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ABSTRACT

Objectives: To ascertain the positions of sulfated groups for HGF‑inducing activity using differently sulfated heparin 
disaccharides and to investigate whether the heparin disaccharide elevates HGF levels in plasma in vivo and 
exerts protective effects on acute liver injury. Materials and Methods: The heparin disaccharides DUA‑GlcNS, 
DUA (2S)‑GlcN, DUA‑GlcNAc (6S), DUA‑GlcNS (6S), DUA (2S)‑GlcNS, DUA (2S)‑GlcNAc (6S), DUA‑GlcNAc and 
DUA (2S)‑GlcNS (6S) were added to MRC‑9 fibroblasts and HGF concentrations in culture media were determined 
by enzyme‑linked immunosorbent assay. Furthermore, DUA‑GlcNS (100 mg/head) was injected into C57BL/6 
mice and plasma levels of HGF measured at 12 h. After acute hepatitis was induced by CCl4 (15 mg/kg) in mice, 
liver specimens were stained with hematoxylin and eosin (H and E). Levels of aspartate aminotransferase and 
alanine aminotransferase were measured at 24 h. Results: Among the disaccharides investigated, DUA‑GlcNS, 
DUA‑GlcNAc (6S) and DUA‑GlcNS (6S) stimulated HGF production in MRC‑9 fibroblasts. However, none of the 
2‑O‑sulfated disaccharides [DUA (2S)‑GlcNS, DUA (2S)‑GlcNAc (6S) and DUA (2S)‑GlcNS (6S)] showed any 
activity despite the presence of N‑sulfated and/or 6‑O‑sulfated disaccharides. Thus, 2‑O‑sulfation of hexuronic acid 
has an inhibitory effect. Moreover, DUA‑GlcNS administration increased plasma levels of HGF in normal mice and 
prevented CCl4‑induced liver injury in mice. Conclusions: N‑sulfation and/or 6‑O‑sulfation of glucosamine with 
nonsulfated hexuronic acid provides a structural basis for the HGF‑inducing activity of disaccharides. DUA‑GlcNS 
increases plasma levels of HGF and protects against CCl4‑induced acute liver injury.
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INTRODUCTION

Heparin is a complex mixture of polysaccharides that are 
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composed of repeating disaccharide units of glucosamine 
and uronic acids (glucuronic acid or iduronic acid), which 
are modified heterogeneously by carboxylate groups and 
N‑ or O‑linked sulfate groups.[1] One of the well‑known 
functions of heparin is its inhibition of blood clotting.[2] 
Additionally, heparin modulates a wide range of biological 
functions. Heparin inhibits inflammation, viral activity, 
complement activation and metastatic spread of tumor cells, 
and regulates angiogenesis[3] by the interactions of some 
proteins: Antithrombin III, fibroblast growth factor, hepatocyte 
growth factor (HGF), fibronectin, annexin, phospholipase‑A2 
and interleukin‑8.[4,5] A unique pentasaccharide of heparin 
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(the synthetic analog fondaparinux) is necessary for binding to 
antithrombin. Fondaparinux induces a conformational change 
and accelerates its interaction with the active site of factor 
Xa to inhibit activity.[6] Fondaparinux is too short to bridge 
antithrombin to thrombin. It catalyzes only the inhibition of 
factor Xa and exhibits better bioavailability, longer half‑life 
and lower contamination risk.[7] Thus, structure–function 
studies are important for more efficacious clinical applications 
of heparin.

One important function of heparin and heparin‑derived 
oligosaccharides is the increased production of HGF.[8,9] 
HGF exerts multiple biological activities (e.g., mitogenic, 
motogenic, morphogenic) on various cells. The multiple 
functions of HGF have important roles in embryogenesis 
and organ regeneration.[10] When heparin and low‑molecular 
heparin have been injected into rats with hepatic injury, plasma 
levels of HGF have become elevated and liver regeneration 
has been enhanced.[11,12] Thus, heparin might have clinical 
potential as an HGF‑inducer, but its anticoagulant activity 
could elicit side‑effects. Heparin‑derived oligosaccharides 
retain HGF‑inducing activity while having low anticoagulant 
activity.[9] Therefore, heparin‑derived oligosaccharides might 
be useful as HGF inducers.

