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Abstract

Background: Skin injury is inevitable in daily life. In recent years, with the increasing morbidity of diseases such as
diabetes and metabolic disorders, chronic wounds have become a considerable challenge in clinical practice. Royal
jelly, reported to have multifarious biological and physiological properties, has been used as a remedy for a variety
of wounds since ancient times. However, the active components and mechanisms underlying the wound-healing
properties of royal jelly are still largely unknown.

Methods: Water-soluble proteins of royal jelly were fractionated and investigated for the proliferative and migratory
effects on human epidermal keratinocytes (HaCaT) in an in vitro wound healing model. The proteins present in
bioactive fractions were characterised and quantified using Label-free protein quantification method. The potential
functions of these proteins in biological systems were further analysed using bioinformatic tools.

Results: A protein fraction, mainly containing major royal jelly proteins 2 (MRJP2), MRJP3 and MRJP7, stimulated
proliferative and migratory activities in HaCaT cells without visible cytotoxicity. It exerted the greatest effects on the
growth of HaCaT cells in the first 48 h. Furthermore, when treated with this protein fraction, the closure rates of the
in vitro scratch wound were significantly increased. Functional analysis indicated that MRJP2, MRJP3 and MRJP7
were associated with carbohydrate transport and metabolism.

Conclusions: We fractionated the water-soluble proteins of royal jelly and identified one fraction (Fraction 2) that
induced both proliferative and migratory effects on a human epidermal keratinocyte cell line. Major royal jelly
proteins (MRJP2, MRJP3 and/or MRJP7) were speculated to possess potential wound-healing bioactivity. This is the
first report that royal jelly may improve wound closure via MRJP-induced cellular proliferation and migration. These
proteins may be valuable lead compounds for the development of novel wound healing medications. Our findings
would facilitate better understanding of the wound repair mechanisms of royal jelly.
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Background

Royal jelly, food given exclusively to larvae and queen
bees, is synthesised and secreted by the glands located in
the hypopharynx and mandible of nurse honeybees. It is
composed of 60-70% water, 11-23% carbohydrate, 9—
18% protein, 4—8% lipid and 0.8—3% other compounds
such as vitamins, salts, amino acids and minerals [1-4].
To date, major royal jelly proteins (MR]JPs) consisting of
nine members (MRJP1-9) with molecular weight from
49 to 87 kDa have been identified in royal jelly and taken
up 83-90% of its total protein content [5].

Many studies have reported that royal jelly possesses a
plethora of biological activities, including antimicrobial
[6-9], anti-inflammatory [10], anti-tumour [11], antioxi-
dant [12], immunomodulatory [13] and growth-
promoting [14] effects. What is more, it has been docu-
mented to be used in folk medicine for the facilitation of
wound healing since ancientry [15]. Although some
studies have indicated that topical application of royal
jelly can shorten the period of infected or uninfected
wound healing in animal models and even diabetic foot
ulcers [16-18], the substances and precise mechanisms
associated with wound healing are still poorly investi-
gated. Previous studies merely reported that royal jelly
components, especially 10-hydroxy-2-decenoic acid (10-
HDA) and defensin-1, might accelerate wound healing
through anti-inflammation, promoting synthesis of
growth factors, or migration of skin fibroblasts or kerati-
nocytes [15, 19-22]; MRJPs could induce proliferation of
several human cell lines [23].

Wound healing generally occurs naturally without any
external interference. Nevertheless, if handled improp-
erly or not dealt with promptly, wounds easily become
infected. Clinical treatment of wounds may involve
cleaning, disinfection, suturing, antibiotic treatment and
dermatoplasty. To date, there is no effective medicine or
therapeutic method for the treatment of intractable
wounds such as gravely infected wounds or diabetic foot
ulcers, resulting in significant suffering to patients,
seriously affecting their quality of life, and imposing a
severe financial burden on both families and society. It is
therefore of significant clinical importance to discover
pharmacologically-active substances that create condi-
tions conducive to the process of wound healing and to
clarify the precise molecular mechanisms related to their
actions.

