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  Abstract         We previously demonstrated that 2-hydroxypropyltrimethyl ammonium chloride chitosan 
(HACC) promoted the production of nitric oxide (NO) and proinfl ammatory cytokines by activating 
the mitogen-activated protein kinases (MAPK) and Janus kinase (JAK)/STAT pathways in RAW 264.7 
cells, indicating good immunomodulatory activity of HACC. In this study, to further investigate the 
immunomodulatory mechanisms of HACC, we determined the roles of phosphatidylinositol 3-kinase 
(PI3K)/Akt, activating protein (AP-1) and nuclear factor kappa B (NF-κB) in HACC-induced activation of 
RAW 264.7 cells by the western blotting. The results suggest that HACC promoted the phosphorylation of 
p85 and Akt. Furthermore, c-Jun and p65 were also increased after the treatment of RAW 264.7 cells with 
HACC, indicating the translocation of NF-κB and AP-1 from cytoplasm to nucleus. In addition, as scanning 
electron microscopy (SEM) analysis shows, the cell morphology changed after HACC treatment. These 
fi ndings indicate that HACC activated MAPK, JAK/STAT, and PI3K/Akt signaling pathways dependent 
on AP-1 and NF-κB activation in RAW 264.7 cells, ultimately leading to the increase of NO and cytokines. 

  Keyword : hydroxypropyltrimethyl ammonium chloride chitosan; RAW 264.7 cells; PI3K/Akt pathway; 
nuclear factor-κB; activating protein 1 

 1 INTRODUCTION 

 Immunity plays vital role in vertebrates. The 
immune system can broadly be divided into two 
branches: innate immunity and adaptive immunity 
(Fang and Zhang, 2016). Macrophages along with 
dendritic cells are two important innate immune 
system members. RAW 264.7 cells, a kind of 
macrophage derived from mouse ascites, are widely 
utilized as in vitro model to detect immunomodulatory 
eff ect of foreign substances. Upon activation, RAW 
264.7 cells secrete cytokines through the activation of 
signaling pathways (Sun et al., 2015). The signaling 
pathways of RAW 264.7 cells have been elucidated 
by many researchers, among them, phosphoinositide 
3-kinases (PI3K)/Akt, sarcoma (Src) family kinases, 

mitogen-activated protein kinase (MAPK) including 
p38, extracellular signal-regulated kinase (ERK), 
c-Jun N-terminal kinase (JNK), Janus kinase/signal 
transducer and activator of transcription (JAK-STAT), 
and transcription factors such as activator protein 
(AP)-1 and nuclear factor (NF)-κB are vital pathways 
participating immunomodulatory process (Cantley, 
2002; Johnson and Lapadat, 2002; Schindler et al., 
2007; Youn et al., 2016). The PI3K family consists of 
four classes of enzymes: I A,  I B , II, III (Wymann and 
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Pirola, 1998; Katso et al., 2001). Akt is a direct 
downstream eff ector of PI3K (Cheever et al., 2001). 
Akt is a serine/threonine kinase which can be a 
transducer of signaling pathways initiated by growth 
factor receptor-activated PI3K (Kao et al., 2005). The 
role of PI3K/Akt signaling pathway in 
immunomodulatory eff ect has been implied (Hattori 
et al., 2003). Therefore, PI3K/Akt pathway is the 
focus of our study. 

