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Abstract: Chitin (B-(1-4)-poly-N-acetyl-D-glucosamine) is widely distributed in nature. A method for the prep-
aration of chitin nanofibers (CNFs) is reported. CNFs are considered to have several potential applications
because they have useful properties such as high specific surface area and porosity. More recently, beneficial
effects of CNF as functional foods were reported. First, the anti-inflammatory effect of oral administration of
chitin CNFs was demonstrated in a mouse model of inflammatory bowel disease (IBD). It was found that CNFs
improved clinical symptoms and suppressed IBD. CNFs decreased the areas with nuclear factor-kB (NF-xB)
staining in colon tissue. Second, the anti-obesity effects of surface-deacetylated chitin nanofibers (SDACNF)
in a mouse model of high-fat diet-induced obesity was evaluated. SDACNFs suppressed the increase in body
weight produced by the high-fat diet; however, CNFs did not suppress such weight gain. SDACNFs decreased
serum levels of leptin. These results suggest that CNF and SDACNF are promising functional foods for patients
with IBD or obesity.

Keywords: chitin; chitin nanofibrils; EUCHIS-12; functional foods; ICCC-13; inflammatory bowel disease;
leptin; nuclear factor-xB; obesity; surface-deacetylated chitin nanofibrils.

Introduction

Chitin (B-(1-4)-poly-N-acetyl-D-glucosamine) is the second most abundant polysaccharide after cellulose [1].
As chitin is not readily dissolved in common solvents, it is often converted to its deacetylated derivative, chi-
tosan [CS, (1,4)-linked 2-amino-deoxy-B-glucan; Fig. 1] [2-4].

Recently, several methods for the preparation of chitin or CS nanofiber have been reported, includ-
ing acid hydrolysis [5, 6], ultrasonication under acidic conditions [7], electrospinning [8, 9] and grinding
[10-12]. Other approaches are also reported such as precipitation, regeneration, and gas bubbling. Precipita-
tion, regeneration, and gas bubbling [13]. These nanofibers are considered to have great potential for various
applications because they have several useful properties such as high specific surface area and high porosity
[13]. Nanofibers containing chitin or CS are expected to be applied in areas such as tissue engineering, drug
delivery, dental materials, wound healing, cosmetics, and medical implants [14-17].

In this review, first, the applications of chitin and its derivatives for food industry are summarized. Next,
the preparations of chitin nanofibers are described. Last, the applications of chitin nanofibers for functional
foods are summarized.
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Fig. 1: Chemical structure of linear polysaccharides: cellulose, chitin, and chitosan.

Chitin and its derivatives for food industry

Chitin, chitosan, its monomers [N-acetyl-D-glucosamine (GlcNAc) and glucosamine (GlcN)] and oligomers
[chitin oligosaccharide (NACOS) and chitosan oligosaccharide (COS)] are used as functional foods [18-21].

GIcN is used as a supplement for osteoarthritis patients [18, 19]. Oral administration of GIcN repressed
synovial cell hyperplasia, cartilage destruction, and inflammatory cell infiltration in rat adjuvant arthritis
[20]. In addition, oral administration of GlcN improved the clinical symptoms, colonic inflammation, and
tissue injury in dextran sulfate sodium (DSS)-induced colitis in rats [21]. We reported anti-inflammatory
effects by oral administration of GIcNAc in an experimental model of rheumatoid arthritis [22]. We have also
described that the anti-inflammatory mechanisms of the two monomers are different. In the GIcN group,
serum tumor necrosis factor (TNF)-o and interleukin (IL)-6 concentrations were significantly decreased com-
pared to the control group. In the GlcNAc group, serum IL-10, transforming growth factor -1, and IL-2 concen-
trations were significantly increased compared to the control group.

It is also indicated that oral administrations of NACOS and COS also have many bioactivities [23]. We
evaluated the anti-tumor activities of NACOS and COS after their oral administration in a tumor (colon
26)-bearing mouse model. Compared to the control group, NACOS and COS groups showed significantly
suppressed tumor growth, and apparent, marked apoptosis in tumor tissues. Furthermore, serum levels
of cytokines (IL-12p70 and interferon-y) were significantly increased in those groups compared to the cor-
responding levels in the control group. Collectively, the results indicate the oral administration of NACOS
and COS could enhance innate immunity. Moreover, it is indicated that the apparent effects were related to
both Myd-88-dependent and Myd-88-independent pathways [24]. Kan investigated the therapeutic effect of
NACOS, administered through the oral route, in patients with cancer [25]. A substantial regression of the
cancer was observed in most patients, especially in those with early stage cancer. We also reported the anti-
inflammatory effects of COS in DSS-induced colitis in mice. Oral administration of COS improved shortening
of colon length and tissue injury (as assessed by histology) in mice. Oral administration of COS inhibited
inflammation in the colonic mucosa by suppression of myeloperoxidase activation in inflammatory cells, as
well as activation of nuclear factor-xB, cyclooxygenase-2, and inducible nitric oxide synthase. Oral admin-
istration of COS also reduced serum levels of pro-inflammatory cytokines (TNF-o. and IL-6). Moreover, it
prolonged survival time in mice [26].

