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Neoagaro-oligosaccharide 
monomers inhibit inflammation 
in LPS-stimulated macrophages 
through suppression of MAPK and 
NF-κB pathways
Wei Wang1,*, Pei Liu1,*, Cui Hao2, Lijuan Wu1, Wenjin Wan3 & Xiangzhao Mao1

Neoagaro-oligosaccharides derived from agarose have been demonstrated to possess a variety of 
biological activities, such as anti-bacteria and anti-oxidative activities. In this study, we mainly explored 
the inhibitory effects and the mechanisms of neoagaro-oligosaccharide monomers against LPS-induced 
inflammatory responses in mouse macrophage RAW264.7 cells. The results indicated that neoagaro-
oligosaccharide monomers especially neoagarotetraose could significantly reduce the production 
and release of NO in LPS-induced macrophages. Neoagarotetraose significantly suppressed the 
expression and secretion of inducible nitric oxide synthase (iNOS) and proinflammatory cytokines such 
as TNF-α and IL-6. The inhibition mechanisms may be associated with the inhibition of the activation 
of p38MAPK, Ras/MEK/ERK and NF-κB signaling pathways. Thus, neoagarotetraose may attenuate 
the inflammatory responses through downregulating the MAPK and NF-κB signaling pathways in LPS-
stimulated macrophages. In summary, the marine-derived neoagaro-oligosaccharide monomers merit 
further investigation as novel anti-inflammation agents in the future.

Acute inflammation, which involves recruitment and activation of neutrophils, is a rapid response to infectious 
microbes or injured tissues1. The first line of defense of the immune system against infectious microbes are mac-
rophages2, which can be activated through toll-like receptors (TLRs) signal pathway3,4. TLR4 ligation with the 
signal activator lipopolysaccharide (LPS) can induce activation of specific intracellular pathways including two 
pathways of mitogen-activated protein kinases (MAPKs) and nuclear factor-kB (NF-κ​B)3,5. The MAPKs pathway 
and NF-κ​B pathway then induce the expression of the inflammatory mediators such as inducible nitric oxide 
synthase (iNOS), and proinflammatory cytokines (tumor necrosis factor-α​ (TNF-α​), interleukin-1β​ (IL-1β​), and 
interleukin-6 (IL-6))6–8. Thus, compounds that can reduce the LPS-inducible inflammatory mediators may be 
developed into therapeutic agents for inflammation related diseases8.

Agarose, derived from red algae, is a neutral linear polysaccharide composed of alternating residues of 
4-O-linked 3,6-anhydro-α​-L-galactopyranose and 3-O-linked β​-D-galactopyranose, and widely used in food, 
medicine, and biological research9,10. Agarose can be enzymatic hydrolyzed to generate agaro-oligosaccharides 
by α​-agarase at the α​-1,3 linkage and to generate neoagaro-oligosaccharides by β​-agarase at the β​-1,4 link-
age11. In recent years, agaro-oligosaccharides and neoagaro-oligosaccharides have been reported to possess lots 
of biological activities, such as antioxidative activities12, moisturizing effect on skin13, and anti-inflammation 
effects14, which suggested that these oligosaccharides merit further investigation as functional foods to control 
inflammation.

In the current study, the inhibitory effects and mechanisms of neoagaro-oligosaccharides against LPS-induced 
inflammatory responses were investigated in mouse macrophage RAW 264.7 cells. The results showed that 
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neoagaro-oligosaccharides especially neoagarotetraose effectively inhibited the inflammatory responses in RAW 
264.7 cells mainly through downregulating the MAPK and NF-κ​B signaling pathways.

Results
Effects of neoagaro-oligosaccharide monomers on cell viability.  In this study, the neoagaro-oligo-
saccharide monomers neoagarobiose (NA2), neoagarotetraose (NA4), neoagarohexaose (NA6), neoagarooctaose 
(NA8), and neoagarodecaose (NA10) (≥​98% purity) (Fig. 1A) were prepared in our laboratory as described pre-
viously15–18. The cytotoxicity of neoagaro-oligosaccharides (neoagarobiose, neoagarotetraose, neoagarohexaose, 
neoagarooctaose, neoagarodecaose) in RAW264.7 cells was evaluated by MTT assay. As shown in Fig. 1B, after 
exposure to neoagaro-oligosaccharides with different concentrations (62.5, 125, 250, 500 and 1000 μ​g/ml) for 
24 h, the viabilities of RAW264.7 cells were all more than 95% of the PBS treated control group, which suggested 
that neoagaro-oligosaccharides at concentrations ranging from 62.5 to 1000 μ​g/ml had no significant cytotoxicity 
on RAW 264.7 cells. Therefore, concentrations of neoagaro-oligosaccharides were selected from 62.5 to 500 μ​g/ml  
for study on anti-inflammatory effects in vitro.