 Chitin, which consists of β-(1-4)-poly-N-acetyl-D-
glucosamine unit, is a kind of insoluble cationic amino 
polysaccharide. Chitin is plenteous in nature, it was 
isolated from mushroom for the fi rst time in 1811 
(Liaqat and Eltem, 2018). It also exists in bacterial, 
fungi, insect cuticles and exoskeleton crustacean shells 
and fungal cell walls (Pillai et al., 2009). Chitosan as 
the deacetylation production of chitin, are widely 
utilized in medical and food industry for its non-
allergenic, biodegradable and low toxicity properties 
(Kurita, 2006; Li et al., 2016). The immunological 
properties of chitin and chitosan were studied in recent 
years (Lee et al., 2008). Chitin was found to be able to 
stimulate innate immunity of host to resist the invasion 
of viral and bacterial infections for the fi rst time in 
1980s (Nishimura et al., 1984). Some studies 
demonstrated chitin and chitosan activated 
macrophages and natural kill cells to secrete cytokines 
like interleukin-1β (IL-1β) and interferons (Chae et 
al., 2009). Researchers also found that chitin promoted 
innate and adaptive immune responses in a size-
dependent manner (Lee et al., 2008). However, the 
solubility of chitosan and chitin in neutral environment 
was not satisfying for application. Therefore, the 
derivatives of chitin and chitosan were developed and 
studied by many researchers. Among them, the water-
soluble hydroxypropyltrimethyl ammonium chloride 
chitosan (HACC) has attracted attention because of its 
high solubility and high charge density. 

 Hydroxypropyltrimethyl ammonium chloride 
chitosan as a derivative of chitosan has been 
demonstrated as a potential immunopotentiator in our 
previous study (Yang et al., 2019). We demonstrated 
that HACC promoted the secretion of nitric oxide 
(NO), interleukin-6 (IL-6) and tumor necrosis factor-α 
(TNF-α). We found the activation was partly through 
the Janus kinase/STAT and MAPK signaling pathway, 
while the Src tyrosine kinase was not aff ected by 
HACC. Therefore, in this study, we explored new 
signaling pathways to reveal the mechanisms of the 
immunomodulatory eff ects of HACC. We proposed 
that HACC could activate PI3K/Akt pathway and 

aff ect the translocation of activating protein 1 (AP-1) 
and nuclear factor kappa B (NF-κB) and conducted 
western blot assay and immunofl uorescent staining to 
verify our hypothesis. 

 2 MATERIAL AND METHOD 

 2.1 Material 

 α-Chitosan with the molecular weight of 1856 kDa 
and the degree of deacetylation (DDA) of 86.0% was 
provided by Qingdao Yunzhou Biochemical Corp. 
(Qingdao, China). The penicillin-streptomycin was 
obtained from Gibco BRL (Life Technologies, 
Shanghai, China). Fetal bovine serum (FBS) and 
Roswell Park Memorial Institute (RPMI) medium 
1640 were provided by HyClone (Thermo Fisher 
Scientifi c, Logan, Utah, USA). The nuclear protein 
isolation kits and BCA protein assay kits were from 
ComWin Biotech (Beijing, China). Primary antibodies 
to p85, Akt, phospho-specifi c p85, phospho-specifi c 
Akt, c-fos, c-Jun, p65, and β-actin were provided by 
the Cell Signaling Technology (Beverly, MA, USA). 
Horseradish peroxidase-labeled (HRP-labeled) 
antibodies were provided by Abcam (Cambridge, 
MA, USA). The donkey anti-rabbit IgG H&L (Alexa 
Fluor ®  4647) secondary antibody were purchased 
from the Cell Signaling Technology (Beverly, MA, 
USA). Glycidyl trimethylammonium chloride was 
from Dongying Guofeng Fine Chemical Co. Ltd. 
(Shandong, China).  

 2.2 Preparation of 2-hydroxypropyltrimethyl 
ammonium chloride chitosan 

 The preparation of HACC was followed by the 
methods previous reported (Yang et al., 2019). Briefl y, 
glycidyl trimethylammonium chloride and chitosan 
powder are added in a three-necked bottomed fl ask 
with distilled water at 80°C for 24 h, and then the 
products are dialyzed, concentrated, and lyophilized 
to powder. 

