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Abstract

Euglena gracilis Z is a microorganism classified as a microalga and is used as a food or
nutritional supplement. Paramylon, the carbohydrate storage substance of E. gracilis Z, is
reported to affect the immunological system. This study evaluated the symptom-relieving
effects of E. gracilis Z and paramylon in rheumatoid arthritis in a collagen-induced arthritis
mouse model. The efficacy of both substances was assessed based on clinical arthritis
signs, as well as cytokine (interleukin [IL]-17, IL-6, and interferon [IFN]-y) levels in lymphoid
tissues. Additionally, the knee joints were harvested and histopathologically examined. The
results showed that both substances reduced the transitional changes in the visual assess-
ment score of arthritis symptoms compared with those in the control group, indicating their
symptom-relieving effects on rheumatoid arthritis. Furthermore, E. gracilis Z and paramylon
significantly reduced the secretion of the cytokines, IL-17, IL-6, and IFN-y. The histopatho-
logical examination of the control group revealed edema, inflammation, cell hyperplasia,
granulation tissue formation, fibrosis, and exudate in the synovial membrane, as well as
pannus formation and articular cartilage destruction in the femoral trochlear groove. These
changes were suppressed in both treatment groups. Particularly, the E. gracilis Z group
showed no edema, inflammation, and fibrosis of the synovial membrane, or pannus forma-
tion and destruction of articular cartilage in the femoral trochlear groove. Furthermore, E.
gracilis Z and paramylon exhibited symptom-relieving effects on rheumatoid arthritis and
suppressed the secretion of cytokines IL-17, IL-6, and IFN-y. These effects were likely medi-
ated by the regulatory activities of E. gracilis Z and paramylon on Th17 immunity. In addition,
the symptom-relieving effects of both substances were comparable, which suggests that
paramylon is the active component of Euglena gracilis Z.
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Introduction

Rheumatoid arthritis is a disease that commences with inflammation of the synovial mem-
brane located inside the joints and subsequently progresses to joint deformation due to the
destruction of the bone and cartilage. The initial symptoms associated with the onset of rheu-
matoid arthritis are pain and swelling or stiffness of the finger and toe joints of the hands, feet,
or both, symmetrically. Approximately 30% of patients exhibit an apparent improvement
(remission) within 1 or 2 years after the onset, approximately 5-10% develop severe inflamma-
tion or symptoms shortly after the onset of signs, and other patients exhibit a repeated cycle of
deterioration and remission with the progression of the joint deformation. Furthermore,
approximately 1% of the population is believed to have recently experienced this condition
[1,2], and an increase in the incidence is expected in future because of the aging population.

The disease etiology is not fully clear, but rheumatoid arthritis is considered an autoim-
mune disease caused by abnormalities of the immune system. Furthermore, it is known to
complicate other autoimmune diseases including organ disorders, Sjogren’s syndrome, and
Hashimoto disease. Recently, several antibodies have been used as drug therapies along with
advances in the development of immunological investigations. The collagen-induced arthritis
mouse model, which is known as a disease model that simulates autoimmune diseases and
rheumatoid arthritis, has been used for the evaluation of medical products and health foods
[3]. Collagens are proteins expressed in numerous body organs and tissues [4] that are classi-
fied depending on the chemical structures. Type-I collagen is located in the dermal layer, liga-
ment, tendon, and bone while type-II collagen is mainly located in the articular cartilage.

A substantial number of antibodies against type-II collagen are known to exist in the
serum, joints, and synovial fluid of patients with rheumatoid arthritis [5]. Moreover, it was
reported that sensitization of rats and mice with type-II collagen, induced an arthritic condi-
tion resembling rheumatoid arthritis [5,6]. This evidence indicates that animal models estab-
lished by sensitization with type-II collagen can be used as disease models of human
rheumatoid arthritis for evaluating many medical products and health foods. Euglena gracilis Z
is a microorganism classified as a micro-algae, and it possesses characteristics of plants and
animals. It contains many nutrients including vitamins, minerals, amino acids, and fatty acids,
and has shown efficacy in colorectal cancer [7] and type-II diabetes mellitus [8]. Furthermore,
it has been reported as a food and nutritional supplement [9-13].