CS is bioactive cationic polysaccharide. CS has many bioactivite properties including antibacterial,
antifungal, antioxidant, antidiabetic, anti-inflammatory, anticancer, and hypocholesterolemic properties
[27]. Anraku et al. reported the effect of water-soluble chitosan on indices of oxidative stress was investi-
gated in human normal volunteers. Treatment with chitosan for 4 weeks produced a significant decrease
in levels of plasma glucose, atherogenic index and led to increase in high density lipoprotein cholesterol
(HDL) [28]. Chitosan treatment also lowered the ratio of oxidized to reduced albumin and increased total
plasma antioxidant activity (TPA). They also reported the effect of high and low molecular weight chitosans
(HMC; 1000 kDa, LMC; 30 kDa) on oxidative stress and hypercholesterolemia using male 6-week-old Wistar
Kyoto rats as a normal model (Normal-rats) and spontaneously hypertensive rat/ND mcr-cp (SHP/ND) as a
metabolic syndrome model (MS-rats), respectively. In Normal-rats, the ingestion of both chitosans over a
4-week period resulted in a significant decrease in total body weight (BW), glucose (Gl), triglyceride (TG), low
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density lipoprotein (LDL) and serum creatinine (Cre) levels. The ingestion of both chitosans also resulted in
a lowered ratio of oxidized to reduced albumin and an increase in total plasma antioxidant activity. In addi-
tion to similar results in Normal-rats, the ingestion of only HMC over a 4-week period resulted in a significant
decrease in total cholesterol levels in MS-rats. Further, the ingestion of LMC resulted in a significantly higher
antioxidant activity than was observed for HMC in both rat models. It is also described that oral intakes of
chitosan attenuates isoprenaline-induced oxidative stress in rat myocardium [29] and the anti-aging effect
of chitosan intakes on glutathione-dependent antioxidant system in young and aged rats [30]. Anti-diabetic
effects of chitin, chitosan and their derivatives have been reviewed recently [31]. Miura et al. reported that
chitosan had anti-diabetic and anti-hyperlipidemia effects in neonatal streptozotocin-induced diabetic mice
[32]. It was reported that low molecular-weight chitosan lactate also had an anti-diabetic effect in obese
diabetic KK-Ay mice [33]. Chitosan decrease liver gluconeogenesis and increase glucose uptake and use in
skeletal muscle [34]. Hypocholesterolemic effects of chitosan have been reported in many publications [35].
Recently, it has been demonstrated that the effect of media-milled chitosan on the decrease of serum triacyl-
glycerol, total cholesterol and LDL cholesterol is higher compared to chitosan [35]. It has been also indicated
that total cholesterol content in mice fed y-irradiated chitosan (30-100 kGy: 12 weeks) was significantly lower
than that of the control [36].

Preparations of chitin nanofiber

Nanofibers are known as fibers of <100 nm thickness and an aspect ratio of more than 100 [37, 38]. Because of
their characteristic morphology, extremely high surface-to-volume ratio, unique optical properties, and high
mechanical strength, the development of methods for the preparation of nanofibers became an important
subject [39, 40]. Electrospinning is the most widely used technique for the preparation of artificial nanofib-
ers. This technique produces nanofibers from a polymer solution using interactions between fluid dynamics,
electrically charged surfaces, and liquids [41]. However, disadvantages of this procedure are its high envi-
ronmental load and low processing ability. Moreover, the thus obtained non-woven nanofiber sheet has low
mechanical strength. There is an increasing interest in nanofibers from biopolymers because of their bio-
degradability, biocompatibility, renewability, and sustainability. Various nanofibers can be found in nature,
e.g. collagen triple helix fibers, fibroin fibrils, keratin fibers, and so on. These nanofibers have mainly a
complex hierarchically organized structure. This indicates that bionanofibers are obtained by downsizing of
the organized structure [13].

The chitin crystal consists of CNF. These nanofibers are embedded in a protein matrix. Similarly, cellu-
lose in crab shells has also a hierarchical structure consisting of nanofibers (Fig. 2) [42-45]. Therefore, chitin
nanofibers are also obtained through the downsizing approach. However, compared to cellulose, there have
been few reports about the preparation of nano-chitin using the downsizing approach. Chitin nano-crystals
have been obtained by acid hydrolysis treatment using hydrochloric acid [46]. The hydrolyzed nano-crystals
with low aspect ratio are different from the natural chitin fibers that exist in crab shells.