Here, we explored the wound-repairing activity of
royal jelly proteins using keratinocytes which are a type
of cells prominently spread in epidermis and are critical
in wound healing process, particularly in epithelializa-
tion. A water-soluble protein fraction mainly consisting
of MRJP2, MRJP3 and MRJP7 was found to induce
proliferative and migratory effects in human epidermal
keratinocytes (HaCaT) without obvious cytotoxicity,
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implying the potential of MRJPs in the healing of cuta-
neous wounds. This is the first report that royal jelly
may improve wound closure via MRJP-induced cellular
proliferation and migration. Our findings facilitate
greater understanding of the wound-healing actions of
royal jelly and suggest that MRJPs may have potential
applications in the treatment of wound healing disorders
and diabetic foot ulcers.

Methods

Cell culture

A human epidermal keratinocyte cell line (HaCaT cells,
DSMZ No. 771) was purchased from DSMZ, Germany,
and was routinely cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Hyclone, USA) containing
10% foetal bovine serum (FBS) (Hyclone, USA) and 1%
penicillin-streptomycin  solution (TransGen Biotech,
China) at 37°C in an incubator with humidified atmos-
phere and 5% COs,.

Royal jelly sample

Fresh royal jelly produced by Fengqiang No. 1 (Apis mel-
lifera ligustica) offspring colonies was harvested from a
local apiary in Jiangsu Province, P.R. China, and was de-
posited in a freezer (- 20 °C) prior to use. No permission
was necessary for the collection of royal jelly.

Fractionation of royal jelly

Royal jelly (10g) was homogenized in 40 ml of phos-
phate buffered saline (PBS). Extraction of water-soluble
proteins: the royal jelly homogenate was vortexed vigor-
ously at intervals then left to stand on ice over a period
of 30 min. The supernatant obtained following centrifu-
gation at 10,000xg for 40min at 4°C was dialysed
against 2 L of PBS for 3 days at 4°C. The dialysate was
further centrifuged as previously, which was followed by
lyophilising the final supernatant in a freeze dryer
(Thermo Fisher Scientific, USA) and then storing at —
80°C before use. The concentration of water-soluble
proteins was determined using BCA protein assays [24].
Approximately 50 mg of lyophilised protein was recon-
stituted in 10 ml of deionised water, 500 pl of which was
subjected to an AKTA™pure system (GE Healthcare,
USA) fitted with a Tricorn™ Superdex 75 Increase 10/
300 GL high performance column (10 x 300 mm, 9 um,
GE Healthcare, USA). Deionised water (0.7 ml/min) and
2280 nm wavelength were applied for elution and efflu-
ent absorbance detection, respectively. Fractions derived
from discrete absorbance peaks were collected and
lyophilised.

Electrophoretic analysis of fractions
Fractionated proteins were analysed electrophoretically
using 12% SDS-PAGE gels in which Blue Plus Protein
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Marker (Transgen, China) was included as a molecular
weight protein standard. Electrophoresis was followed by
staining the gels with Coomassie Brilliant Blue R-250 to
preliminarily analyse the protein composition in each
fraction.

MTT cell viability assay

HaCaT cells (100 pl) suspended in DMEM at a density of
5x 10* cells/ml were seeded onto each well of 96-well
plates and incubated at 37 °C for 24 h in a CO, incuba-
tor. The medium was replaced with serum-free DMEM
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for cell starvation for 12h, and the cells were subse-
quently treated with royal jelly fractions, bovine serum
albumin (BSA, 3.2 ug/ml) or serum-free DMEM (con-
trol) for 24, 48 or 72 h. Then, they were incubated for a
further 4 h after addition of 10 pl of 5 mg/ml 3-(4,5-Di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution (Beyotime, China). The generated for-
mazan crystals were dissolved in 100 ul of DMSO fol-
lowing removal of the supernatant. Cell viability was
determined by the absorbance at 492 nm in an Infinite
F50 plate reader (Tecan, Austria), and expressed as %
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Fig. 1 Isolation of proteins from royal jelly. a Fractionation of royal jelly water-soluble proteins using an AKTA™pure system. The elution positions/
retention times of Fractions 1 and 2 are indicated. b SDS-PAGE analysis of the protein content of the collected fractions. Lane 1 and lane 2 are
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cell viability = absorbance of protein treated cells/absorb-
ance of serum-free medium treated cells x 100%.