E. gracilis Z contains paramylon, which is a carbohydrate storing substance. Paramylon has
a chemical structure of B-1,3-glucan and has been verified to exhibit potentiating activity [9],
anti-atopic dermatitis effects [10], hepatoprotective effects on acute liver injury [11], anti-
human immunodeficiency virus (HIV) activity [12], and antimicrobial activity [13].

In this present study, the symptom-relieving effects of E. gracilis Z and its carbohydrate
storage substance, paramylon, on rheumatoid arthritis were evaluated in a collagen-induced
arthritis mouse model. In addition, as a major constituent of E. gracilis Z, paramylon was fur-
ther evaluated to determine its function and mechanisms of action.

Materials and methods
Test substance

The E. gracilis Z used in this study was a powder product, and the nutritional analysis results,
which were similar to those of a previous report [8] are as follows: carbohydrates 29.4%, pro-
tein 42.3%, and lipid 19.0%. Approximately 70-80% of the carbohydrate content was paramy-
lon, which was isolated from E. gracilis Z obtained from the euglena Co., Ltd., (Tokyo, Japan).
The following usual method of preparation of paramylon was used. Cultured E. gracilis Z cells
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were collected by continuous centrifugation and washed with water. After suspending in
water, the cells were broken down using ultrasonic waves and the contents, which contained
paramylon was collected. To remove the lipid and protein, the crude paramylon preparation
was treated with 1% sodium dodecyl sulfate (SDS) solution at 95°C for 1 h, and then at 50°C
for 30 min with 0.1% SDS. After centrifugation, the paramylon was obtained, and further
refined by repeated washing with water, acetone, and ether, sequentially.

Reagents

To establish the collagen-induced arthritis model, type-II chicken collagen (C9310, Sigma-
Aldrich), acetic acid (special grade, Wako Pure Chemical Industries, Ltd.), and Freund’s com-
plete adjuvant (Difco) were used. For incubation of the lymphocytes, RPMI1640 medium
(Wako Pure Chemical Industries, Ltd.), fetal bovine serum (Cell Culture Bioscience), and Gen-
tamicin injection 40 ug/mL (MSD KK) were used. The cytokines were analyzed using the Bio-
Plex Pro Mouse Cytokine Th17 Panel A 6-Plex Group I kit (Bio-Rad Laboratories).

Animals

Male DBA/1] Jms Slc (specific pathogen-free, 6 weeks old) mice were purchased from Japan
SLC Inc. The animals were housed in a breeding cage (CLEA Japan, Inc.) in groups in an ani-
mal room maintained at a temperature of 24 + 2°C, relative humidity of 50 + 5%, full ventila-
tion, and illumination at 6:00-20:00. The animals were fed a radiation-sterilized powder diet
(CE-2, CLEA Japan, Inc.) and were provided with tap water ad libitum for drinking water.

The individual animals were identified using the ear-punch method. The day of receipt was
designated as day 0, and the animals were quarantined until day 7. Their general condition
was monitored daily, and all animal experiments were conducted with the approval of the Ani-
mal Ethical Committee of Kitasato University.

Induction of collagen-induced arthritis

The collagen-induced arthritis model was established in animals in the experimental groups:
Control, E. gracilis Z (E), and paramylon (P) groups. Type-II chicken collagen was dissolved in
0.01 mol/L acetic acid aqueous solution to a concentration of 2 mg/mL. To this solution, an
equal amount of Freund’s complete adjuvant was added to prepare the emulsion (collagen: 1
mg/mL). This emulsion was injected subcutaneously into the base of the mouse tails at a dos-
ing volume of 0.1 mL/mouse (0.1 mg as collagen) using a 26G injection needle and a locking
glass syringe under anesthesia with isoflurane. Three weeks later, the same dose was repeated
(booster immunization). The animals in the Normal group were not sensitized to induce
arthritis.