Neoagarotetraose significantly decreased LPS-induced production of NO in RAW264.7 
cells.  To evaluate the effects of neoagaro-oligosaccharides on the macrophage inflammatory responses 
induced by LPS, the NO production was evaluated by measuring the content of nitrite accumulated in culture 
medium based on the Griess reaction as previously described8. LPS treatment induced high nitrite production in 
RAW264.7 cells (Fig. 2A), while the positive control drug acetylsalicylic acid significantly decreased the nitrite 
production at the concentrations of 100 and 200 μ​g/ml (P <​ 0.05). Pretreatment with neoagaro-oligosaccharides 
(NA2, NA4, NA6, NA8, NA10) at indicated concentrations (62.5, 125, 250, 500 μ​g/ml) for 2 h markedly 
decreased the nitrite production in cell culture media compared to that in LPS treated control group (Fig. 2B). 
Neoagarotetraose (NA4), neoagarohexaose (NA6) and neoagarooctaose (NA8) also significantly decreased 

Figure 1.  Chemical structure and cytotoxicity assay of neoagaro-oligosaccharide monomers. (A) 
Schematic illustration of neoagaro-oligosaccharides structure. The degree of polymerization (DP) of neoagaro-
oligosaccharides is 2, 4, 6, 8, 10. (B) Cytotoxicity of neoagaro-oligosaccharides in RAW264.7 cells. RAW264.7 
cells were cultured in the presence of neoagaro-oligosaccharides at indicated concentrations (62.5, 125, 250, 
500, 1000 μ​g/ml) for 24 h. Then the cell viability was measured by MTT assay. Values are means ±​ S.D. (n =​ 3).
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the nitrite production at low concentrations (62.5 and 125 μ​g/ml), and neoagarotetraose markedly decreased 
the nitrite production from 6.6 to about 2.5 μ​M at 500 μ​g/ml, superior to other neoagaro-oligosaccharide 
monomers (Fig. 2B). Thus, neoagarotetraose was used to further explore the inhibition mechanisms of 
neoagaro-oligosaccharides against LPS-induced inflammation responses in RAW264.7 cells.

Moreover, we also evaluated the effects of neoagaro-oligosaccharide monomers on RAW264.7 cells with-
out LPS treatment, and found that neoagaro-oligosaccharide monomers did not significantly enhance the pro-
duction of nitrite in RAW264.7 cells (Fig. 2C), suggesting that neoagaro-oligosaccharide monomers possess 
anti-inflammatory activities rather than the immune-stimulating activities in RAW264.7 cells.

Neoagarotetraose decreased protein and mRNA levels of pro-inflammatory cytokines in 
LPS-stimulated RAW264.7 cells.  To further examine the inhibitory effects of neoagarotetraose on 
LPS-induced production of pro-inflammatory cytokines, the protein and mRNA levels of TNF-α​ and IL-6 in LPS 
treated RAW 264.7 cells were investigated by ELISA and quantitative RT-RCR, respectively. In normal control 
cells, TNF-α​, and IL-6 were only slightly produced, but in response to LPS, TNF-α​ and IL-6 were significantly 
increased from 250 and 25 ng/L to about 2300 and 625 ng/L, respectively (P <​ 0.01) (Fig. 3A,B). However, pre-
treatment with neoagarotetraose (62.5, 125, 250, 500 μ​g/ml) significantly inhibited the LPS-induced TNF-α​ and 
IL-6 production in a concentration-dependent manner (Fig. 3A,B). Especially for the treatment of neoagaro-
tetraose at 250 and 500 μ​g/ml, the production of TNF-α​ and IL-6 could be significantly reduced to less than 50% 
of that in LPS treated control group (P <​ 0.01) (Fig. 3A,B). Moreover, the inhibitory effects of neoagarotetraose 
on mRNA expression seemed to follow a similar pattern to those on protein production (Fig. 3C,D). The mRNA 