Preparations of CNF from crab shells

A simple method for the preparation of chitin nanofibers has been reported [10]. Figure 2 shows the structure
of crab shells at various levels. Chitin polymers form a nanofiber with an extended crystalline structure. The
nanofiber is covered with proteins. These nanofibers form a bundle of chitin/protein composite fibers with
thicker diameters. A planar woven and branched network of bundles of nanofibers formed from the thicker
fibers is embedded in minerals, mainly calcium carbonate. This woven network forms a twisted plywood
pattern with helicoidal stacking structure.

Crab shell powder was used as the starting material for the preparation of nanofibers. To extract chitin
nanofibers from the shells, proteins and minerals were removed using aqueous solutions of KOH and HCl,
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Fig. 2: Schematic presentation of the exoskeleton structure of crab shells. Reprinted with permission from ref. [11].

respectively [6, 46]. Most of these impurities were removed by these alkali and acid treatments. The strong
hydrogen bonds that result from the drying process make it difficult to obtain thin and uniform nanofibers.
The substance should be kept wet after the removal of proteins and minerals [47]. Figure 3 shows field emis-
sion scanning electron microscopic (FE-SEM) images of the crab shell surface after removal of proteins and
calcium carbonate. Chitin nanofibers were observed (approximately 10-nm thickness). Thicker chitin-protein
fibers with a diameter of approximately 100 nm were also observed and confirmed to be bundles of nanofib-
ers of 10-nm width. The obtained chitin slurry (in neutral water) was passed through a grinder. The width of
the fibers derived from crab shells after grinder treatment was distributed over a wide range, i.e. from 10 to
100 nm (Fig. 3a). The twisted plywood structure (Fig. 1) seems disintegrated after application of a one-time
grinder treatment. As a result, 100-nm-thick fibers were isolated from chitin-protein fibers. However, thicker
fibers were not successfully disintegrated by grinder treatment, even though the protein layers were removed
under a never-dried condition.

Fan et al. reported the preparation of chitin nanofibers made from squid pen B-chitin in acidic water [48].
Cationization of the amino groups under acidic conditions is necessary to maintain a stable dispersion state

N4
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Fig. 3: FE-SEM micrographs of the crab shell surface after removal of the matrix.
The length of the scale bars are (a) 1000 nm and (b) 100 nm, respectively. Reprinted with permission from ref. [10].
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by electrostatic repulsion in water. Therefore, the purified B-chitin from crab shells would also be homogene-
ously dispersed under acidic conditions by the cationization of the amino groups on the fiber surface, which
would facilitate nano-fibrillation. Thus, purified chitin was dispersed in aqueous acetic acid and subjected
to grinder treatment. The chitin slurry thus obtained formed a gel after a single grinder treatment, suggesting
that nano-fibrillation was accomplished because of the high dispersion property in acidic water and the high
surface-to-volume ratio of the nanofiber. The disintegrated chitin was observed as highly uniform nanofib-
ers, suggesting that the fibrillation process was facilitated in acidic water (Fig. 4b and c). Broken fibers were
not observed over a wide observation area. The aspect ratios of the nanofibers were very high, indicating that
chitin nanofibers were successfully isolated from crab shells while maintaining their original structure. CNF
is prepared from prawn shells and mushrooms [49, 50].

Anti-inflammatory effects of chitin nanofiber

Inflammatory bowel disease (IBD) is a common disorder of mucosa inflammation in the intestinal tract.
Crohn’s disease and ulcerative colitis (UC) account for the majority of cases of these conditions [51]. Cur-
rently, some experimental animal models are used in IBD research. A model of dextran sulfate sodium (DSS)-
induced colitis is one of the commonly used models of IBD, in which animals develop acute and chronic
colitis resembling UC [52]. Currently, many drugs are used for IBD patients: including 5-aminosalicylic acid
drugs such as sulfasalazine or balsalazide, immunomodulators such as thiopurines (azathioprine, 6-mer-
captopurine), methotrexate, and biologic therapies that target TNF-o. or IL-6 [51, 53]. Biologic therapies are
used for induction treatment (to get the disease under control) and long-term maintenance of moderately to
severely active forms of the disease that do not respond to conventional treatment. However, immunomodu-
lators and biologic therapies increase the risk of serious infections. An optimal therapy for IBD has not been
established yet. Some nutritional supplements have been reported to be beneficial in IBD, including amino
acids [54], omega-3 fatty acids [55], dietary fibers [56], and probiotics [57].