 2.3 Cell culture 

 RAW 264.7 macrophages were provided by 
American Type Culture Collection (Manassas, VA, 
USA). After inactivated by heating, fetal bovine 
serum (FBS) was added to RPMI 1640 medium to 
the concentration of 10%. The antibiotics and 
glutamine were also added in the medium. Then the 
cells were cultured in the medium in an incubator 
with 5% CO 2  at 37°C. 
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 2.4 Western blotting 

 To determine the expression levels of proteins in 
signaling pathways,   RAW 264.7 cells (5×10 6  cells/
well) were plated and incubated in 6-well plates. After 
24 h, HACC (50 μg/mL) were added to each well 
except the blank control. After the treatment with 
HACC for indicated time points, the cells were 
respectively collected and lysed by the lysis buff er 
(ComWin Biotech, Beijing, China), and then the 
Roche complete protease inhibitor cocktail (Roche 
Diagnostics Ltd., Mannheim, Germany) were used to 
extract total proteins of cells. The nuclear protein 
isolation kits were used to extract nuclear proteins, 
and then BCA protein assay kits were utilized to 
determine the protein concentration. Equal amounts 
of supernatants were separated by SDS-PAGE and 
transferred onto polyvinylidene fl uoride membranes, 
and then primary antibodies and HRP-labeled 
secondary antibodies were added, incubated and 
washed. The bands were fi nally visualized using ECL 
reagents. The densities of the bands were quantifi ed 
by Quantity One software (Bio-Rad, Munich, 
Germany). Data were presented as mean±SD ( n =3) 
from independent experiments. 

 2.5 Immunofl uorescent staining 

 To determine the eff ect of HACC on p65 nuclear 
translocation, RAW 264.7 cells (1×10 6  cells/mL) 
were seeded onto glass coverslips and incubated for 
18 h in petri dishes. After pretreated with HACC 
(50 μg/mL), cells were washed by PBS and 

immobilized by paraformaldehyde. After washing 
three times with PBS, 0.5% Triton X-100 was added 
to permeabilize for 10 min, and then the slides were 
blocked with 3% BSA for 1 h. After washing with 
PBS, the monoclonal p65 antibody was introduced 
and incubated for 2 h. After another washing for three 
times, the slides were incubated with Donkey Anti-
Rabbit IgG H&L secondary antibody and DAPI. The 
stained slides were observed using laser scanning 
confocal microscope (LSM 700, Zeiss, Jena, Germany). 

 2.6 Scanning electron microscopy (SEM) 

 To observe the morphologic change of cells after 
treated with HACC, cells were seeded and cultured in 
petri dishes for 18 h. Then the cells were treated with 
HACC (50 μg/mL), fi xed with glutaraldehyde, and 
washed three times with PBS. At last, cells were 
dewatered twice by 30% to 100% ethanol gradients 
and observed using SEM (FEI Quanta 450 FEG, 
Hillsboro, USA). 

 3 RESULT 
 3.1 HACC activated the PI3K/Akt pathway 

 Based on our previous study, we chose HACC with 
the molecular weight of 5003 Da to explore whether 
HACC activated PI3K/Akt pathway. The 
phosphorylation levels of p85, Akt and PDK1 were 
determined. Cells were pretreated with HACC (50 μg/
mL) for 0, 30, 60, 180, and 360 min. As shown in 
Fig.1, the phosphorylation levels of PDK1 increased 
in a time-dependent manner. While the phosphorylation 

β-actin

Akt

p-Akt

p85

p-p85

PDK1

p-PDK1

        0               30               60             180            360 

HACC (50 μg/mL)

*

* * *

*

*
*

*

*

R
el

at
iv

e 
in

te
n
si

ti
es

0

50

100

150

200

250

 p-PDK1

 p-Akt

 p-p85

Time (min)   

        0                   30                  60                 180                 360 
Time (min)   

 Fig.1 Eff ect of hydroxypropyltrimethyl ammonium chloride chitosan (HACC) on PI3k/Akt signaling pathway 
 Proteins were extracted from RAW 264.7 cells pretreated with 50 μg/mL of HACC for the indicated times (0–360 min).  
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level of p85 increased within 60 min and remained for 
360 min. The phosphorylated Akt levels were also 
determined by the western blotting. The results show 
that the expression of p-Akt peaked at 60 min and 
decreased gradually during 360 min.  