Figure 2.  Effects of neoagaro-oligosaccharides on LPS-induced production of NO in RAW264.7 cells. 
 (A) After pre-treatment of cells with different concentrations of acetylsalicylic acid (25, 50, 100, 200 μ​g/ml) for 
2 h, the LPS (100 ng) was added to cells and incubated for 16 h. Then the content of nitrite in cell supernatant 
was determined by ELISA. Values are means ±​ SD (n =​ 3). Significance: ##P <​ 0.01 vs. normal control; *P <​ 0.05, 
**P <​ 0.01 vs. LPS treated control. (B) After treatment of cells with different neoagaro-oligosaccharide 
monomers (NA2, NA4, NA6, NA8, NA10) at indicated concentrations (62.5, 125, 250, 500 μ​g/ml) for 2 h and 
100 ng LPS for 16 h, the content of nitrite in cell supernatant was measured by ELISA. Values are the mean ±​ SD 
(n =​ 3). Significance: #P <​ 0.05, ##P <​ 0.01 vs. normal control; *P <​ 0.05, **P <​ 0.01 vs. LPS treated control. (C) 
After the treatment of cells with different neoagaro-oligosaccharide monomers (NA2, NA4, NA6, NA8, NA10) 
at indicated concentrations (62.5, 125, 250, 500 μ​g/ml) for 16 h, the content of nitrite in cell supernatant was 
measured by ELISA. Values are the mean ±​ SD (n =​ 3).
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levels of TNF-α​ and IL-6 were significantly increased by LPS, while pretreatment with neoagarotetraose (62.5, 
125, 250, 500 μ​g/ml) markedly and concentration-dependently reduced the mRNA levels of TNF-α​ and IL-6 from 
10.0 and 6.0-fold to about 6.0 and 3.0-fold of normal control group, respectively (P <​ 0.05) (Fig. 3C,D). Thus, 
neoagarotetraose can reduce both the protein and mRNA levels of pro-inflammatory cytokines in LPS-stimulated 
macrophages.

Furthermore, we also tested the effects of neoagarotetraose on the levels of TNF-α​ and IL-6 in RAW264.7 cells 
without LPS treatment by ELISA, and the results showed that neoagarotetraose (62.5–500 μ​g/ml) treatment could 

Figure 3.  Neoagarotetraose decreased protein and mRNA levels of pro-inflammatory cytokines in 
LPS-stimulated RAW264.7 cells. (A,B) After the pre-treatment of cells with different concentrations of 
neoagarotetraose (62.5, 125, 250, 500 μ​g/ml) for 2 h, the LPS (100 ng) was added to cells and incubated for 
16 h. Then the protein levels of pro-inflammatory cytokines TNF-α​ (A) and IL-6 (B) in cell culture media 
were measured using ELISA kits in a microplate reader, respectively. Values are the means ±​ SD (n =​ 3). 
Significance: ##P <​ 0.01 vs. normal control; *P <​ 0.05, **P <​ 0.01 vs. LPS treated control. (C,D) The total mRNAs 
of RAW264.7 cells were collected after treatment with neoagarotetraose (62.5, 125, 250, 500 μ​g/ml) for 2 h and 
100 ng LPS for 16 h. Then the mRNA levels of TNF-α​ gene (C) and IL-6 gene (D) were detected by quantitative 
RT-PCR assay, respectively. The relative amounts of TNF-α​ and IL-6 mRNAs were determined using the 
comparative (2−​Δ​Δ​CT) method. The mRNA levels for non-drug treated cells (Control) were assigned values of 1. 
Values are means ±​ S.D. (n =​ 3). Significance: #P <​ 0.05, ##P <​ 0.01 vs. normal control; *P <​ 0.05, **P <​ 0.01 vs. 
LPS treated control.
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not significantly inhibit the secretion of TNF-α​ and IL-6, as compared to the normal control group (Fig. 3E). 
Therefore, neoagarotetraose could specifically inhibit the expression and secretion of pro-inflammatory cytokines 
induced by LPS treatment.