We evaluated the anti-inflammatory effects of chitin nanofibrils in a mouse model of experimental IBD
by oral administration of chitin nanofibrils [58]. We compared the anti-inflammatory effects of chitin nanofi-
brils with those of chitin suspensions (chitin-PS) using the clinical score (disease activity index: DAI), colon
length, colon weight/length ratio, and histological observations. The results for the effect of chitin nanofi-
brils on the DAI in mice with DSS-induced acute UC are shown in Table 1. Weight loss, loose stools, and
bleeding were observed on day 3 in the control and chitin-PS groups and on day 4 in the chitin nanofibrils
group. The chitin nanofibrils group exhibited a significantly reduced DAI on days 4-6 compared with that
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Fig. 4: FE-SEM micrographs of chitin nanofibers from crab shells after one pass through the grinder.
(a) Without acetic acid (pH 7), (b) and (c): with acetic acid (pH 3). The length of the scale bar is (@) 200 nm, (b) 200 nm, and (c)
100 nm, respectively. Reprinted with permission from ref. [10].
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Table 1: Effect of chitin nanofibrils administration on the disease activity index in mice with DSS-induced acute UC.

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Control 0.0+0.0 0.0+0.0 0.0+0.0 0.3£0.2 1.1+0.4 3.6+0.3 6.9+0.5
Chitin-NF 0.0£0.0 0.0£0.0 0.0£0.0 0.0£0.0 0.2+0.1° 2.3+0.32° 5.1+0.4>¢
Chitin-PS 0.0£0.0 0.0£0.0 0.0£0.0 0.3+0.2 1.0+0.4 4.0£0.5 7.0+£0.8

p < 0.05 compared with chitin-NF (+) and control (+) groups, ®p < 0.01 compared with chitin-NF (+) and chitin-PS (+) groups, and
°p < 0.05 compared with chitin-NF (+) and chitin-PS (+) groups. Reprinted with permission from ref. [26].

of the control group and on days 5 and 6 compared with that of the chitin-PS group. In the chitin nanofibrils
group, the colon length was significantly increased compared to those in the control and chitin-PS groups
on days 3, 5, and 6. The colon weight/length ratios of the chitin nanofibrils and chitin-PS groups were sig-
nificantly decreased compared to that of the control group. On day 6, the colon weight/length ratio of the
chitin nanofibrils group was significantly decreased compared to those of the control and chitin-PS groups.
The histological findings on day 6 are shown in Fig. 5. In the control and chitin-PS groups, severe erosions,
crypt destruction, and edema were observed; moreover, some ulcers were observed. In the chitin nanofibrils
group, erosions, crypt destruction, and edema were markedly suppressed compared to the control and chitin-
PS groups. In addition, the severity of tissue damage was evaluated by histologically scoring (Fig. 6). The

Fig. 5: Effect of administration of chitin nanofibrils on histopathological changes in mice with DSS-induced acute UC.

The colon was fixed, and tissue sections were stained with hematoxylin and eosin. Data are presented for one mouse each from
the control (a), chitin nanofibrils (b), and chitin-PS (c) groups on day 6. Erosion indicated by arrow. Bar =100 pum. Reprinted with
permission from ref. [26].
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Fig. 6: Effect of administration of chitin nanofibrils on the histological damage score of the intestinal mucosa in mice with DSS-
induced acute UC.

Data represent the means +S.E. of 30 fields/100x field in each group. Values are compared among control (+), chitin nanofibrils
(#) and chitin-PS (+) groups. **p < 0.01. Reprinted with permission from ref. [26].
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histological scores of the chitin nanofibrils group were significantly lower on day 5 compared to those of the
control group and on day 6 compared to those of the control and chitin-PS groups.

The number of MPO-positive cells was significantly lower in the chitin nanofibrils group than in the
control group on days 3, 5, and 6. Moreover, significantly fewer MPO-positive cells were counted in the chitin
nanofibrils group than in the chitin-PS group on days 3, 5, and 6. Furthermore, in the chitin nanofibrils group,
the serum IL-6 level was significantly lower than that of the control group. Because MPO is a marker of oxida-
tive stress, high MPO activities were observed in a mouse model of DSS-induced UC [59, 60]. IL-6 is a central
cytokine in IBD that contributes to enhanced T-cell survival and apoptosis resistance in the lamina propria at
sites of inflammation [61]. Chitin nanofibrils suppressed inflammation caused by acute UC by suppressing the
MPO-mediated activation of inflammatory cells such as leukocytes and decreasing serum IL-6 concentrations.