In the course of our studies, we have found that the 
extent of sulfation in heparin is approximately related to 
HGF‑inducing activity and that some disaccharides of a 
specific structure (DUA‑GlcNS) have such activity.[9] However, 
the details of the structure–function relationship have not been 
determined. Therefore, we assessed the positions of sulfate 
groups involved in HGF‑inducing activity using heparin 
disaccharides of defined structure (sulfated to different extents) 
under cell culture. Furthermore, we investigated whether 
specific heparin disaccharides elevate HGF levels in plasma 
in vivo and exert protective effects on acute injury to the liver.

MATERIALS AND METHODS

Reagents
Porcine mucosal heparin was obtained from Scientific Protein 
Laboratories (Waunakee, WI, USA). Heparin disaccharides 
DUA (2S)‑GlcNS (6S), DUA‑GlcNS (6S), DUA (2S)‑GlcNS, 
DUA‑GlcNAc (6S) and DUA‑GlcNAc were purchased 
from Seikagaku (Tokyo, Japan) and DUA (2S)‑GlcN and 
DUA (2S)‑GlcNAc (6S) were purchased from Sigma–
Aldrich (Saint Louis, MO, USA). In these disaccharides, 
DUA denotes a D[4,5] unsaturated hexuronic acid; GlcN refers 
to N‑unsubstituted glucosamine; GlcNS denotes N‑sulfated 
glucosamine; GlcNAc refers to N‑acetylated glucosamine; 
and 2S and 6S represent the 2‑O‑ and 6‑O‑sulfate groups, 
respectively. DUA‑GlcNS was purchased from Seikagaku and 
Iduron (Manchester, UK).

Analyses of HGF induction in cell culture
HGF‑inducing activity was determined using MRC‑9 human 
embryonic lung fibroblasts, as described previously.[9] For the 
culture of MRC‑9 cells at 4°C, cells were replaced with the fresh 
cold medium supplemented with 1% fetal calf serum. HGF levels 
were measured by enzyme‑linked immunosorbent assay.[13]

Animal experiments
Animal experiments were carried out according to the 
Guideline for Experimental Animal Care issued by the Prime 
Minister’s Office of Japan and approved by the Committee on 
Animal Experimentation of Osaka University (Osaka, Japan). 
Male‑specific pathogen‑free C57BL/6 mice (8–9 weeks; 
SLC, Hamamatsu, Japan) were used. To analyze the effect of 
heparin disaccharides on plasma levels of HGF, 100 mg/head 
of DUA‑GlcNS (Iduron) was injected via the intraperitoneal 
route and plasma was collected at 12 and 24 h. The effect 
of DUA‑GlcNS on liver injury was examined using mice 
with acute hepatitis. To induce acute hepatitis, carbon 
tetrachloride (CCl4) in olive oil was administered orally at 
15 mg/kg body weight. In the pretreatment group, 100 mg/head 
of DUA‑GlcNS was administered via the intraperitoneal route 
1 h before CCl4 injection. Plasma levels of HGF were analyzed 
12 and 24 h after CCl4 injection. After 24 h, mice were killed 
under anesthesia and subjected to histologic examinations and 
serum levels of alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) were analyzed.

Histologic examination and measurement of serum 
levels of aminotransferases
Liver specimens were fixed with 10% buffered formalin, 
embedded with paraffin and stained with hematoxylin and 
eosin (H and E). Serum levels of AST and ALT were measured 
using a Transaminase CII Test kit (Wako Pure Chemicals, 
Osaka, Japan).

Statistical analyses
We used the Student’s t‑test to determine statistical significance. 
P < 0.05 was considered significant.

RESULTS AND DISCUSSION

Previously, we disclosed that the HGF‑inducing activities 
of heparin are dependent on its molecular size.[9] Heparin 
fragments smaller than decasaccharides showed low activity, 
and disaccharides did not stimulate HGF production, but 
N‑sulfated disaccharides retained HGF‑inducing activity. The 
disaccharide fraction is composed of a mixture of various 
disaccharides and contains various sulfated disaccharides. Some 
types of disaccharides sulfated at specific positions could have 
HGF‑inducing activity. We assessed the positions of sulfate 
groups required for HGF‑inducing activity using various heparin 
disaccharides of defined structure (sulfated to different extents) 
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[Figure 1a]. Disaccharides were added to cultures of 
MRC‑9 cells and the amounts of HGF in the culture medium 
were measured [Figure 1b]. A disaccharide containing no sulfate 