Neoagarotetraose decreased LPS-induced production of iNOS and IL-1β in RAW264.7 
cells.  The high levels of NO induced by stimulation with LPS are often produced by the inducible isoform of 
the enzyme nitric oxide synthase (iNOS)19. Thus, we further explored whether the inhibitory effect of neoaga-
rotetraose on NO production was due to inhibition of iNOS expression by using real time RT-PCR and ELISA 
assay. As shown in Fig. 4A, LPS treatment induced upregulation of iNOS mRNA expression while pretreatment 
with neoagarotetraose (62.5, 125, 250, 500 μ​g/ml) reduced iNOS mRNA expression in a dose-dependent manner. 
Neoagarotetraose significantly decreased the iNOS mRNA level when used at the concentration of >​125 μ​g/ml 
(P <​ 0.05) (Fig. 4A). In addition, neoagarotetraose also significantly inhibited the LPS-induced iNOS protein 
expression in a dose-dependent manner at the concentrations of 125–500 μ​g/ml (P <​ 0.05), compared to that in 
LPS treated control cells (Fig. 4C).

Moreover, the inhibitory effects of neoagarotetraose on the mRNA and protein levels of another cytokine 
IL-1β​ were also evaluated by quantitative RT-PCR and ELISA assay. The results showed that the mRNA levels of 
IL-1β​ significantly increased upon LPS treatment but this induction was effectively inhibited by neoagarotetraose 
treatment in a dose-dependent manner (Fig. 4B). Neoagarotetraose could significantly reduce the mRNA expres-
sion of IL-1β​ when used at the concentration >​125 μ​g/ml (P <​ 0.05) (Fig. 4B). Similar was the case of protein 
expression of IL-1β​ in LPS-induced RAW264.7 cells. Neoagarotetraose significantly suppressed the LPS-induced 
IL-1β​ protein expression in a dose-dependent manner at the concentrations of 125–500 μ​g/ml (P <​ 0.05), com-
pared to that in LPS treated control cells (Fig. 4D). Thus, neoagarotetraose may reduce the production of NO 
through inhibiting the expression of pro-inflammatory mediators such as iNOS and IL-1β​.

Figure 4.  Neoagarotetraose decreased LPS-induced production of iNOS and IL-1β in RAW264.7 cells. 
(A,B) After pretreated with neoagarotetraose (62.5, 125, 250, 500 μ​g/ml) for 2 h, RAW264.7 cells were 
exposed to 100 ng LPS for 24 h. Then the mRNA levels of iNOS gene (A) and IL-1β​ gene (B) were detected by 
quantitative RT-PCR assay, respectively. The relative amounts of iNOS and IL-1β​ mRNAs were determined 
using the comparative (2−​Δ​Δ​CT) method. The mRNA levels for non-drug treated cells (Control) were assigned 
values of 1. Values are means ±​ S.D. (n =​ 3). Significance: #P <​ 0.05, ##P <​ 0.01 vs. normal control; *P <​ 0.05, 
**P <​ 0.01 vs. LPS treated control. (C,D) After treatment, the protein levels of iNOS (C) and IL-1β​ (D) in cell 
culture media were measured using ELISA kits. Values are means ±​ SD (n =​ 3). Significance: ##P <​ 0.01 vs. 
normal control; *P <​ 0.05, **P <​ 0.01 vs. LPS treated control.
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Neoagarotetraose affected phosphorylation of MAPK in LPS-stimulated RAW 264.7 cells.  It 
was reported that LPS treatment could stimulate cellular MAPK pathways including p38MAPK, Ras/MEK/ERK, 
and JNK pathways, which was associated with the inflammation responses20–24. Thus, we further investigated 
whether the inhibition effects of neoagarotetraose on inflammation responses were related to the MAPK signal-
ing pathway. Firstly, the influence of neoagarotetraose on phosphorylation of p38MAPK was evaluated by western 
blot assay. As shown in Fig. 5A,B, LPS stimulation significantly increased the phosphorylation of p38MAPK in 
macrophage RAW264.7 cells compared to the normal control group (P <​ 0.01). Pretreatment of neoagarotetra-
ose (125, 250, 500 μ​g/ml) significantly suppressed the phosphorylation of p38MAPK from 15.2 to about 9.8, 6.4 
and 2.6-fold of the normal control, respectively (P <​ 0.01), as compared to that in the LPS treated control group 
(Fig. 5B). However, neoagarotetraose did not significantly reduce the total levels of p38MAPK in LPS-activated 
macrophages (Fig. 5A,B).

