, 18-mer binds to histone 
H3 and neutralizes its cytotoxicity. Second, 18-mer enlists the 
actions of ApoA-I to disrupt the LPS-HMGB1 complex and 
reduce the plasma concentration of LPS.

The cytotoxicity of extracellular histones is attributed to their 
interaction with lipid bilayer within the cell membrane leading to 
its damage (38). Among all the histone isoforms, the cytotoxicity 
and the correlation to sepsis severity of H3 are the most established 
(6, 22). The neutralization of the cytotoxic effect of histones by 
sulfated glycans has been achieved through direct interactions 
between histones and glycans (13, 24, 28). Here, we demonstrate 
that 18-mer directly interacts with histone H3 with the binding 
affinity of 66 nM and improves cell viability after the H3 challenge 
(action 1 shown in Fig. 4). In another study, Zhang et al. reported 
that HS oligosaccharides protect against histone-induced lung 
injury (39). HS oligosaccharides inhibited the activation of toll-
like receptor 4 (TLR4)-mediated endothelial cell activations in 
response to the exposure to a low dose of histone (39). Our data 
do not rule out the possibility that 18-mer also protects the host 
from low-concentration histone damage by inhibiting the activa-
tion of the TLR4 receptor.

HMGB1 is known to contribute to the pathophysiology of 
sepsis as established in the endotoxemia and the CLP models. 
Materials from infectious microbes, such as bacterial LPS, trigger 
the release of extracellular HMGB1, contributing to cell damage. 

Fig. 4. Proposed the mechanism of action by 18-mer in sepsis. Sepsis causes systemic inflammation and releases extracellular H3 and HMGB1 and bacterial LPS. 
18-mer displays the protection by directly neutralizing H3 and indirectly targeting HMGB1. 18-mer binds to H3 and neutralizes the cytotoxicity of H3 (Action 1). 
18-mer causes the structural changes of HDL and releases ApoA-I (Action 2). ApoA-I binds to LPS to allow a clearance from the circulation to reduce the plasma 
concentration of LPS (Action 3). ApoA-I displaces HMGB1 from the LPS-HMGB1 complex, which is a pathway to deliver LPS into the cells to cause cell death 
(Action 4). [Illustration created with BioRender].

http://www.pnas.org/lookup/doi/10.1073/pnas.2209528120#supplementary-materials
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Extracellular HMGB1 and LPS form a complex, and the LPS-
HMGB1 complex facilitates the intracellular delivery of LPS (20). 
Intracellular LPS activates caspase -11 to cleave gasdermin D into 
peptides that form gasdermin D pores in the membrane, leading 
to pyroptosis (40). Blocking the formation of the complex of 
LPS-HMGB1 should reduce the damage associated with sepsis 
(32). The authors suggested that heparin attenuates the inflam-
matory impact of LPS by directly disrupting LPS-HMGB1 (32). 
As a synthetic heparin mimetic, the 18-mer reduces the concen-
tration of the LPS-HMGB1 complex in the peritoneal lavage of 
the endotoxemia mice; however, the 18-mer is incapable of directly 
disrupting the LPS/HMGB1 complex in vitro. Our findings sug-
gest that reducing the complex of LPS/HMGB1 is indirectly 
achieved. We could not explain the difference in the findings 
between the two studies.

Our studies show that 18-mer’s protection is mediated through 
enlisting the ApoA-I action to attenuate the functions of HMGB1 
(actions 3 and 4 in Fig. 4). This conclusion points to a mechanism 
to explain the anti-inflammatory effect of heparin and hepa-
rin-like compounds in sepsis. Known for transporting cholesterol 
from peripheral tissues to the liver and as a vehicle carrying 
ApoA-I, HDL displays cardioprotection. HDL’s beneficial func-
tions against sepsis have been recently noted (41, 42). The effects 
of HDL in sepsis are attributed to downregulating macrophage 
response (34), strengthening endothelial cell barriers (43), and 
neutralizing LPS (33, 44). In septic patients, dysfunctional HDL 
concerning decreased concentration, size, and cholesterol efflux 
capacity has been reported (45, 46). Increasing HDL concentra-
tions or improving its functionality have been suggested as 
approaches for managing sepsis (42, 47). Our model indicates 
that 18-mer causes the dissociation of ApoA-I from HDL (action 
2 in Fig. 4). ApoA-I binds to LPS to form a non-toxic ApoA-I/
LPS complex that benefits the host in two aspects: it accelerates 
the clearance of LPS from the circulation (action 3 in Fig. 4), and 
it decreases the formation of the complex of LPS/HMGB1. How 
18-mer causes the structural changes in HDL to release ApoA-I 
to neutralize LPS remains unknown. The study likely requires 
isolating sufficient HDL from peritoneal lavage of both healthy 
and septic mice since the composition of HDL is different under 
inflammatory conditions (41). Such investigations are subject to 
future study.