Administration of test substance

Each test substance was mixed in the powdered diet, CE-2, at a concentration of 2% and the
dietary administration to Groups E and P was initiated 5 days after the booster immunization.
The Normal and Control groups were fed the intact powder diet, CE-2, without any
supplementation.

Body weight measurement

The body weight was measured once a week from the end of the quarantine period until the
boost immunization day, and then three times a week after the booster immunization.
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Observation of symptoms of arthritis

After the booster immunization, the condition of the extremities associated with arthritis were
evaluated three times per week (Monday, Wednesday, and Friday) according to the scoring
criteria of Bernadeta et al. [14], and the total score of all four extremities was calculated using
the following scale as follows: 0: no evidence of erythema and swelling, 1: slight redness/swell-
ing of one small joint such as phalangeal joint, 2: redness/swelling of two or more small joints,
or a large joint, 3: redness/swelling of one extremity, and 4: maximum redness/swelling of the
whole region of one extremity.

Analysis of serum antibody titer and cytokines

After termination of the test substance administration, laparotomies were performed under
inhalation anesthesia with isoflurane, and blood samples were collected from the abdominal
vena cava. Then, the animals were euthanized by exsanguination, and then the inguinal lymph
nodes and knee joints were harvested. The serum was separated from the blood samples by
centrifugation to quantify the IgG levels using an enzyme-linked immunosorbent assay
(ELISA).

The lymphoid cells were separated from the inguinal lymph nodes and then divided into
three portions; each portion was incubated in medium supplemented with type-II chicken col-
lagen. The culture supernatant was collected after a 48-h incubation, and the level of the cyto-
kines (interleukin [IL]-17, IL-6, and interferon [IFN]-y) secreted in the culture supernatant
were analyzed (Bio-Plex Pro Mouse Cytokine Th17 Panel A 6-Plex Group I, Bio-Rad
Laboratories).

Histopathological examination of knee joints

The excised knee joints were fixed in neutral-buffered 10% formalin solution. The left knee
joints were decalcified in a 10% formic acid decalcification solution, and then they were cut at
the femoral trochlear groove to prepare the paraffin sections. After hematoxylin and eosin
(H&E) staining, the sections were histologically examined.

Statistical analysis

The numerical data for the groups are expressed as the means + standard deviation (SD) or
standard error (SE). The arthritis scores were compared between the groups using the Steel-
Dwass test. The body weight, IgG antibody titer, and secreted levels of cytokines were tested
for homogeneity of distribution using Bartlett’s test. The homogeneous data were further ana-
lyzed using a one-way analysis of variance (ANOVA), and significant results were examined to
determine the differences between means using Dunnett’s test. Furthermore, the heteroge-
neous results were analyzed using Kruskal-Wallis H-test, and the significant averages of the
ranks were compared using Dunnett’s test.

A significant level was set at 5% for Bartlett test, one-way analysis, and Kruskal-Wallis H-
test, and at 5% and 1% for Dunnett’s test and Steel-Dwass test.

The statistical analysis including the allocation was conducted using the JMP data analysis
software (SAS Institute Japan, Co., Ltd.).

Results
Body weight

The mean body weights of the Normal, Control, E, and P groups were 21.2 £ 0.9, 22.1 £ 0.5,
21.6 £ 0.6, and 21.8 + 0.5, respectively. A steady and gradual increase in the body weight was
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observed in all groups, and no inter-group difference was detected (Fig 1). No toxic effect due
to ingestion of the test substances was observed.

Arthritis score

In the control group, the score gradually increased and reached the maximum level on 37 days
(9.0 + 0.4) after sensitization. Then, the score showed a slight decrease (Fig 2). Groups E and P
showed similar gradual increases in the scores to that of the Control group; however, the scores
were lower than those in Control group were, and the difference was significant. The scores of
Groups E and P on day 37 day were 5.4 + 0.2 and 5.6 + 0.2, respectively.