Moreover, the influence of neoagarotetraose on Ras/MEK/ERK pathway was also evaluated by western blot. 
The results showed that LPS treatment significantly increased the phosphorylation of ERK1/2 compared to the 
normal control group (P <​ 0.05) but the total level of ERK1/2 in RAW264.7 cells did not significantly change 
(Fig. 5C,D). Pretreatment of neoagarotetraose (125, 250, 500 μ​g/ml) significantly reduced the phosphorylation of 
ERK1/2 from 3.9 to about 3.6, 2.1 and 2.0-fold of the normal control, respectively (P <​ 0.05) (Fig. 5D). However, 
neoagarotetraose did not significantly decrease the total levels of ERK1/2, which suggested that neoagarotetraose 
may also inhibit the activation of Ras/MEK/ERK pathway. Taken together, MAPK signal pathways might be effec-
tively blocked by neoagarotetraose in LPS stimulated RAW264.7 cells.

Furthermore, the influence of neoagarotetraose on JNK pathway was also evaluated by western blot. The 
results showed that LPS treatment significantly increased the phosphorylation of JNK compared to the nor-
mal control group (P <​ 0.01) but the total level of JNK in RAW cells did not significantly change (Fig. 5E,F). 
Pretreatment of neoagarotetraose (125, 250, 500 μ​g/ml) significantly reduced the phosphorylation of JNK from 
5.3 to about 4.4, 3.2 and 2.4-fold of the normal control, respectively (P <​ 0.01) (Fig. 5F). However, neoagarotetra-
ose did not significantly influence the total levels of JNK, which suggested that neoagarotetraose may also inhibit 
the activation of JNK pathway. Taken together, MAPK signal pathways might be effectively blocked by neoagaro-
tetraose in LPS stimulated RAW264.7 cells.

Effects of neoagarotetraose on NF-κB pathway in LPS-stimulated RAW264.7 cells.  NF-κ​B 
pathway was reported to be related to the immune responses and inflammation responses in macrophages25,26. The 
activation of NF-κ​B is often required for the upregulation of pro-inflammatory mediators, such as, iNOS, TNF-α​,  
and IL-6, in LPS-induced RAW264.7 macrophages, so the effect of neoagarotetraose on LPS-induced NF-κ​B 
activation was also evaluated by western blot. As shown in Fig. 6A,B, LPS stimulation significantly increased the 
phosphorylation of NF-κ​B p65 subunit in macrophage RAW264.7 cells compared to the normal control group 
(P <​ 0.01). Pretreatment of neoagarotetraose (125, 250, 500 μ​g/ml) significantly suppressed the phosphorylation 
of p65 from 2.5 to about 2.1, 1.8 and 1.4-fold of normal control group, respectively (P <​ 0.05) (Fig. 6B). However, 
neoagarotetraose could not significantly reduce the total levels of p65 in LPS-activated macrophages (Fig. 6A,B). 
Moreover, the influence of neoagarotetraose on phosphorylated IKK which was the upstream signal molecule of 
NF-κ​B was also evaluated (Fig. 6C,D). The results showed that LPS treatment significantly increased the phos-
phorylation of IKK compared to the normal control group (P <​ 0.01) (Fig. 6C). Pretreatment of neoagarotetraose 
(125, 250, 500 μ​g/ml) significantly reduced the phosphorylation of IKK from 1.9 to about 1.7, 1.6 and 1.5-fold of 
the normal control, respectively (P <​ 0.05) (Fig. 6D). Therefore, these results indicated a crucial role of NF-κ​B 
signaling in the anti-inflammation actions of neoagarotetraose.

In summary, neoagarotetraose may inhibit LPS induced inflammation responses through downregulating the 
MAPK and NF-κ​B pathways.

Discussion
Recently, agaro-oligosaccharides have been reported to possess a variety of physiological activities, such as 
antioxidative activities and anti-inflammation effects12,14, suggesting that these oligosaccharides have great 
potential in development of functional foods. In the present study, the inhibitory effects and mechanisms of 
neoagaro-oligosaccharides against LPS-induced inflammatory response were investigated. The results showed 
that neoagarotetraose significantly inhibited LPS-induced inflammatory responses in RAW264.7 cells. The inhi-
bition action may be due to the reduction of LPS-induced iNOS and IL-1β​ expression through downregulating 
both MAPK and NF-κ​B signaling pathways.

