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Abstract Royal jelly is produced by honeybees and has
been shown to be various pharmacologically active.
Enzyme-treated royal jelly (ERJ) is an allergen-free form
of royal jelly that has been converted to shorter easy-to-
absorb chain monomers. In this study, we investigated the
anti-inflammatory and immunomodulatory effects of ERJ
on macrophages and mice. We found that ERJ altered
macrophage proliferation and was protective against
lipopolysaccharide (LPS)-induced stress. The mice, fed
ERJ for 4 weeks and stimulated LPS, significantly reduced
levels of tumor necrosis factor-alpha, interleukins-1, 6, 10,
12, and interferon gamma compared to control mice. ERJ
significantly increased the proliferation of B-lymphocytes
and T-lymphocytes, as well as the activity of natural killer
cells in a dose-dependent manner. Therefore, our results
indicate that ERJ has strong anti-inflammatory and
immune-promoting activities and can be developed as a
potential food material for prevention of inflammatory
disease.
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Introduction

The inflammatory response is a defense mechanism of the
immune system designed to recover damaged body func-
tions. Macrophages regulate the immune response and play
an essential role in the immune system. Specifically, acti-
vated macrophages produce and secrete a variety of
cytokines such as tumor necrosis factor-alpha (TNF-o)) and
interleukin (IL)-1, 6, 10 [1]. The inflammatory response is
regulated in part by the balance of these cytokines, and
imbalances in this system can cause and exacerbate various
disease processes [2].

Most of the currently available anti-inflammatory drugs
function by inhibiting the synthesis of prostaglandins and
can cause serious side effects. Therefore, many studies
have been conducted to investigate natural extracts capable
of enhancing anti-inflammatory effects without producing
deleterious side effects, and various natural compounds
capable of enhancing immune function have been identi-
fied [3, 4]. For example, the natural substance royal jelly
has a long history of use in enhancing immune system
function.

Royal jelly has been reported to have many functional
effects such as anticancer, -oxidant, and -inflammatory
effects [5, 6] because of various bioactive substances like
(E)-10-hydroxydec-2-enoic acid (10-HAD). However,
royal jelly contains allergen-inducing proteins (molecular
weight 47-55 kDa) that must be eliminated for the sub-
stance to be useful.

In this study, we created a hydrolyzed form of royal jelly
using our own protease enzyme treatment method. The
objective of this study was to investigate the anti-inflam-
matory and immune-enhancing effects of enzyme-treated
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royal jelly (ERJ) relative to conventional non-enzyme-
treated royal jelly (RJ).

Materials and methods
Preparation of ER]J

Freeze-dried RJ powder was supplied from Zhejiang
Jiangshan Bee Enterprise Co., Ltd. (Jiangshan, China).
Proteolytic enzymes, including endo-protease obtained
from cultures of Bacillus licheniformis, exo-protease, and
endo- and exo-protease obtained from cultures of Asper-
gillus oryzae, were purchased from Vision Biochem
(Sungnam, Korea). The content of 10-HDA and total free
amino acid was measured by HPLC analysis (Dionex
Ultimate 3000) using a Zorbax Extend-C18 column or a
cation ion exchange column, respectively.

Macrophage cell viability assay and measurement
of NO production

Macrophages isolated from BALB/c mice [7] were plated
in 96 well plates for 4 h at 37 °C in a 5% CO, incubator.
Cells were treated with various amounts of ERJ (25, 50,
100 pg/mL) or RJ (100 pg/mL) for 24 h. Cell viability was
determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay, and the level of NO
production was measured using a commercial Griess
reagent system using a kit from Sigma (Sydney, Australia),
Promega (Madison, WI, USA) according to the manufac-
turer’s instructions.