group (DUA‑GlcNAc) did not increase HGF production even 
at 50 mg/mL. This finding suggested that the basal disaccharide 
composed of hexuronic acid and glucosamine residue did not 
have HGF‑inducing activity. Conversely, consistent with other 
reports,[9] DUA‑GlcNS (mono‑(N‑) sulfated) showed significant 
activity at >5 mg/mL, and the level of HGF production at 50 
mg/mL DUA‑GlcNS was the same as the maximum level 
in the case of unfractionated heparin. Thus, N‑sulfation in 
the glucosamine residue was found to confer HGF‑inducing 
activity to the basal disaccharide. In addition to DUA‑GlcNS, 
DUA‑GlcNAc (6S) (mono‑(6‑O‑) sulfated) also showed 
significant activity. Because DUA (2S)‑GlcN (mono‑(2‑O‑) 
sulfated) had no activity, an essential component for 
HGF‑inducing activity was limited to the N‑sulfation and/
or 6‑O‑sulfation of glucosamine residue in the disaccharide. 
The disaccharide disulfated at the N‑ and 6‑O‑ positions, 
i.e. DUA‑GlcNS (6S), showed almost the same activity as that of 
monosulfated DUA‑GlcNS and DUA‑GlcNAc (6S), indicating 
that the effect of N‑sulfation and 6‑O‑sulfation is not additive. 
None of the 2‑O‑sulfated disaccharides [DUA (2S)‑GlcNS, 
DUA (2S)‑GlcNAc (6S) and DUA (2S)‑GlcNS (6S)] showed any 
activity despite the presence of N‑sulfated and/or 6‑O‑sulfated 
glucosamine residues, indicating that the 2‑O‑sulfation of 
hexuronic acid has an inhibitory effect on HGF production. The 
major structure in the disaccharide fraction is a trisulfated form, 
DUA (2S)‑GlcNS (6S), which does not have HGF‑inducing 
activity. Therefore, a fraction of disaccharides did not stimulate 
HGF production, but HGF‑inducing disaccharides might exist. 
We summarized that the HGF‑inducing activity of heparin 
disaccharides is exerted by the N‑sulfation and/or 6‑O‑sulfation 
of the glucosamine residue in the disaccharide unit, whereas the 
2‑O‑sulfation of the residue of hexuronic acid has an inhibitory 
effect [Figure 2].

Figure 1: Hepatocyte growth factor (HGF)-inducing activity of 
disaccharides composed of hexuronic acid and glucosamine sulfated at 
different positions. (a) Heparin-derived disaccharides used for the assay. 
(b) Dose-dependent activity of heparin or heparin-derived disaccharides 
for stimulating HGF production. MRC-9 cells were cultured at 37°C for 
24 h in the presence of disaccharides and the HGF concentration in 
the medium was measured by enzyme-linked immunosorbent assay. 
Each value is the mean ± SD (n = 4 in each group)
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Figure 2: Structural requirement of disaccharides for hepatocyte growth factor (HGF)-inducing activity. Active and inactive disaccharides are 
summarized. The N-sulfation and/or 6-O-sulfation of the glucosamine residue provides the disaccharide with HGF-inducing activity. The 2-O-sulfated 
group in the residue of hexuronic acid canceled the effect of N-sulfated and/or 6-O-sulfated disaccharides
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The molecular mechanisms by which the specific 
disaccharides stimulate HGF production are not known. 
Some reports have shown a correlation between the sulfation 
patterns of heparin and its bioactivities. The anti‑allergic 
activity of heparin tetrasaccharide is dependent upon 
the N‑sulfation of heparin.[16] Moreover, Ashikari‑Hada 
et al. analyzed the specific binding structures for various 
heparin‑binding growth factors using an octasaccharide 
library.[4] Of interest, HGF was found to bind 2‑O‑sulfate 
and 6‑O‑sulfate of the heparin octasaccharides. We found 
the HGF‑inducing activity of heparin disaccharides to be 
assigned to 6‑O‑sulfate, but this activity was suppressed 
by 2‑O‑sulfate. A possible reason for this discrepancy 
is that promotion of HGF production by N‑ and/or 
6‑O‑sulfated heparin disaccharides is not caused by 
direct interaction with HGF, but instead is involved 
with specific molecules having a high affinity to these 
disaccharides. Then, the resultant complex may induce 
HGF production, whereas the 2‑O‑sulfated group prevents 
this association. Thus, identification of the conformational 
features (e.g., active or inactive) of the specific sulfation in 
heparin disaccharides (and especially the interaction with 
molecular partners for HGF induction) is intriguing.