Furthermore, we examined the protective mechanism of chitin nanofibrils focusing on the activation
of nuclear factor-kB (NF-xB) and anti-fibrosis effects in a mouse model of DSS-induced acute UC [62]. The
results of the immunohistochemical detection of NF-xB are shown in Fig. 7. In the control and chitin-PS
groups, large areas of NF-kxB-positive epithelium were observed. In the chitin nanofibrils group, the areas of
NF-kB-positive epithelium were markedly reduced. In the chitin nanofibrils group, the NF-kB-positive areas
were significantly smaller compared to the control group. The area of collagen deposition is indicated by
arrows in Fig. 8. In the control and chitin-PS groups, marked collagen deposition was observed. In the chitin
nanofibrils group, the areas of collagen deposition were slightly smaller. The percentages of areas of col-
lagen deposition in mucosal and submucosal layers are shown in Fig. 8. In the chitin nanofibrils group, the
score was significantly lower than that in the control group. Furthermore, in the chitin nanofibrils group, the
serum level of monocyte chemotactic protein 1 (MCP-1) was significantly decreased compared with that of
the control group. It was reported that MCP-1 induced a fibrogenic response of the gut in an IBD model [63].
Chitin nanofibrils suppressed fibrosis and decreased the serum MCP-1 concentration in a mouse model of
DSS-induced acute UC. These results indicated that o-chitin nanofibrils exert suppressive effects on fibrosis

Control (-) Control (+) Chitin-NF (+) Chitin-PS (+)

Control (-) Control (+) Chitin-NF (+) Chitin-PS (+)

Fig. 7: To evaluate the effects of a-chitin nanofibrils on NF-kB of the colon epithelium, immunohistochemical detections of
NF-xB were performed. The results of immunohistochemical detections of NF-kB were shown. In the control (+) and chitin-PS
(+) group, much positive areas of NF-xB in epithelium cells were observed. In the a-chitin nanofibrils (+) group, positive areas
of NF-kB in epithelium cells were markedly decreased. To evaluate the effects of a-chitin nanofibrils on NF-xB activations in the
epithelium cells, we performed digital image analysis. The percentages of positive areas of NF-xB in epithelium cells are shown
in this slide. In the a-chitin nanofibrils (+) group, the score was significantly lower than that in the control (+) group (p < 0.05).
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Fig. 8: Effects of a-chitin nanofibrils on colon fibrosis in a mouse model of DSS-induced acute UC.

(a) Masson’s trichrome staining results are shown. Data are presented for one mouse each from the control (+) (A), -chitin
nanofibrils (+) (B), chitin-PS (C), and control (-) groups. Areas of collagen deposition are indicated by arrows. Bar =200 um. (b)
Data represent the means +S.E. of 30 fields/x100 field in each group. The statistical analyses were performed with a Steel-
Dwass test. *p < 0.05, **p < 0.01. Reprinted with permission from ref. [62].

in a mouse model of DSS-induced acute UC. Suppression of the action of MCP-1 was proposed as mechanism
of the suppressive effect of a-chitin nanofibrils on fibrosis.

NF-kB plays an important role in several innate immune signaling pathways. So far, it has been shown
that NF-xB is a critical transcription factor required for the expression of genes associated with a pro-
inflammatory response [64]. NF-xB activity is increased in the colon during active episodes of IBD [65]. Chitin
nanofibrils suppressed the activation of NF-xB in the colonic epithelium in a model of DSS-induced acute
colitis. MCP-1 has been shown to play an important role in the pathogenesis of experimental colitis, i.e. it is
involved in the recruitment of immune and enterochromaffin cells. The absence of MCP-1 was associated with
a significant reduction in inflammation in a model of experimental colitis [66]. Ju et al. demonstrated that
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pro-inflammatory cytokines induced the expression of MCP-1 via p38 mitogen-activated protein kinase and
NF-kB signaling [67]. Compared to the control group, chitin nanofibrils decreased the serum MCP-1 concen-
tration. These results indicated that chitin nanofibrils suppressed the increase in the level of serum MCP-1 via
suppression of NF-xB activation.

