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The Effect of Hyaluronan Treatment in Endotoxemic Rats
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Background: Hyaluronan (HA) is an unbranched glycosaminoglycan. It has been proposed that HA acts as a vehicle 
for cytokines due to the strong negative charge on its surface. We hypothesized that HA would function like a 
cytokine scavenger and reduce the inflammatory signaling cascade and this would lead to improved survival in 
rats suffering with endotoxemia.
Methods: Endotoxin (Salmonella, 10 mg/kg) or an equal amount of 0.9% NaCl (NS) was injected into the jugular 
vein of rats. HA (1,600 kDa, 0.35%) or NS was given at 0.1 mL/kg/h for 3 hours. HA or NS infusion was started 
at 4 hour after endotoxin injection. The rats were divided into the control and HA groups (n=16 for each group). 
The mean arterial pressure (MAP) was monitored during HA or normal saline infusion. Survival was assessed every 
12 hours for 3 days throughout the experiment.
Results: The survival rate (%) of the rats treated with HA was higher (60%) than that of the controls (20%) when 
HA was infused 4 hours after lipopolysaccharide (LPS) injection. The bronchoalveolar lavage (BAL) fluid of the 
animals surviving HA or NS infusion 4 hours after LPS showed that the total cell counts and number of neutrophils 
were significantly (p＜0.01) reduced in the HA treated groups compared with that of the controls (total cell count, 
9.2×104/mL vs. 61×104/mL; neutrophils, 21×104/mL vs. 0.2×104/mL, respectively). There was no significant MAP 
difference between the HA or control groups either with or without endotoxin.
Conclusion: Infusion of hyaluronan (1,600 kDa) reduced the BAL total cell count and the number of neutrophils 
and it improved the survival rate of the endotoxemic rats.
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Introduction

  Severe, overwhelming infection can result in sepsis 

that affects the entire body and this can cause fever, 

a rapid heart rate and other systemic signs. It may often 

cause lung or kidney damage, and it can ultimately lead 

to death. When sepsis is associated with severe hypo-

tension or organ damage, the mortality rate reaches 30

∼40%1. Sepsis is the most common condition requiring 

admission to the intensive care unit and it is a common 

cause of acute lung injury
2
.

  In the lung, various types of extracelluar matrix 

(ECM) such as collagen, elastin and proteoglycans as 

well as stromal cells are present. The extracellular ma-

trix mediates diverse biological reactions through its in-

teraction with cell surface receptors and this results in 

stimulated secretion of cytokines and growth factors3. 

Proteoglycans (PGs) are the basic component of the ex-

tracellular matrix, and one or more glycosaminoglycans 

(GAGs) are attached to its core proteins in the center. 

The GAGs present in the lung are chondroitin sulfate, 

dermatan sulfate, heparin sulfate and hyaluronan
4
.

  Hyaluronan is negatively charged, and the structure 

of GAG is repeated disaccharide units consisting of 

N-acetylglucosamine and glucuronic acid, and no pro-

tein can form a covalent bond with hyaluronan. 

Generally, hyaluronan with molecular weight greater 

than 500 kDa is classified as high molecular weight hya-
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luronan (HMW hyaluronan). HWM hyaluronan is an im-

portant component that forms the pulmonary inter-

stitium, and it is in charge of maintaining the com-

pliance of the normal lung and structures
5
. In contrast, 

low molecular weight hyaluronan (LMW hyaluronan) 

with a molecular weight lower than 500 kDa acts as sig-

nal transduction mediators in inflammation
6,7

. HMW hy-

aluronan mediates anti-inflammatory reactions in di-

verse diseases. HMW HA treatment has been shown to 

decrease inflammation in degenerative osteoarthritis
8,9

 

and liver injury10, and to block cigarette-induced em-

physema in mice
11

.

  In our study, we examined the effect of the intra-

venous injection of HMW hyaluronan on the survival 

rate in a sepsis animal model.

Materials and Methods

1. Animals

  Sprague-Dawley rats (male; mean weight, 317±26 

gm) were used for all the experiments.