To examine the effects of specific disaccharides on plasma 
levels of HGF, DUA‑GlcNS was administered to normal 
mice. The plasma concentration of HGF was increased 
12 h after a single administration of DUA‑GlcNS, whereas 
the HGF concentration returned to the basal level after 
24 h [Figure 4a]. The influence of DUA‑GlcNS on the 
plasma concentration of HGF was also examined in mice 
with CCl4‑induced liver injury. It is known that the plasma 
level of HGF increases in response to liver injury as a result 
of the induction of endogenous HGF production. Consistent 
with this notion, plasma levels of HGF in CCl4‑treated 
mice were elevated 12 and 24 h after CCl4 injection. When 
CCl4‑treated mice were pretreated with DUA‑GlcNS, the 
plasma level of HGF 12 h after CCl4 treatment was identical 
to that in mice treated with CCl4 alone. Thus, the additive 
effect of DUA‑GlcNS and CCl4 on HGF induction was not 
observed. Furthermore, the plasma level of HGF 24 h after 
CCl4 treatment in mice pretreated with DUA‑GlcNS returned 
to the basal level, whereas the plasma level of HGF was 
still high at 24 h in mice treated with CCl4 alone. Thus, 
the effect of DUA‑GlcNS on HGF induction was complex 
in CCl4‑treated mice compared with that in normal mice. 
This finding suggested that pretreatment with DUA‑GlcNS 
suppressed the liver injury caused by CCl4 and, therefore, 
HGF induction due to CCl4 did not occur. The suppressive 
effect of DUA‑GlcNS on liver injury was confirmed by the 
analyses of the serum levels of ALT and AST as well as 
histological examination. Serum levels of ALT and AST 
increased 24 h after CCl4 treatment, but administration of 

Figure 3: Hepatocyte growth factor (HGF) concentration in the 
culture medium of MRC-9 cells after incubation with heparin-derived 
disaccharides at 37°C or after washing cells with disaccharides at 4°C. 
(a) Experimental design to examine the contribution of HGF release 
from cells to the increase in HGF levels. MRC-9 cells were incubated 
with disaccharides at 4°C for 30 min (gray) after preincubation of cells 
in the absence of disaccharides (white) at 37°C for 24 h compared with 
incubation in the presence of disaccharides at 37°C for 24 h (black). 
(b) HGF concentrations in the culture media of MRC-9 cells. NS, NAc(6S) 
and NS(6S) indicate the disaccharides ∆UA-GlcNS, ∆UA-GlcNAc(6S) 
and ∆UA-GlcNS(6S), respectively. Disaccharides were used at 50 mg/mL. 
Heparin (1 mg/mL) was used as a positive control for HGF induction at 
37°C for 24 h. Each value is the mean ± SD (n = 4 in each group)
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HGF exists on the cell surface by binding to heparan sulfates, 
and an excess amount of heparin leads to an increase in 
HGF levels in the culture medium.[14,15] Therefore, we 
investigated whether the elevation of HGF concentration 
by heparin disaccharides is due to HGF release from 
the cell surface through binding to cell surface‑bound 
HGF (“washing effect”). MRC‑9 cells were incubated at 
37°C for 24 h in the absence of disaccharides. Subsequently, 
cells were incubated at 4°C for 30 min in the presence of 
heparin disaccharides [DUA‑GlcNS (6S), DUA‑GlcNS and 
DUA‑GlcNAc (6S)]. The HGF concentration in the medium 
was increased slightly, but it had a minor effect [Figure 3]. 
When cells were incubated with disaccharides at 37°C, 
the HGF concentration in the medium was elevated much 
more than that in the former case. These results suggested 
that the mechanisms of disaccharide‑mediated HGF induction 
include the release of cell surface‑bound HGF and increase 
in HGF production in cells, but the latter is more substantial.
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DUA‑GlcNS suppressed the CCl4‑induced increase in levels 
of ALT and AST [Figure 4b]. Histologic examination of 
the liver in mice injected with CCl4 revealed cell swelling 
and necrotic hepatocytes with pyknosis, especially in 
centrilobular areas [Figure 4c]. However, these lesions were 
prevented by DUA‑GlcNS injection [Figure 4c]. We found 
that DUA‑GlcNS injection could prevent CCl4‑induced 
acute hepatitis.

In the present study, we showed the N‑sulfation and/or 
6‑O‑sulfation of glucosamine with nonsulfated hexuronic 
acid to be the structural basis for the HGF‑inducing activity 
of heparin disaccharides. Moreover, DUA‑GlcNS brought 
about an increase in the plasma levels of HGF and protected 
against CCl4‑induced acute liver injury in mice. HGF has 
potent therapeutic effects on various types of disease in 
distinct tissues; therefore, these specific disaccharides could 
be valuable for clinical application as HGF inducers.
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