We used o-chitin nanofibrils in a mouse model of experimental IBD [58, 62]. Chitin exists in different
allomorphic forms in nature, which vary in terms of their polymer chain structure and crystallinity [68, 69].
Most chitins, e.g. insect and crustacean chitins, are composed of «-chitin in the native state, whereas the
rarer B-chitin allomorph can be found in squid pen and some diatoms. o-Chitin exhibits a two-chain, antipar-
allel structure, whereas B-chitin has a one-chain unit cell with a parallel-chain structure and intramolecu-
lar hydrogen-bonding [70-72]. The weaker hydrogen bonds in the parallel-chain structure of B-chitin may
account for its higher chemical reactivity [73, 74]. In addition, B-chitin has the unique feature of incorporat-
ing small molecules, including water, into its crystal lattice to form crystalline complexes [75]. The o-chitin
chains give rise to strong hydrogen bonds and, consequently, higher stability [69]. We evaluated the differ-
ences of the biological effects between o-chitin nanofibrils and B-chitin nanofibrils using a mouse model
of IBD. a-Chitin nanofibrils significantly suppressed the increases in the histological scores and number of
MPO-positive cells. Furthermore, o-chitin nanofibrils significantly decreased the NF-kB-positive areas and
areas of fibrosis. On the other hand, no anti-inflammatory effects were observed in the B-chitin nanofibrils
group in the mouse model of experimental IBD. These results suggested that the o-crystal structure is crucial
for chitin nanofibrils to exert an anti-inflammatory effect [76]. These findings indicate that chitin nanofibrils
prepared from o-chitin have a potential as new functional food for IBD patients.

Anti-obesity effects of surface-deacetylated chitin nanofibers

Obesity is a growing health problem worldwide and has been associated with the metabolic syndrome [77].
It has been reported that in rodents, a high-fat diet is a major contributor to obesity [78]. The metabolic
syndrome is a constellation of risk factors, including atherogenic dyslipidemia, impaired fasting glucose,
hypertension, and central adiposity, which predispose affected individuals to a higher risk of type 2 diabe-
tes, cardiovascular diseases, and cancer [77, 79-82]. The increasing incidence of obesity suggests that this
epidemic will worsen in the future [83]. Recently, the increased incidence of obesity has been recognized as
a major cause for the promotion of metabolic diseases, including non-alcoholic fatty liver diseases (NAFLD).
NAFLD is not only linked to other metabolic diseases such as diabetes but can also progress toward more
severe liver diseases, including non-alcoholic steatohepatitis, hepatic cirrhosis, and hepatocellular carci-
noma [84]. NAFLD can be characterized by increased lipid accumulation in the liver, which can be caused
by multiple factors. Increased lipolysis from adipocytes or the increased intake of dietary fat, followed by an
increase in free fatty acids can explain this phenomenon [85]. Mitochondrial dysfunction, which is associated
with insulin resistance and normally precedes NAFLD, could also cause lipid accumulation due to impaired
fatty acid beta oxidation [86]. In addition, de novo lipogenesis in the liver contributes greatly to hepatic stea-
tosis [87]. Finally, reduced lipid clearance, which is often associated with insulin resistance, can also exac-
erbate the condition [88]. Some dietary modifications have been indicated to be beneficial for preventing or
suppressing the metabolic syndrome, including catechins, flavonoids, and chitosan [89-91]. Furthermore,
the cholesterol-lowing effects of CS have been studied extensively [78, 92, 93]. It is, in general, accepted that
the origin of this effect lies in the unique ability of CS to bind lipids and bile acids [93-99]. Such binding
results in an increase in the fecal excretion of fat, decrease in bile acid recycling, and induction of the hepatic
synthesis of new bile acid constituents from cholesterol [100].

We evaluated the anti-obesity effects of chitin nanofibrils (CN) and surface-deacetylated chitin nanofi-
brils (sda-CN) in a mouse model of high-fat diet-induced obesity. The changes in body weight over the experi-
mental period are shown in Fig. 9. Sda-CN and CS suppressed the increase in body weight; on the other
hand, CN did not suppress weight gain. Sda-CN and CS suppressed the increase in epididymal tissue weight.
Moreover, sda-CN decreased serum levels of leptin and TNF-o. (Fig. 10). These results could be explained by
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Fig. 9: Effects of surface-deacetylated chitin nanofibrils (sda-CN) on body weight changes in a mouse model of high-fat diet-
induced obesity.

(@) The body weight changes of mice are shown. In the high-fat diet (HFD) + sda-CN group, the body weights were significantly
decreased compared with those of the HFD and HFD + sda-CN groups on days 6, 9, 15, 18, 21, and 45 (p < 0.05). (b) The gross
appearances of mice were shown. In the ND group, epididymal fat tissue was slightly observed (A). In the HFD group, much
epididymal fat tissue was observed compared with that of the ND group (B). In the HFD + sda-CN group, less epididymal fat
tissue was observed compared with that of the HFD group (C). Reprinted with permission from ref. [13].