Inflammation is a host response to infectious microbes or injured tissues1,27 and involves recruitment and 
activation of neutrophils and macrophages2. During this process, some toxins such as LPS can stimulate the 
macrophages to induce a high production of NO by the inducible enzyme iNOS28,29. Herein, we found that 
neoagarotetraose significantly inhibited the mRNA expression of iNOS and IL-1β​ in LPS induced RAW264.7 
cells, and, thus, inhibited the production and release of NO (Fig. 4). In addition, neoagarotetraose also 
concentration-dependently inhibited the expression of TNF-α​ and IL-6 at transcription level, and reduced the 
production and secretion of TNF-α​ and IL-6 in LPS stimulated cells (Fig. 3). Therefore, neoagarotetraose pos-
sessed inhibition actions on the production of key mediators in inflammation such as iNOS, TNF-α​ and other 
cytokines in LPS-stimulated RAW 264.7 macrophages.

It was reported that LPS treatment can stimulate cellular MAPK pathways including p38MAPK, Ras/MEK/
ERK, and JNK pathways, which are associated with the inflammation responses20–24. In this study, neoagarotetra-
ose oligosaccharide monomers inhibited the activation of p38MAPK, ERK1/2 and JNK in a dose-dependent 
manner in LPS-stimulated RAW264.7 cells, suggesting that neoagarotetraose may inhibit inflammation responses 
mainly through downregulating Ras/MEK/ERK, p38MAPK and JNK signaling pathways. It was reported that 
JNK signaling regulates the expression of iNOS, whereas Ras/MEK/ERK and p38MAPK signaling upregulate the 



www.nature.com/scientificreports/

7Scientific Reports | 7:44252 | DOI: 10.1038/srep44252

production of iNOS and proinflammatory cytokines such as TNF-α​ and IL-6 in LPS-stimulated macrophages20,21. 
Thus, neoagarotetraose may inhibit MAPK signaling pathways to reduce the production of proinflammatory 
cytokines.

NF-κ​B pathway was reported to be related to the immune responses and inflammation responses in mac-
rophages25,26. The activation of NF-κ​B which mediated by the NF-κ​B translocation dependent pathway30 or 
the phosphorylation of MAPK signaling31 is required for the upregulation of pro-inflammatory mediators in 
LPS-induced RAW264.7 cells. In the present study, we found that neoagarotetraose significantly decreased the 

Figure 5.  Effect of neoagarotetraose on the activation of MAPK pathway in RAW264.7 cells. (A) After 
pretreated with neoagarotetraose (125, 250, 500 μ​g/ml) for 2 h, RAW264.7 cells were exposed to 100 ng LPS 
for 1 h. Then the expression levels of p38MAPK and phosphorylated p38MAPK were detected by western 
blot, respectively. Blots were also probed for β​-actin as loading controls. The result shown is a representative of 
three separate experiments with similar results. (B) Quantification of immunoblot for the ratio of p38MAPK 
or phosphorylated p38MAPK to β​-actin. The ratio for non-treated control cells was assigned a value of 1.0 and 
the data presented as mean ±​ SD (n =​ 3). Significance: ##P <​ 0.01 vs. normal control; **P <​ 0.01 vs. LPS treated 
control. (C) After treatment, the expression levels of ERK1/2 and phosphorylated ERK1/2 were detected by 
western blot, respectively. (D) Quantification of immunoblot for the ratio of total ERK1/2 or phosphorylated 
ERK1/2 to β​-actin. The ratio for non-treated normal control cells was assigned a value of 1.0 and the data 
presented as mean ±​ SD (n =​ 3). Significance: #P <​ 0.05 vs. normal control; *P <​ 0.05 vs. LPS treated control.
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LPS-induced phosphorylation of p65NF-κ​B rather than the expression level of total NF-κ​B. Moreover, neoagaro-
tetraose also significantly inhibited the phosphorylation of IKK in LPS treated RAW cells (Fig. 6), suggesting that 
neoagarotetraose may also inhibit NF-κ​B pathway. Thus, neoagarotetraose may be able to inhibit both MAPK and 
NF-κ​B signaling pathways in LPS-induced RAW264.7 cells. Moreover, some anti-inflammatory peptides were 
reported to be able to suppress LPS-induced activation of macrophages through the interaction with LPS32. It was 
reported that low molecular-weight oligosaccharides could be internalized into cells to affect intracellular sig-
nal pathways33,34. Therefore, neoagarotetraose may inhibit LPS-induced inflammatory responses through direct 
interaction with LPS or affecting the MAPK and NF-κ​B pathways in macrophages.