Animal and experimental design

Six-week-old male BALB/c mice (n = 10) were obtained
from Damul Science (Daejeon, Korea). All animals had
first week of adaptation. Animals were randomly divided
into seven groups as follows: Normal (normal control),
Control (LPS 20 mg/kg, i.p., once), ERJ groups (LPS +
each ERJ 50, 150, 300, and 500 mg/kg), and RJ (LPS +
500 mg/kg). All mice had free access to water and pro-
duction food with samples. The food intake of each mouse
was measured daily, and body weight for each mouse was
measured weekly after the start of treatments. Mice were
maintained in microisolator cages under pathogen-free
conditions with a 12-h light/dark schedule. All animals
were cared for in accordance with the Chonbuk National
University institutional guidelines for the care and use of
experimental animals.
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Cytokine analyses of serum and macrophages

The mice fasted for 12 h on the last day of the experiment
were killed by cervical dislocation. Then, macrophages and
blood were collected. Blood was centrifuged at 3000 rpm
for 15 min to obtain serum. Serum samples were frozen at
— 70 °C for further analysis. The cytokines IL-1f3, TNF-a
(Abcam, Cambridge, MA, UK), IL-6 (Life Technologies,
Gaithersburg, MD, USA), IL-10, IL-2, and Interferon
gamma (IFN-y) (Thermo Scientific, MA, USA) were
measured using a microplate reader (Bio-Tek, Winooski,
VT, USA) according to the manufacturer’s instructions.

Spleen cell viability

The proliferation of spleen cells over time was performed
using spleen cells obtained from normal mice [8]. The cells
were treated with appropriate concentrations of ERJ or RJ
and cultured for 24 h before MTT. The proliferation of
spleen cells with mitogen was performed using spleen cells
isolated from mice fed with ERJ or RJ for 4 weeks. The
cells were treated with 5 pg/mL of concanavalin A (ConA)
or 15 pg/mL of LPS and cultured for 24 h before MTT.

NK cell activity

NK cell cytotoxicity was quantified using a lactate dehy-
drogenase (LDH) cytotoxicity detection kit (Takara Bio,
Tokyo, Japan) according to the manufacturer’s instructions
and as previously described [9]. For the in vitro test, spleen
cells were treated as indicated and incubated for 24 h. For
in vivo experiments, spleen cells were isolated from male
BALB/c mice fed ERJ or RJ for 4 weeks and plated in 96
well plates at 37 °C in a 5% CO, incubator.

Statistical analysis

All values were expressed as mean + standard error (SE).
Statistical differences between experimental groups were
assessed using Student’s ¢ test for two groups. One-way
analysis of variance (ANOVA) was used for comparison
among more than two groups. p values < 0.05 were con-
sidered statistically significant [10].

Results and discussion

Confirmation of ingredient content change
after enzyme treatment

10-HDA, one of the fatty acids, is known as an indicator
substance for evaluating the freshness and quality of royal
jelly [11]. Therefore, we examined whether the level of
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Table 1 Changes in 10-HDA and total free amino acid contents in
ERJ

RJ ERJ
10-HDA 50.0 £ 0.0 51.0 £ 0.1
Total free amino acid content (g/mg)  5.72 83.89 + 2.44

10-HAD was changed by enzyme treatment. The enzyme
treatment significantly increased the level of total free
amino acids due to decomposition of small molecules of
the polymers (Table 1). Nevertheless, the level of 10-HDA
was not changed by the enzyme treatment (Table 1).
Therefore, the enzymatic processing of RJ is expected to
improve the absorption rate. Therefore, the enzymatic
processing of RJ is expected to improve the absorption rate.

Evaluation of ERJ on macrophage cytotoxicity

Macrophages act as antigen presenting cells, regulate T cell
responses [12], and act to remove abnormal cells. To
accomplish these functions, macrophages secrete immune
substances such as NO, TNF-a, and other cytokines [13].
We first used MTT assay to investigate the effect of ERJ on
macrophage cell viability (Fig. 1A). We found that cell
viability of macrophages treated with ERJ increased in a
dose-dependent manner.

Macrophages are activated in response to invading
microorganisms and foreign antigens to produce NO [13].
However, excessive production of NO by activated mac-
rophages can cause oxidative stress and inflammation
leading to general tissue damage, and DNA mutations [14].
Thus, appropriate regulation of NO production is an
important role of the immune system. Given the impor-
tance of NO regulation, we next evaluated the effect of ERJ
on NO production in macrophages. We found that NO
production was slightly increased in response to ERJ
treatment; however, there was no significant difference
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Fig. 1 Effect of ERJ on macrophage cell viability. (A) Cell viability
of macrophages treated with ERJ for 24 h. (B) Effect of ERJ on NO
production in macrophages. ERJ enzyme-treated royal jelly, R/ non-

between vehicle, RJ, and ERJ treatments (Fig. 1B). These
results suggested that ERJ does not disrupt macrophage
homeostasis, nor does it increase basal inflammatory stress.