the high surface areas of nanofibrils. Surface-deacetylation of CS resulted in equally or more potent anti-
obesity effects in experimental models. It has previously been indicated that the adipocytes in adipose tissue
secrete various proteins, known as adipocytokines, including TNF-c, IL-6, resistin, leptin, and adiponectin
[101]. Plasma leptin concentrations are positively correlated with adiposity (excessive body fat) and body
weight changes in humans and rodents [102]. Adiponectin contributes to insulin sensitivity and fatty acid
oxidation, and circulating concentrations of adiponectin are inversely correlated with body mass [103]. The
results of our study indicated that sda-CN suppressed the secretion of leptin from adipocytes. Liver steato-
hepatitis was markedly suppressed by oral administration of sda-CN. In NAFLD patients, insulin resistance
leads to hepatic steatosis by multiple mechanisms. Greater uptake rates of plasma non-esterified fatty acids
are attributable to increased release from the expanded adipose tissue mass because the insulin sensitiv-
ity is reduced. Hyperinsulinemia promotes the transcriptional up-regulation of genes that promote de novo
lipogenesis in the liver. The increase in hepatic lipid accumulation does not result in enhanced fatty acid
oxidation or increased secretion rates of triglyceride-rich lipoproteins. The molecular mechanisms by which
hepatic triglyceride homeostasis is achieved under normal conditions, as well as the metabolic alterations
that occur in the setting of insulin resistance, contribute to the pathogenesis of NAFLD [104-106].
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Fig. 10: Effects of sda-CN on serum cytokines in a mouse model of HFD-induced obesity.

(@) The result of serum leptin concentrations are shown. In the sda-CN group, the level of serum leptin was significantly
decreased compared with those of the HFD and HFD + CN groups (p < 0.05). (b) The result of serum TNF-o. concentration was
shown. In the sda-CN group, the level of the serum TNF-o. was significantly decreased compared with those of the HFD and
HFD + chitosan groups (p < 0.05). Reprinted with permission from ref. [13]. *p < 0.05, **p < 0.01.

Effects of surface-deacetylated chitin nanofibers in
hypercholesterolemia

Cardiovascular disease is the leading cause of death and disability. The population at risk for atherosclerotic
cardiovascular disease is ever increasing as the obesity epidemic and its complications, including diabe-
tes, hypertension, and dyslipidemia, continue to grow among young adults [107]. To date, several authors
have reported that certain foods and nutraceuticals are beneficial in the management of serum cholesterol
levels [108, 109]. For example, dietary fiber, phytosterols, soy protein, nuts, and red yeast rice are beneficial
supplements that decrease the level of low-density lipoprotein (LDL) cholesterol [108]. In addition, the use of
policosanol and berberine have been reported for the treatment of hypercholesterolemia [109]. We evaluated
the effects of oral administration of SDACNFs on hypercholesterolemia using an experimental hypercholes-
terolemia model. Moreover, the effects of SDACNFs were compared with those of CS and cellulose nanofibers
(CLNFs) [110].

In the SDACNF and CS groups, serum total-cholesterol (T-Cho) levels were significantly lower than that of
the control group on day 14 (p < 0.01). In the CLNF group, serum T-Cho level was significantly lower than that
of the control group on day 14 (p < 0.05). In the SDACNF, CS, and CLNF groups, serum TG levels were slightly
less than the control group, but the difference was not significant. In the SDACNF group, serum phospholipid
(PL) level was significantly decreased compared to the CLNF and control groups (p < 0.01).

The results of serum chemistry on day 29 are shown in Table 2. In the SDACNF group, serum T-Cho and
T-TG levels were significantly decreased compared to that of the CLNF groups. In the SDACNF group, more-
over, serum ALT level was significantly less than the CLNF group (p < 0.05).
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Table 2: Effects of oral administration of SDACNFs on serum chemistry.

Control SDACNF cs CLNF

(a) Day 14
T-Cho (mg/dL) 105.2+21.0 66.5+6.2° 68.2+7.0° 83.7+8.2°
T-TG (mg/dL) 78.7+22.8 68.8+14.9 60.0+£5.8 59.7+10.8
PL (mg/dL) 152.0+23.8 110.8%6.5¢ 133.7+10.1 153.2+11.5

(b) Day 29
T-Cho (mg/dL) 60.2+18.5 47.6+3.8¢ 58.2+10.6 63.2+11.0
T-TG (mg/dL) 47.7+£19.4 44.0+7.0¢ 44.5+10.3 57.7+£10.6
PL (mg/dL) 89.8+19.6 75.5+9.6 83.2+12.7 83.0+5.5
ALT (U/L) 40.8+7.2 33.8+2.6¢ 40.0+7.2 43.2+5.5

Each table indicates the results of serum chemistry on day 14 (a), and on day 29 (b). Data are presented as mean + standard
error. ?p < 0.01 compared with the control group. ®p < 0.05 compared with the control group. °p < 0.05 compared with the control
and CLNF groups. 9p < 0.05 compared with the CLNF group. Reprinted with permission from ref. [110].