 3.2 Eff ects of HACC on the transcriptional activation 

 To reveal the molecular mechanism of HACC in 
RAW 264.7 cells, the levels of two vital transcription 
factors, nuclear factor (NF)-κB and AP-1 were 
investigated. Figure 2 shows that HACC promoted 
the translocation of p65 (NF-κB subnit). Furthermore, 
the translocation of c-Jun (AP-1 subnit) was also 
promoted by HACC after 60 min. However, the 
immunoblotting results indicate that the translocation 
c-Fos was not aff ected by HACC in 360 min. These 
results indicate that HACC induced the nuclear 
translocation of AP-1 and NF-κB.  

 3.3 Immunofl uorescence staining  

 To visualize the translocation of NF-κB, 
immunofl uorescence staining was conducted. The 
results (Fig.3) show that p65 obviously translocated 
from cytoplasm to nucleus and accumulated after 
pretreatment with HACC (50 μg/mL).  

 3.4 Eff ects of HACC on RAW 264.7 cells morphology  

 To observe the morphology variation of RAW 
264.7 cells after treated with HACC, SEM analysis 
was conducted. As shown in Fig.4a, untreated cells 
are round in shape and have smooth surface, while the 
HACC-treated cells were activated and the 
morphology was obviously altered. As shown in 
Fig.4b, cell diff erentiation is observed; the cells 

became polygon with projections, increased in size 
and are easier to detach from culture dishes. 

 4 DISCUSSION 
 RAW 264.7 macrophages were derived from a tumor 

in BAB/14 mouse inoculated with Abelson murine 
leukemia virus (MuLV) about 30 years ago (Raschke et 
al., 1978). The cells have been commonly accepted as a 
model to study the immune regulation of candidates 
(Hartley et al., 2008; Ma et al., 2011; Yu et al., 2017). 
Therefore, we used RAW 264.7 cells as the in vitro 
model to further explore the mechanisms of HACC. 

 In our previous study (Yang et al., 2019), we 
demonstrated that HACC promoted the production of 
NO and proinfl ammatory cytokines by inducing the 
phosphorylation of ERK, JNK, p38, and STAT 
proteins in RAW 264.7 cells. However, the roles of 
other signaling pathways have not been explored. 
Therefore, we used HACC of 5003 Da to reveal the 
molecular mechanisms. 

 NF-κB is a eukaryotic transcription factor composed 
of RelA (p65), p50/p105 (NF-κB1), p52/p100 (NF-
κB2), c-Rel, and RelB (Nyati et al., 2017; Wen et al., 
2018; Zhang and Igwe, 2018). It has been reported that 
NF-κB is related to the secretion of various 
proinfl ammatory cytokines such as TNF-α, iNOS and 
IL-1β (Gukovsky et al., 1998; Chen et al., 2005; Zhang 
et al., 2017). Furthermore, it has been reported that 
NF-κB is activated by many cellular kinases including 
MAPK (Guha and Mackman, 2001). Our previous 
results showed that HACC activated the MAPK 
signaling pathway which resulted in the production of 
NO and TNF-α, therefore we explored the role of NF-
κB in the HACC-induced activation of RAW 
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 Fig.2 Eff ects of the HACC (50 μg/mL) on the translocation of AP-1 and NF-κB 
 Nucleus proteins were extracted from RAW 264.7 cells pretreated with 50 μg/mL of HACC for the indicated times (0–360 min). 
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264.7 cells. P65 is a vital subunit of NF-κB complex, 
it is a vital signal for the initiation of the changes of 
NF-κB (Liang et al., 2018). The western blot analysis 
results showed that p65 participated the activation of 
cells which was consistent with the above reports. The 
confocal micrograph results (Fig.3) exhibited the 
increase of p65 in nucleus, which is consistent with the 
western blotting results. Li et al. (2014) also performed 
immunofl uorescence assay to determine the nuclear 
translocation of NF-κB (p65). Upon activation, NF-