Cytokine production in macrophages and serum

Cytokines that are overexpressed by inflammation cause
various autoimmune diseases such as sepsis, Alzheimer’s
disease, and multiple sclerosis [2]. Therefore, regulating
cytokine expression is important for preventing inflam-
matory disease. Among the cytokines produced by mac-
rophages, TNF-o. and IL-1pB are produced during the
inflammatory response [1]. The proinflammatory cytokines
IFN-vy and IL-2 play an important role early in the immune
response by stimulating NK cells [15]. IL-6 stimulates
proliferation and differentiation of T cells and B cells [16].
Conversely, IL-10 is an immunosuppressive cytokine that
weakens antigen presentation by macrophages and acts to
achieve an appropriately balanced immune response [17].
These cytokines play an important role in initiating and
propagating or controlling inflammation together.

Therefore, we investigated the effect of ERJ on the
expression of immune factors in vivo. During the treatment
with ERJ, we found that food intake and body weight
increased slightly with time; however, because these
changes did not differ significantly between groups
(Tables 2, 3), they were attributed to normal aging. Over-
all, the changes in levels of cytokines in cultured macro-
phages and serum were similar. The levels of cytokines
present in the LPS-induced control group were significantly
higher than that of vehicle-treated mice, confirming
induction of an inflammatory response. On the other hand,
the abundance of cytokines in mice treated with ERJ
generally decreased in a dose-dependent manner, and the
level of cytokines in mice treated with RJ was similar or
higher compared with the same concentration of ERJ
(Fig. 2).
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(n=3). **p<0.01; ***p <0.001, compared with vehicle.
Sp < 0.05, compared with RJ
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Table 2 Changes in food Food intake (g/day)

intake in Balb/c mice fed ERJ

for 4 weeks Group (mg/kg) Week
1 2 3 4
Vehicle 333 £0.14 3.89 £ 0.30 3.92 £ 0.15 4.07 £ 0.08
ERJ
50 3.33 £ 0.00 383 +£0.14 373 £ 0.27 4.00 £ 0.40
150 3.19 £ 0.31 394 +£0.28 3.93+£0.20 434 £ 0.30
300 324 £ 0.44 3.89 £ 0.46 3.72 £ 0.60 4.16 £ 0.56
500 3.14 £ 0.27 3.99 £ 0.36 3.58 £ 0.09 432 £ 045
RJ 3.10 £ 0.50 3.88 £ 0.33 3.85+0.28 437 £0.11

Data are expressed as mean £+ SE (n = 10)

ERJ enzyme-treated royal jelly, RJ non-enzyme-treated royal jelly

Table 3 Body weights of Balb/c mice fed ERJ for 4 weeks

Body weight (g)

Group (mg/kg) Week Changes (g)
0 1 2 3 4
Normal 24.6 £ 0.37 25.56 £ 0.45 25.96 £ 0.54 26.22 +£ 0.79 26.6 £ 0.72 2
ERJ
50 23.87 &£ 0.72 24.48 £+ 0.53 25.02 & 0.64 25.71 £ 0.73 25.77 £ 0.55 1.9
150 23.65 + 0.73 24.15 £+ 0.81 24.69 £+ 0.72 25.29 £+ 0.87 25.66 &+ 0.71 2.01
300 23.93 + 0.41 24.49 £+ 0.50 25 + 0.61 25.85 + 0.98 25.87 £ 0.73 1.94
500 24.08 £+ 0.64 239 £+ 0.61 2477 £ 0.83 259 £+ 0.86 26.10 £+ 0.25 2.02
RJ 23.08 £ 0.61 23.81 £ 0.83 24.25 £ 0.89 24.98 £ 0.97 25.14 £ 1.18 2.06

Data are expressed as mean + SE (n = 10)

ERJ enzyme-treated royal jelly, RJ non-enzyme-treated royal jelly, Changes changes in body weight in mice fed the indicated diet for 4 weeks