2. Experimental methods

  A catheter was inserted to the right jugular vein, and 

endotoxin (15 mg/kg; S. typhosa ATCC 10749; Sigma, 

St. Louis, MO, USA) was injected through the jugular 

vein. 0.9% saline at a volume equivalent to the endotox-

in was injected to the control group. In a sepsis rat 

model, 4 hours after the injection of endotoxin, HMW 

hyaluronan (0.35% 1,600 kDa; Genzyme, Boston, MA) 

or the same volume of 0.9% NaCl was infused for 3 

hours at a rate of 0.1 mL/kg/h. After the completion 

of the injection, the animals were transferred to cages, 

and the survival status of the rats was monitored at 12 

hours intervals. If the animals were found to be in dis-

tress, ie, unable to eat, ruffled fur or obvious respiratory 

distress, then they were sacrificed. Bronchoalveolar lav-

age were performed to examine the changes of in-

flammatory cells in the alveolus of the surviving rats.

3. Hemodynamic measurements

  Silastic (0.012 inch I.D, 0.025 inch O.D) catheters 

were placed in the left carotid artery to monitor sys-

temic artery pressure of the endotoxin injection group 

and the control group, and the rats in the hyaluronan 

injection group with or without endotoxemia were 

placed on a Gould recorder (Model R53400; Glen 

Burnie, MD, USA) and it recorded at 30 minutes inter-

vals (n=5/group).

4. Measurement of serum cytokines and bronchoal-

veolar lavage

  The serum cytokines and bronchoalveolar lavage flu-

id were analyzed prior to the injection of endotoxin, at 

4 hours after the injection and 3 hours after the infusion 

of HMW HA (7 hours after the injection of endotoxin) 

(n=7/group). The same tests were performed on the rats 

that survived 72 hours with endotoxemia. The serum 

was collected and 4 cytokines were measured. Tumor 

necrosis factor-α (TNF-α), interleukin-10 (IL-10), in-

terleukin-6 (IL-6) and macrophage inflammatory pro-

tein-2 (MIP-2) were measured using ELISA kits (R&D 

Systems, Minneapolis, MN). The lungs were removed 

en bloc and tubing was inserted into the right main 

bronchus and secured. The right upper lobe was clamp-

ed at the bronchus to prevent the lavage fluid from 

entering. The right lower lung was lavaged with 2 mL 

of normal saline 3 times. The neutrophil counts in the 

bronchoalveolar lavage fluid (BAL) were used to meas-

ure the migration of neutrophils into the alveoli, as was 

previously described12. The total cell counts in the BAL 

were performed using a hemocytometer. To perform 

cell differential counts, the cells were fixed on glass 

slides by use of cytospin and they were stained with 

geimsa.

5. Lung histology

  The left lungs were inflated with 10% formalin at 20 

cm H2O pressure. After at least 48 hours of fixation, the 

left lung was cut into 0.5 cm thick sections. The sec-

tions were embedded in paraffin, cut into 5-μm pieces, 

mounted on glass slides and stained with hematox-

ylin-eosin (H-E) for determining the presence and type 

of lung injury. Pathological scores were obtained based 
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Figure 1. Intravenous infusion of hyaluronan (LPS＋HA) in
endotoxemic rats prolonged the animals' survival com-
pared with that of the saline control (LPS＋Saline) (n=16
per group). LPS: lipopolysaccharide; HA: hyaluronan.

Figure 2. Representative histology findings (hematoxylin and eosin stain, original magnification, ×100). The lungs were
removed after three hours of infusion of hyaluroan or 0.9% NaCl in the endotoxemic rats. (A) Control, (B) LPS＋0.9%
NaCl, (C) LPS＋Hyaluronan (1,600 kDa). LPS: lipopolysaccharide.

on previous experiments
13

. Briefly, a blinded reviewer 

examined 5 fields (2 peripheral and 3 central fields) on 

each slide for 5 variables related to injury. These varia-

bles included a) airway epithelial shedding, b) airway 

epithelial edema, c) increased cellularity in the airway 

and parenchymal tissues, d) increased peribronchial and 

perivascular cuff areas and e) alveolar atelectasis. The 

total lung injury score was calculated as the sum of each 

variable semi-quantatively scored as none (0), mild (1), 

moderate (2), or severe (3).

6. Statistics

  All the values are presented the mean±standard error 

of the mean. Analysis of variance was performed for 

the comparisons among the groups, and the significant 

cases were analyzed by Scheffe's test. The survival rate 

of the two groups was compared by the Mantel-Cox log 

rank test. Blood pressure was compared by two-way re-

peated measures analysis of variance and a post hoc 

tests. Statview 4.5 (SAS Institute Inc., Cary, USA) was 

used for the statistical analysis, and p values lower than 

0.05 were considered to be statistically significant.