κB was translocated to cell nucleus and regulated the 
transcription of proinfl ammatory cytokines (Gugasyan 
et al., 2000; Li et al., 2018; Zhang and Igwe, 2018). 
Additional to NF-κB, AP-1 is another vital transcription 
factor regulating the immune responses (Poltorak et 
al., 1998). It is composed of c-Jun and c-Fos family 
(Karin et al., 1997; Shen et al., 2013). It has been 
demonstrated that AP-1 could be regulated by MAPK 
pathway (Musti et al., 1997). As our previous results 
(Yang et al., 2019) show, HACC activated MAPK 
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 Fig.3 Eff ects of HACC on p65 nuclear translocation in RAW 264.7 cells 
 Cells were treated with control medium HACC (50 μg/mL) for 30 min. The localization of p65 was determined by fl uorescence microscopy after staining 
with DAPI, anti-p65 and secondary antibody.  
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 Fig.4 Morphology of RAW 264.7 cell morphology visualized by SEM analysis 
 a. control cells; b. cells treated with HACC (50 μg/mL). 
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pathway, and we determined the variation of AP-1 in 
the activation of RAW 264.7 cells. The results (Fig.2) 
show that c-Jun was also promoted by HACC, but 
c-Fos was not aff ected by HACC, these results 
demonstrated that AP-1 was also aff ected by HACC.  

 PI3K has been reported to play vital functions 
because of the signifi cance of cellular movement and 
membrane traffi  cking in the eff ector functions of 
immune cells (Koyasu, 2003). To determine the role of 
PI3K in the HACC-induced activation of RAW 264.7 
cells, immunoblotting was conducted. The results 
(Fig.1) indicate that PI3K activation is involved in the 
activation process of RAW 264.7 and the production 
of cytokines release. However, the diff erent time-
dependent eff ects between Akt and p85 may be caused 
by two reasons. First, Akt could be activated through 
various signaling pathways in cells (Kao et al., 2005). 
Second, other subunits of PI3K such as p55, p50 also 
activated the downstream Akt. Our result is in 
accordance with the study in which PI3K was found 
involved in the signal transduction and resulted in the 
expression of iNOS and NO release induced by 
lipoteichoic acid (Kao et al., 2005). Tang et al. (2017) 
reported that the Akt phosphorylation was regulated 
by NF-κB; therefore, the phosphorylation level of Akt 
was also determined by the western blotting assay, and 
the results suggest that the phosphorylation of Akt was 
promoted by HACC. PDK1, the upstream protein of 
Akt, was also induced to phosphorylate by HACC 
(Fig.1). Taken together, our results are consistent with 
the study reporting that PI3K activation resulted in the 
downstream activation of Akt, thus leading to the NO 
expression in macrophages (Hattori et al., 2003). The 
SEM results (Fig.4) are in accordance with the results 
of the western blotting and further demonstrated that 
RAW 264.7 cells were activated by HACC.  

 5 CONCLUSION 

 In this paper, we further studied the molecular 
mechanisms of HACC-induced activation of RAW 
264.7 cells. The results show that HACC promoted 
the production of NO and proinfl ammatory cytokines 
by activating PI3K-Akt signaling pathway. 
Furthermore, the western blotting and 
immunofl uorescence staining results demonstrated 
the activation was dependent on AP-1 and NF-κB 
activation. These results were helpful for providing 
the basis and illustrating the mechanisms for the 
immunostimulatory eff ect of HACC as an 
immunopotentiator. 
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