We found that overexpression of IL-2 and TNF was
inhibited by ERJ in a similar manner. Likewise, ERJ
decreased the expression of other cytokines in a dose-de-
pendent manner (Fig. 2). IL-2 is secreted primarily from T
helper 1 cells (Th1), while TNF-a is mainly secreted from
macrophages during the early immune response. Secretion
of other cytokines is in turn stimulated by IL-2 and TNF-o.
These results suggest that ERJ has anti-inflammatory
properties that are mediated through a direct effect on
macrophages. Meanwhile, we found that ERJ increased the
level of IL-10 expression in a similar manner to other
cytokine factors. This result indicated that ERJ is effective
not only in decreasing inflammation, but also maintaining
immune system homeostasis. Our results suggest that ERJ
might have a significant effect on inhibiting inflammation
and improving immunity and might also be more effective
than RJ at mediating these effects.

@ Springer

Viability of immune-related cells

The spleen is the primary lymphatic organ and plays a
major role in the immune response. Maturation of B and T
cells, associated with humoral and cell-mediated immunity,
respectively, takes place in the spleen, as does antigen-
mediated differentiation of lymphocytes. In this way, pro-
liferation and functioning of spleen cells are very important
in the immune system, and the size and abundance of
spleen cells can be used as indicators of the status of the
immune system [18]. In the present study, we investigated
the effect of ERJ on viability of B cells and T cells isolated
from the spleen. Our results showed that ERJ and RJ
increased the number of immune cells compared to vehicle
in a dose-dependent manner (Fig. 3).
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Fig. 2 Effect of ERJ on expression of inflammatory cytokines in
serum and macrophages. (A) Expression of inflammatory cytokines in
serum. (B) Expression of inflammatory cytokines in macrophages.
ERJ enzyme-treated royal jelly, RJ non-enzyme-treated royal jelly.

NK cell activity

NK recognize abnormal cells and utilize cytotoxic mole-
cules to induce death of their targets. During this process,
NK cells utilize both activating and inhibitory signals to
control cell-death activity [19]. NK cells are important
during the initial immune stage. Therefore, we next

Data are expressed as mean =+ SE (n = 10). ***p < 0.001, compared
with vehicle. p < 0.05; #h < 0.01; ™ p < 0.001, compared with
control. 5*’p < 0.05; S}’&’p < 0.01, compared with RJ

examined the effect of ERJ on NK-mediated immune
response using LDH assays. Consistent with our results
obtained thus far, treatment of NK cells with ERJ and RJ
assays resulted in significantly higher NK cell compared to
vehicle treatment both in vitro and in vivo, and these
effects were dose-dependent for ERJ (Fig. 4). In addition,
there was significant difference between the 100 pg/mL

@ Springer



Appl Biol Chem

180 -
ss

deded ek

150 4

P e KRE

P

120 A
®24h

90 @48 h

60 -

Cell viability (% of Vehicle)

30

Vehicle 25 50
ERJ (ng/mL)

100 RJ

Fig. 3 Cell viability of immune cells treated with ERJ. (A) Viability
of spleen cells treated with ERJ for 24 or 48 h. ERJ enzyme-treated
royal jelly, RJ non-enzyme-treated royal jelly. Data are expressed as
mean + SE (n = 3). (B) Cell viability of spleen cells treated with RJ

>
=
W W s A
S W S W
[T — T — I

LDH (% of Vehicle)
[ )
g & 8 &

n
S

o

Vehicle 25 50 100 RJ

ERJ (ng/mL)

Fig. 4 Effect of ERJ on NK cell activity. (A) In vitro NK cell
activity. ERJ enzyme-treated royal jelly, RJ non-enzyme-treated royal
jelly. Data are expressed as mean £ SE (n = 3). (B) In vivo NK cell

ERJ and RJ treatment groups with respect to NK activity.
Therefore, these results indicate that RJ itself has immune-
enhancing effects with respect to NK cell activity that is
not significantly different after enzyme treatment.

The results of the present study showed that ERJ has
excellent anti-inflammatory properties and functions to
improve immune responses. In addition, we found that ERJ
inhibits the expression of inflammatory cytokines and
improves immune function with respect to the activities of
T cells, B cells, and NK cells. Together, these results
suggest that ERJ could be useful as new substance for
development as a functional food with potential immune-
enhancing properties.
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