Table 3: Effects of oral administration of SDACNFs on serum T-Cho contents.

mg/dL Control SDACNF cS CLNF
(a) Day 14
M 33.9+23.0 18.9+13.42 18.5+15.6° 23.6+15.4
VLDL 76.2+44.9 54.4+32,5° 62.9+40.6 77.5t44.9
LDL 25.0+13.2 24.1+12.7 24.8+13.4 29.7+15.1
HDL 34.0+18.2 33.7+17.5 39.9+23.8 32.8+18.0
(b) Day 29
M 14.6+17.3 7.616.2 7.4+8.2 15.2+11.5
VLDL 38.6+27.8 28.8+15.8 23.9+£22.1 29.8+17.8
LDL 12.5+6.0 11.6%x7.0 10.1+6.0 11.3+6.7
HDL 25.6+14.2 27.5+15.1 30.5+17.8 25.6+15.1

Each table summarizes serum T-Cho contents on day 14 (a) and day 29 (b). Data are presented as mean + standard error.
2p < 0.05 compared with the control group. °p < 0.05 compared with the control and CLNF groups. Reprinted with permission
from ref. [110].

Serum lipid levels on day 29 were lower than those on day 14. The difference might come from the consist
of the fasting. Normally, cholesterol homeostasis is maintained by the absorption of alimentary cholesterol
and the endogenous synthesis of cholesterol. In fact, the differences of serum lipids levels were reported
by the status of the fasting or non-fasting. Previously, it was demonstrated that CS decreased serum TG and
T-Cho levels in the MS-rats, and this was likely due to the unique ability of CS to bind lipids and bile acids.
Such binding can promote elimination of fat in the stool, reduce the level of bile acid recycling, and induce
hepatic synthesis of new bile acid constituents from cholesterol. In this study, SDACNF and CS similarly
decreased serum T-Cho levels. Moreover, oral administration of SDACNF suppressed the increase of serum PL
level. The transfer of PL is promoted by phospholipid transfer protein (PLTP), and PLTP is widely expressed
in organs and cells. High levels of PLTP mRNA have been found in the brain, lungs, and gonads, suggesting
specific functions of PLTP in these organs. In addition to promoting transfer of phospholipids from very-low-
density lipoprotein (VLDL) and chylomicrons (CM) into high-density lipoprotein (HDL), PLTP contributes to
the remodeling of HDL particles. Our results indicated that oral administration of SDACNF may affect the
activation of the PLTP, and further studies are needed to address this possibility.

As shown in Table 3, serum CM levels in the SDACNF and CS groups were significantly less than the
control group on day 14 (p < 0.05). In the SDACNF group, serum VLDL level was significantly less than the
CLNF group (p < 0.05). No change was observed for LDL and HDL serum levels on day 14 among the experi-
mental groups, and there was no difference in serum CM, VLDL, LDL, and HDL levels among experimental
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groups on day 29. In this study, oral administration of SDACNF and CS equally suppressed the increases of
serum CM and VLDL on day 14. Triacylglycerols, PLs, and cholesterols were the predominant dietary lipids.
An important step in the intestinal digestion of these lipids is their emulsification with bile salts. A CM acts to
transport ingested fat and fat-soluble vitamins, and VLDL acts to transport synthesized glyceride. Our results
indicated that one possible mechanism of orally administered SDACNFs may be is their binding to lipids like
CS. However, no studies have yet examined the binding ability of SDACNFs, and further experiments are
necessary.

The present study indicated that oral administration of SDACNF suppressed the increase in serum total
cholesterol, chylomicron, VLDL, and PL levels on day 14. Moreover, oral administration of SDACNFs sup-
pressed the increase of alanine transaminase levels on day 29 and suppressed vacuolar degeneration and
accumulation of lipid droplets in liver tissue. These data indicate that SDACNF may be a potential functional
food for patients with hypercholesterolemia.

Conclusion

The anti-inflammatory effect of oral administration of chitin CNFs was revealed in a experimental model.
It was found that CNFs improved clinical symptoms and suppressed IBD. CNFs decreased the sizes of areas
with NF-kB staining in colon tissue. Moreover, it was indicated the anti-obesity effects of SDACNF in a mouse
model of high-fat diet-induced obesity. SDACNFs suppressed the increase in body weight produced by the
high-fat diet; however, CNFs did not suppress such weight gain. SDACNFs decreased serum levels of leptin.
These results suggest that CNF and SDACNF are promising functional foods for patients with IBD or obesity.
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