Histopathological examination

In the control group, slight to moderate changes were observed in the synovial membrane
including edema, inflammatory cell infiltration, cell hyperplasia, granulation tissue formation,
fibrosis, and exudates. In the femoral trochlear groove, mild pannus formation and destruction
of articular cartilage were observed (Fig 3). In Group E, only slight granulation tissue forma-
tion was observed in the synovial membrane (Fig 3). Furthermore, Group P exhibited mild
effects including inflammatory cell infiltration, granulation tissue formation, and fibrosis in
the synovial membrane, and mild pannus formation and destruction of articular cartilage in
the femoral trochlear groove (Fig 3).

—e—Normal ——Control
—m—Euglena —e—DParamylon
10 20 30 40 50

Day after sensitization

Fig 1. Effects of oral administration of Euglena gracilis Z and paramylon on body weight changes in collagen-induced arthritis mouse
model. DBA/1] mice were sensitized with collagen to establish the collagen-induced arthritis mouse model. The body weight was
measured once a week from the end of the quarantine period until booster immunization day, and then three times a week after the
booster immunization. Each value represents the mean + standard error (SE) of five mice.

https://doi.org/10.1371/journal.pone.0191462.9001
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Fig 2. Effects of oral administration of E. gracilis Z and paramylon on arthritis score in collagen-induced arthritis mouse model.
The arthritis-related condition of the extremities was evaluated three times per week. The total score of all four extremities was calculated
as follows: 0: no evidence of erythema and swelling, 1: slight redness/swelling of one small joint such as phalangeal joint, 2: redness/
swelling of two or more small joints, or a large joint, 3: redness/swelling of one extremity, and 4: maximum redness/swelling of the whole
region of one extremity. Values are means + standard deviation (SD) of five mice, “p < 0.05 compared to the control using Steel-Dwass

test.

https://doi.org/10.1371/journal.pone.0191462.9002

Serum antibody titer

In the Control, E, and P groups, the IgG antibody titer against collagen was 0.552 + 0.062,
0.568 + 0.048, and 0.547 + 0.098, respectively, and no difference was observed between these
groups (Fig 4). These results confirmed that the sensitization with collagen established the
mouse model.

Cytokines
The levels of IL-17, IL-6, and IFN-y cytokines in the Control group were 633.72 + 35.39,

424.01 + 43.43, and 279.62 + 20.02 pg/mL, respectively. In Groups E and P, significantly lower
levels of the IL-17, IL-6, and IFN-y cytokines than those in the Control group were observed

(Fig 5).

Discussion

The symptom-relieving effects of E. gracilis Z and its carbohydrate storage substance, paramy-
lon, on rheumatoid arthritis were evaluated in a collagen-induced arthritis mouse model. E.
gracilis Z and paramylon were administered for 24 days as a 2% dietary supplement after con-
firmation of arthritis symptoms. During the administration period, signs of arthritis were
observed and scored visually. After terminating the test substance administration, blood sam-
ples were collected, and the knee joints were excised. Then, the serum IgG concentration and
levels of cytokines (IL-17, IL-6, and IFN-y) secreted into the culture supernatant from the
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Fig 3. Effects of oral administration of E. gracilis Z and paramylon on histopathological changes in collagen-induced arthritis mouse model. The excised
knee joints were fixed in neutral-buffered 10% formalin solution. The left knee joints were decalcified in 10% formic acid decalcification solution, and then
they were cut at the femoral trochlear groove to prepare the paraffin sections. After hematoxylin and eosin (H&E) staining, the sections were histologically
examined.

https://doi.org/10.1371/journal.pone.0191462.9003

extracted lymph nodes, were determined and the knee joints were histopathologically
examined.

In the control group, a daily increase in the arthritis score as well as histopathological
changes was observed. In contrast, the E. gracilis Z and paramylon groups showed lower tran-
sition rates of arthritis scores compared to the control group with statistical significance.