In conclusion, neoagaro-oligosaccharide monomers especially neoagarotetraose substantially suppressed the 
pro-inflammatory mediators such as iNOS and IL-1β​ as well as various cytokines (IL-6 and TNF-α​) in LPS stim-
ulated RAW264.7 cells by blocking both MAPK and NF-κ​B signaling pathways. Therefore, the neoagarotetraose 
merits further investigation as a novel therapeutic agent against inflammation related diseases in the future.

Methods
Preparation of neoagaro-oligosaccharide monomers.  Neoagarobiose, neoagarotetraose, neoaga-
rohexaose, neoagarooctaose, and neoagarodecaose (≥​98% purity) (Fig. 1A) were prepared in our laboratory as 
described previously15–18. β​-agarases used for preparation of neoagaro-oligosaccharides were all shown in Table 1. 
In brief, 100 ml 0.25% low-melting point agarose and corresponding 1600 U recombinant agarase were mixed and 
incubated at the optimum temperature for 48 h. Then the enzyme hydrolysis solution was heated in boiling water 
for 10 min and concentrated using vacuum-rotary evaporation at 55 °C. The concentrate was transferred into cen-
trifuge tubes and mixed with 3 times volume of absolute ethanol. The supernatant was collected by centrifugation 

Figure 6.  Effect of neoagarotetraose on the activation of NF-κB pathway in RAW264.7 cells. (A) After 
pretreated with neoagarotetraose (125, 250, 500 μ​g/ml) for 2 h, the LPS (100 ng) was added to cells and 
incubated for 1 h. Then the expression levels of phosphorylated NF-κ​B and total NF-κ​B were detected by 
western blot analysis, respectively. Blots were also probed for β​-actin as loading controls. The result shown is 
a representative of three separate experiments with similar results. (B) Quantification of immunoblot for the 
ratio of total NF-κ​B and phosphorylated NF-κ​B to β​-actin. The ratio for non-treated normal control cells was 
assigned a value of 1.0 and the data presented as mean ±​ SD (n =​ 3). Significance: ##P <​ 0.01 vs. normal control; 
*P <​ 0.05, **P <​ 0.01 vs. LPS treated control. (C) After pretreated with neoagarotetraose (125, 250, 500 μ​g/ml)  
for 2 h, the LPS (100 ng) was added to cells and incubated for 1 h. Then the levels of phosphorylated IKK 
were detected by western blot. Blots were also probed for GAPDH as loading controls. (D) Quantification of 
immunoblot for the ratio of phosphorylated IKK to GAPDH. The ratio for non-treated normal control cells was 
assigned a value of 1.0 and the data presented as mean ±​ SD (n =​ 3). Significance: ##P <​ 0.01 vs. normal control; 
*P <​ 0.05, **P <​ 0.01 vs. LPS treated control.
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at 10,000 rpm for 15 min at 4 °C and repeatedly concentrated to the neoagaro-oligosaccharide powder without 
moisture. The powder was dissolved in 1–3 ml ultrapure water and then extracted and purified by gel filtration 
using NH4HCO3 (0.5 mol/L) as eluent. The neoagaro-oligosaccharide monomers were detected by TLC, and the 
same component of each monomer was lyophilized and obtained eventually. The structures of compounds were 
characterized by High Resolution Mass Spectrometer (HRMS) analysis (Figure S1) (Supplementary Information).

Reagents.  LPS and MTT were purchased from Sigma–Aldrich (St. Louis, MO, USA). ELISA kit to NO was 
obtained from Beyotime (Nantong, Jiangsu, China). Antibodies to phospho-ERK1/2, p38, JNK, NF-κ​B, IKK, and 
antibodies to total p38, ERK1/2, JNK, NF-κ​B and β​-actin, GAPDH were obtained from Cell Signaling Technology 
(Danvers, MA, USA). Alkaline phosphatase (AP) labeled secondary antibodies were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). ELISA kits to mouse iNOS, IL-1β​, TNF-α​ and IL-6 were obtained from 
Dakewei (Shenzhen, China). All other reagents were of analytical grade.

Cell culture.  RAW264.7 cells were obtained from Cell Bank of Chinese Academy of Sciences (Shanghai, 
China) and grown in DMEM supplemented with 10% FBS and penicillin (100 U/ml)/streptomycin (100 μ​g/ml)  
at 37 °C in a 5% CO2 humidified incubator. Cells grown to 80% confluence were pretreated with 
neoagaro-oligosaccharide monomers (62.5, 125, 250 and 500 μ​g/ml) for 2 h and then treated with LPS (100 ng) 
for 16 h. Acetylsalicylic acid (25, 50, 100 and 200 μ​g/ml) was used as a positive control drug.