Results

1. Survival

  Hyaluronan (1,600 kDa) was injected through the jug-

ular vein 4 hours after the injection of endotoxin. After 

72 hours, 3 of 16 animals (20%) survived in the control 

group injected with 0.9% NaCl; on the other hand, 9 

of 16 animals (60%) survived in the hyaluronan injection 

group (p＜0.04) (Figure 1). Death occurred within 24 

hours in most cases, and it was found that the effect 

of hyaluronan (1,600 kDa) could be observed within 24 

hours after injection.

2. Histological findings

  For the histological findings of the lung 3 hours after 

the infusion of HMW HA or saline in endotoxemic rats, 

it was observed that in the group injected with saline 

after the injection of endotoxin, inflammatory cells had 

infiltrated to the alveoli and overall alveolar collapse 
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Figure 3. Treatment with hyaluronan (HA) significantly reduced the total number of cells (A) and neutrophils (B) in the
bronchoalveolar lavage fluid (n=7 rats per group). *p＜0.01 LPS＋NS vs. LPS＋HA at 7 hours. LPS: lipopolysaccharide;
NS: NaCl; HA: hyaluronan.

was observed. In the hyaluronan treatment group, a rel-

atively lesser infiltration of inflammatory cells to the 

lung was observed (Figure 2). In regard to the patho-

logical scores, the score was significantly decreased in 

the hyaluronan injection group (1.1±0.2; p＜0.05) as 

compared to that of the saline injection group (1.9± 

0.3). It was observed that the increased cells were pri-

marily neutrophils in the bronchoalveolar lavage fluid 

(Figure 3).

3. Bronchoalveolar lavage

  In the control group that received saline, the total 

number of cells was increased by 20% 7 hours after the 

injection of endotoxin as compared to the total number 

of cells at the time point 4 hours after the injection. As 

compared with the control group, the number of total 

cells was significantly lower in the hyaluronan treated 

group at the time point 7 hours after the exdotoxin in-

jection (Figure 3A). On comparing the rats that survived 

after 72 hours in the 2 groups, there was a trend that 

the cell count was still higher in the saline injection 

group than that in the hyaluronan injection group. 

However, this was not statistically significant. The num-

ber of neutrophils also showed a trend similar to the 

number of all the cells. In the control group, the num-

ber of neutrophils in the bronchoalveolar lavage fluid 

4 hours and 7 hours after the injection of endotoxin was 

not significantly different. At the time point 7 hours, in 

the hyaluronan injection group, the number of neu-

trophils was significantly reduced to approximately 60% 

of that of the control group (Figure 3B).

4. Serum cytokines

  To assess the anti-inflammatory reaction of hyalur-

onan in the sepsis induced by endotoxin, serum tumor 

necrosis factor-α (TNF-α), interleukin-10 (IL-10), in-

terleukin-6 (IL-6) and macrophage inflammatory pro-

tein-2 (MIP-2) were measured. TNF-α, IL-10 and MIP-2 

of both the control group and the hyaluronan injection 

group showed a trend to be decreased at 7 hours after 

the injection of endotoxin as compared with that after 

4 hours. TNF-α and MIP-2 of the hyaluronan injection 

group were significantly reduced as compared with that 

of the control group at 7 hours after the injection of 

endotoxin, and MIP-2 was decreased by 60% in the hya-

luronan treated group as compared with that of the con-

trol group (Figure 4).

5. Blood pressure measurement

  The arterial blood pressure was measured to examine 

the effect of the injection of hyaluronan on blood 

pressure. The injection of endotoxin or hyaluronan did 
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Figure 4. The levels of serum tumor necrosis factor-α (TNF-α) (A), interleukin-10 (IL-10) (B), interleukin-6 (IL-6) (C) 
and macrophage inflammatory protein-2 (MIP-2) (D) were measured at baseline, 4-, 7- and 72 hour after endotoxemia.
Treatment with hyaluronan (HA) significantly reduced the serum levels of TNF-α and MIP at 7 h after endotoxemia
compared with that of the control (n=7 rats per group). *p＜0.01 LPS＋NS vs. LPS＋HA at 7 hours. LPS: lip-
opolysaccharide; NS: NaCl.

not induce significant changes of the blood pressure as 

compared with that of saline (n=5 per group, Figure 5).