The onset of arthritis involves many immune cells, and anti-TNF-o and anti-IL-1 antibod-
ies are used as treatment options [15,16]. The collagen-induced arthritis mouse model is
known as a human rheumatoid arthritis model and is reported to exhibit mRNA increases in
TNEF-a, IL-1B, IL-6, and IL-18 during the progression of arthritis [17]. Rheumatoid arthritis
was initially considered a Th1-type autoimmune disease. However, deterioration of arthritis
was reported in IFN-y receptor knockout mice [18-20]. Similar pathological deterioration was
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Fig 4. Effects of oral administration of Euglena gracilis Z and paramylon on serum IgG titer in collagen-induced
arthritis mouse model. After terminating the test substance administration, laparotomies were performed under inhalation
anesthesia with isoflurane, and blood samples were collected from the abdominal vena cava. After the blood collection, the
animals were euthanized by exsanguination, and then the inguinal lymph nodes and knee joints were harvested. The serum
was separated from the blood samples by centrifugation to quantify the IgG levels using an enzyme-linked immunosorbent
assay (ELISA). Value are means + standard deviation (SD) of five mice.

https://doi.org/10.1371/journal.pone.0191462.g004

reported in a mouse model of the autoimmune disease multiple sclerosis and experimental
autoimmune encephalomyelitis (EAE) administered an anti-IFN-y antibody and in IFN-y
knockout mice [21-25].

Based on these results, autoimmune diseases such as rheumatoid arthritis and multiple scle-
rosis are currently considered Th17- and not Th1-type pathologies [26]. Specifically, in rheu-
matoid arthritis, naive helper T-cells are considered to differentiate into Th17 cells by the
action of molecules such as transforming growth factor (TGF)-B, IL-6, and IL-23. Subse-
quently, Th17 cells produce factors such as IL-17 and receptor activator of nuclear factor
kappa-B ligand (RANKL), which induce inflammation of the synovial membrane and osteo-
clast leading to progression of the pathology [26]. In contrast, IFN-y is known to suppress cell
differentiation into Th17 cells by promoting the differentiation of naive T-cell to Th1 cell. This
explains the deterioration associated with collagen-induced arthritis in IFN-y knockout mice
since differentiation of naive T-cell to Th17 cell is not suppressed in IFN-y knockout mouse.

E. gracilis Z contains paramylon, a carbohydrate storage substance. Paramylon is a polysac-
charide with a B-1,3-glucan structure. The sample used in the present study contained paramy-
lon at a concentration of approximately 30%, and the function of paramylon is promising.
Furthermore, -1, 3-glucan is a polysaccharide that is widely distributed in nature including in
fungi, bacteria, and plants, and it exhibits several physiological activities in the human body.
Among these activities, immune regulation is the most reported [27,28]. The immunostimula-
tory effect of B-glucans is mediated via the innate immune system and defends against patho-
gens [29]. Following ingestion, B-glucans affect the mucosal immune system in the
gastrointestinal tract. The uptake of microorganisms from the intestinal lumen is undertaken
by the M cells of Peyer’s patches (PPs) in the small intestine. Subsequently, these cells present
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Fig 5. Effects of oral administration of Euglena gracilis Z and paramylon on cytokine production in collagen-
induced arthritis mouse model. The lymphoid cells were separated from the inguinal lymph nodes and then divided
into three portions, which were each incubated in medium supplemented with type-II chicken collagen. The culture
supernatant was collected after a 48-h incubation, and the level of the cytokines (interleukin [IL]-17, IL-6, and
interferon [IFN]-vy) secreted in the culture supernatant were analyzed (Bio-Plex Pro Mouse Cytokine Th17 Panel A
6-Plex Group I, Bio-Rad Laboratories). Values are means + standard deviation (SD) of five mice. *p < 0.05 compared
to the control using Dunnett’s test.

https://doi.org/10.1371/journal.pone.0191462.9g005
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the antigen, at their basal surfaces, to the immune cells such as macrophages and dendritic
cells [30].

To identify the pathogens, the receptors specific to their cell walls are enriched on the sur-
face of immune cells. Several pattern recognition receptors target B-glucans present in the cell
walls of microorganisms. This explains why B-glucans can stimulate the intestinal mucosal
immune system. Although it is not clear how B-glucans penetrate the epithelial cell lining,
some epithelial cells such as M cells may actively incorporate B-glucans (similar to other
antigens).