Cytotoxicity assay.  The cytotoxicity of neoagaro-oligosaccharides on RAW264.7 cells was measured by 
MTT assay35. The cells were cultured in 96-well plates at density of 1 ×​ 104 cells/well. After 24 h, the cells were 
added with 62.5, 125, 250, 500 and 1000 μ​g/ml of neoagaro-oligosaccharide monomers and then incubated at 
37 °C for 24 h. Then the MTT solution was added to each well and further incubated for 4 h at 37 °C. The medium 
was discarded and DMSO was added to dissolve the formazan dye. The optical density was determined at 540 nm. 
The cell viability was expressed as a percentage of non-treated control.

Measurement of nitrite in culture media.  The nitrite accumulated in culture medium was measured as 
an indication of nitric oxide (NO) production based on the Griess reaction as previously described8. Briefly, on a 
96-well plate, the cell supernatant (100 μ​l) was mixed with the Griess reagent (100 μ​l), which was prepared as fol-
lows: 1:1 (v/v) of 0.1% N-1-naphthyl-ethylenediamine in distilled water and 1% sulfanilamide in 5% phosphoric 
acid. After 10 min incubation, the absorbance was measured at 550 nm, and the amount of nitrite was calculated 
from the NaNO2 standard curve.

Reverse transcription-polymerase chain reaction (RT-PCR).  Total RNA in RAW264.7 cells was extracted 
using trizol reagent (Invitrogen, USA). One microgram of RNA was firstly reverse-transcribed into cDNA using M-MLV 
first strand cDNA synthesis kit (Omega, USA). Then the products were subjected to quantitative PCR assay using the 
following primers36: TNF-α​ mRNA, 5′​-CTCTTCTCATTCCTGCTTG-3′​ and 5′​-CTCCACTTGGTGGTTTGT-3′​;  
IL-6 mRNA, 5′-CACAGAAGGAGTGGCTAA-3′​ and 5′-CCATAACGCACTAGGTTT-3′​; iNOS mRNA, 5′-CACGG 
ACGAGACGGATAG-3′​ and 5′-TGCGACAGCAGGAAGG-3′​; IL-1β​ mRNA, 5′-GGTACATCAGCACCTCAC-3′​ 
and 5′-AAACAGTCCAGCCCATAC-3′​; β​-actin mRNA, 5′​-CACTGTGCCCATCTACGA-3′​ and 5′​-TGA 
TGTCACGCACGATTT-3′​. The relative amounts of these mRNAs were determined using the comparative (2−ΔΔCT) 
method, as previously described37.

Western blot assay.  Western blot analysis was performed as described previously8. In brief, cell lysates were 
separated on SDS-polyacrylamide gels, and transferred onto nitrocellulose membranes. Then the membranes 
were probed with the antibodies to phospho-NF-κ​B, NF-κ​B, phospho-ERK1/2, ERK1/2, phospho-p38, p38, 
phospho-JNK, JNK, phospho-IKK, or β​-actin and GAPDH proteins overnight at 4 °C. After that, the membranes 
were incubated with Alkaline Phosphatase-conjugated secondary antibodies and visualized by incubating with 
the developing solution [p-nitro blue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl phosphate 
toluidine (BCIP)] at room temperature for 30 min. The relative densities of protein bands were determined by 
using Image J (NIH) v.1.33 u (USA).

Statistical analysis.  All data are representative of at least three independent experiments. All data 
are represented as the mean ±​ S.D. Statistical significance was calculated by SPSS 10.0 software using the 
two-tailed unpaired t-test analysis and the variance analysis (ANOVA). P <​ 0.05 was considered statistically 
significant.

Enzymes Source Product Reference

AgWH50C Agarivorans gilvus WH0801 Neoagarobiose 16

AgWH50A Agarivorans gilvus WH0801 Neoagarotetraose 17

AgWH16 Agarivorans gilvus WH0801 Neoagarohexaose Unpublished

Agarase-a Agarivorans albus OAY02 Neoagarooctaose 15,18

Table 1.   Enzymes used for preparation of neoagaro-oligosaccharides in this work.
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