Discussion

  This study examined whether hyaluronan treatment 

increases the survival rate in a sepsis animal model pre-

pared by the injection of endotoxin. The mortality rate 

of the control group that had saline injected after the 

injection of endotoxin was high at approximately 80% 

and the survival rate of the hyaluronan treatment group 

was 40%. A significant difference was observed. A re-

duction of neutrophils in the bronchoalveolar lavage flu-

id, a reduction of serum TNF-α and MIP-2 and a reduc-

tion of lung tissue damage were observed in the hyalur-

onan treatment group as compared with that of the con-

trol group. The increased survival rate by hyaluronan 

was found to not be associated with the elevation of 

blood pressure (Figure 5). The effect of a reduced mor-

tality rate was observed within 24 hours after the devel-

opment of sepsis in most cases. We think an intra-

venous injection of hyaluronan it could be an effective 

treatment method if this is done in the initial stage of 

the onset of sepsis.

  In addition, hyaluronan injection reduced the infiltra-

tion of neutrophils to the lung and it decreased the con-
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Figure 5. Effect on the mean arterial pressure (MAP) in
rats treated with either hyaluronan (HA) or 0.9% NaCl (NS)
one hour after endotoxemia (LPS). Hyaluronan infusion 
did not cause a significant MAP change in the rats with 
or without endotoxemia (open triangle=LPS＋NS; open 
circle=LPS＋HA; closed triangle=NS; closed circle=HA).

centration of serum TNF-α and MIP-2. It is suggested 

that the survival gain of the hyaluronan injection group 

may be associated with reducing excessive inflam-

mation. Lung inflammation and the serum cytokines 

were reduced immediately after finishing the 3 hour in-

fusion of hyaluronan, Thus, it is thought that for cases 

with an excessive inflammatory reaction, such reactions 

may be effectively reduced in a short time by the ad-

ministration of hyaluronan.

  Neutrophils play an important role in the defense 

mechanism of our body in the septic condition and they 

induce excessive inflammatory reactions. Activated neu-

trophils induce damage to not only bacteria, but also 

to host tissue. The proteinases released from neu-

trophils cause damage of adjacent tissue cells
14

. In the 

present study, after the administration of hyaluronan, 

the infiltration of neutrophils to the alveoli was decreas-

ed. It is speculated that HMW hyaluronan prevents the 

infiltration of neutrophils by exerting effects on the sur-

face of inflammatory cells that suppress the release of 

cytokines, or HMW hyaluronan suppresses additional 

inflammatory reactions by mediating effects on the neu-

trophils themselves
15,16

.

  Sepsis may be explained as the excessive synthesis 

of tumor necrosis factor-α (TNF-α) and other cyto-

kines, as well as a hyper-inflammatory response caused 

by the abnormal activation of the immune system17. 

Such excessive release of cytokines may become the 

cause of multiple organ failure
18,19

. An increase of the 

survival rate was not observed when septic patients 

with increased interleukin-6 were treated with therapy 

(monoclonal antibody) that suppresses TNF-α
20,21

. In 

contrast to most studies that neutralized TNF-α with 

monoclonal antibody
20,21

, in our study, the TNF-α was 

reduced by the intravenous injection of hyaluronan. 

However, the serum TNF-α was not complete aboli-

shed. We think that control of the TNF-α via hyalur-

onan will be applied to the treatment of septic patients 

in the future.

  When sepsis progresses, the concentration of the in-

flammation suppressor cytokine IL-10 is elevated
22

. In 

our study, IL-10 was elevated in the initial period of 

sepsis; nonetheless, a difference between the treatment 

group and the control group was not observed, and 

similarly, the serum IL-10 at 72 hours was not different 

between the groups.

  In rodents, interleukin-8 similar to that in humans is 

not detected. The cytokine that is involved in neutrophil 

migration and chemotaxis in rodents has been shown 

to be MIP-2
23,24

. In our study, the serum MIP-2 was de-

creased in the hyaluronan treatment group as compared 

with that in the control group, and the neutrophils in 

the bronchoalveolar lavage were decreased in the hya-

luronan treatment group as compared with that in the 

control group. This suggests that hyaluronan reduces 

the serum concentration of MIP-2 and so it decreases 

the recruitment of neutrophils to the alveoli.

  In conclusion, in our sepsis animal model, excessive 

inflammatory reactions that developed in the septic con-

dition were suppressed by the injection of hyaluronan 

and the survival rate was increased.
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