Dectin-1, which is expressed on the surfaces of macrophages and dendritic cells, is reported
to act as the primary receptor for B-glucans, which subsequently display immunostimulatory
effects [31,32]. B-glucans recognized by Dectin-1 promote the intracellular uptake of B-glucan
granules [33] and the secretion of proinflammatory cytokines [34-36] by activating a tyrosine
kinase Syk, and the transcription factor, nuclear factor-«xB, which is responsible for multiple
immune reactions [37-39].

The effects of paramylon are similar to those of other B-glucans. This suggests that paramy-
lon also functions by being transported across the epithelial cells, is recognized by macro-
phages via the Dectin-1 receptor, and induces the Th1 cell response. The size of paramylon is
typically 2-3 um, which is similar to the size of pathogenic bacteria. This suggests that paramy-
lon is potentially transported across the epithelial cells using the same mechanism of patho-
genic bacteria. The crystalline structure of paramylon consists of triple helices [40,41], which
are recognized by the B-glucan receptor Dectin-1, implying that paramylon presumably acti-
vates Dectin-1.

These observations indicate that paramylon would be expected to exhibit some effects on
the immune system. In the present study, E. gracilis Z and paramylon suppressed the onset of
arthritis and decreased the secretion of cytokines including IL-17 and IL-6. These results sug-
gest that E. gracilis Z and its carbohydrate storage substance suppressed the differentiation to
Th17 cell and subsequently suppressed inflammation of synovial membrane and destruction
of the cartilage. In addition, 7 weeks after collagen sensitization, the level of the ratio of Th17
and Treg cells in CD4-positive T cells was analyzed using a flowcytometer. The result showed
that the ratio of Th17 cells in CD4-positive T cells of group E was equal to that of the Control
group. Furthermore, the ratio of Th17 cells to CD4-positive T cells of group P was lower than
that of the Control group. This result indicates that E. gracilis and paramylon suppressed dif-
ferentiation of cells into Th17 cells. In autoimmune diseases, granulocyte-macrophage colony-
stimulating factor (GM-CSF) has been reported to promote secretion, induce Treg cells, and
ameliorate symptoms such as those of rheumatoid arthritis, Crohn’s disease [42], and myasthe-
nia gravis [43-45]. In addition, it is also clear that autoimmune diabetes (type I diabetes)
requires IL-2 for the stable maintenance of Treg cells [46]. Furthermore, it has been reported
that sensitization of collagen on the anterior chamber (AC) of the eyes induces Treg cells to
show immune deviations and alleviates symptoms such as rheumatoid arthritis [47,48]. We
also examined the possibility that Euglena and paramylon induce Treg cell, but no significant
difference was found in Foxp3 positive rate compared to the control group (S1 Fig). Therefore,
it appears that other factors may mediate the rheumatic symptom-relieving effects of E. gracilis
and paramylon. Moreover, suppression IFN-y secretion was noted. Paramylon has been
shown to improve the symptoms of atopic dermatitis and decrease the secretion of IL-4, IFN-
v, IL-18, and IL-12 in NC/Nga mice [10]. Based on these results, it is postulated that paramylon
regulates excessive immune responses, including the activities of Th1 and Th2 [10].

The decrease in the IFN-y level observed in the present study is in agreement with these
results. Therefore, it has been suggested that E. gracilis Z and its carbohydrate storage sub-
stance regulate Th17 as well as Th1 and Th2, and have a regulatory function on helper T-cell.
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The mechanisms of action of E. gracilis Z have not been identified. However, since E. gracilis Z
and paramylon exhibited comparable symptom-relieving activity, paramylon might be the
active constituent of E. gracilis Z.

The results of this study indicate that E. gracilis Z and paramylon suppressed the onset of
arthritis in the collagen-induced arthritis mouse model. Especially, its suppressive effect on the
IL-17 Th17 type cytokine was observed and considered to be mediated by their regulatory
effects on Th1- related immune responses.
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