A unique structural feature of the 18-mer used in this study 
is that it is less susceptible to the degradation by heparanase. 
Heparanase is released in sepsis and is involved in the degrada-
tion of endogenous HS to disrupt the glycocalyx on the surface 
of the endothelium (31). Therefore, it is conceivable that pro-
tection in sepsis by an HS oligosaccharide would be diminished 
after heparanase degradation. Furthermore, heparanase-degraded 
oligosaccharides, i.e., nonasaccharides (9-mer), in the circulation 
system reportedly contributed to cognitive impairment in sepsis 
patients by deactivating long-term potentiation of the hippocam-
pus (48, 49). The 18-mer used in the current study does not 
contain a heparanase cleavable saccharide sequence (50). Minor 
cleavage at the non-reducing end of the 18-mer by heparinase 
unlikely affects the anti-inflammatory effect. This heparanase-re-
sistant 18-mer allows us to maintain its protective effect during 
treatment while minimizing its side effects on cognitive 
functions.

HS is a negatively charged polysaccharide that interacts with 
many proteins. Uncovering the requirement for the size and 
sulfation patterns of HS for anti-inflammatory activity is essen-
tial for further developing therapeutic agents to treat sepsis. A 
chemoenzymatic synthesis is a powerful tool for preparing 
structurally homogeneous HS oligosaccharides because it offers 

short synthetic routes and scalability. The synthetic homoge-
nous HS 6-mer, 12-mer, and 18-mer used in this study pro-
vided insights into the mechanism of HS oligosaccharides' 
protection against damage associated with sepsis. The 12-mer 
exhibited inhibition of the cytotoxicity of H3 and dissociated 
ApoA-I from HDL; however, the potencies in both assays were 
lower than those of the 18-mer. The lower potency in both 
assays explained that the 12-mer failed to decrease the concen-
trations of IL-6 and TNF-α in the peritoneal lavage of endo-
toxemia mice.

Previously, heparin has been tested in clinical trials for sepsis 
patients (51–53); however, the results were conflicted. A recent 
paper by Tang et al. showed that the treatment with heparin 
improved the 28-d survival rate in patients. However, the authors 
acknowledged that they could not conclude that heparin treatment 
is protective in all septic patients (32). The causes of sepsis are 
heterogeneous and, thus, may lead to conflicting clinical outcomes 
from heparin trials (32, 54). Another limitation of these trials is 
that investigators used structurally heterogeneous heparin, adding 
extra complexity to interpreting patient responses to the treat-
ment. Modified heparins or non-anticoagulant heparins were also 
proposed, yet those compounds are still mixtures and comprise 
individual saccharide chains that differentially impact biological 
pathways (13, 32). The availability of homogeneous HS oligosac-
charides should remove inconsistent responses resulting from the 
different chemical structures in heparin, enabling the in-depth 
mechanistic studies required for developing HS-based therapeutics 
for better outcomes.

In summary, our studies offer using homogenous HS oligosac-
charides to investigate the relationship between HS structure and 
the multi-faceted functions, including the neutralization of the 
pro-inflammatory activities of H3 and HMGB1 and the promo-
tion of the anti-inflammatory activities associated with ApoA-I 
and HDL. Furthermore, our findings open the possibility of inves-
tigating whether synergistic protection can be achieved by using 
a combination of HS saccharides. Ideally, one HS saccharide 
inhibits the activity of pro-inflammatory proteins, and another 
HS saccharide promotes the activity of anti-inflammatory pro-
teins. Such an approach would benefit the development of better 
therapeutics for treating sepsis.

Materials and Methods

HS oligosaccharides, including 6-mer, 12-mer, and 18-mers, were chemoenzy-
matically synthesized (17, 26). The binding affinity of oligosaccharides to H3 
was determined by SPR. The evaluation of HS protection was investigated in 
the CLP model with various biomarker analysis by ELISA, Luminex multiplex 
assay, western blot, and qPCR. The mechanistic studies were conducted with 
the LPS-induced endotoxemia model and pull-down assays, followed by pro-
teomic analysis for identifying apoA-I. All detailed methods can be found in 
the SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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