Scratch-wound assays

Cell migration effects were evaluated using scratch-wound
assays. Culture-Inserts (ibidi, Germany) were placed in each
well of 24-well plates. A volume of 70 pl of HaCaT cells
(5 x 10° cells/ml) was seeded in each cell of the Culture-
Insert and cells were cultured as monolayers to confluency
for about 18 h in a CO, incubator. Culture-Inserts were re-
moved carefully to form an approximately 500-pum-wide
cell free gap, and cells were washed twice to remove non-
adherent cells. To observe the effects of royal jelly protein
fractions on keratinocyte migration, cells were treated with
a series of the protein fractions at different concentrations
prepared in serum-free DMEM or with serum-free medium
(control). The wounded cell monolayer was observed under
a phase-contrast microscope (Olympus, Tokyo, Japan) and
images (three per well, captured randomly) were taken at 0
and 24 h following the infliction of wounds which was a cell
free nick created by Culture-Inserts [25]. Closure of
wounds was measured using Image ] software (National

(2019) 19:175

Page 4 of 16

Institutes of Health, Bethesda, MD, USA). Wound closure
rates were expressed as percentages of the wound area
closed at 24 h relative to the initial area of the cell-free re-
gion at 0 h. Three replications of each treatment were in-
cluded in each experiment and all experiments were
replicated independently three times.

Identification and quantitative analysis of fractions
possessing bioactivity

Label-free protein quantification was performed using
an Easy nanoLC 1200 chromatograph (Thermo Scien-
tific, USA) and Q Exactive HF-X mass spectrometer
(Thermo Scientific, USA) to identify and quantify the
proteins in the fraction displaying bioactivity. Briefly,
samples were loaded onto a pre-column (Acclaim™
PepMap™ 100 C18, 2 cm x 100 um, 5 um, Dionex, USA)
and an analytical column (Reprosil-AQ Pur C18, 15 cm x
150 pm, 1.9-pum particle, Dr. Maisch, Germany) that was
eluted with a linear gradient formed from 95% Solvent A
(formic acid/water, 0.1/99.9, v/v) + 5% Solvent B (formic
acid/acetonitrile (ACN)/water, 0.1/80/19.9, v/v/v) to 10%
Solvent A +90% Solvent B over 60 min. In the Easy-
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Fig. 2 Proliferative effects of protein fractions on human epidermal keratinocytes (HaCaT) after incubation for 24 h, 48 h or 72 h, as evaluated by
MTT assays. a Proliferative effects of Fraction 1 on HaCaT cells. b Proliferative effects of Fraction 2 on HaCaT cells. Results are expressed as the
mean + SEM of at least seven determinations for each test from three independent experiments. Statistical significance of differences: *, p < 0.05;
** p <001, ** p<0001; # p<0.05; ##, p < 0071; #i##, p <0001 (* and # indicate comparisons with control conditions for proliferative and
cytotoxic effects, respectively). BSA, bovine serum albumin, 3.2 ug/ml
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spray ion source, the spray voltage and the heated capil-
lary temperature were set to 3.2kV and 320°C,
respectively. Proteins were identified by searching the
C101SC18010979-uniprot-Apis-mellifera protein data-
base. Percentages of proteins were calculated by the area
of absorption peak of each protein relative to that of
total protein.

Functional analysis of the proteins identified in bioactive

fractions

The structural features and potential functions of the
proteins present in the bioactive fractions were
analysed and annotated by InterPro [26], Cluster of
Orthologous Groups (COG) [27], Gene Ontology
(GO) [28], and Kyoto Encyclopedia of Genes and
Genomes (KEGG) [29] databases in conjunction with
BLAST search [30].

Statistical analysis

GraphPad Prism 5.0 software (GraphPad Software Inc.,
CA, USA) was employed for statistical analysis, in which
one-way ANOVA was used for comparisons of variance.
Results with p-values less than 0.05 were regarded to
be statistically significant. Values were expressed as
means + SEM.
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Results

Isolation and electrophoretic analysis of proteins from
royal jelly

Isolation of royal jelly proteins by size exclusion chroma-
tography using an AKTA™pure system (GE Healthcare,
USA) revealed that two major protein peaks (Fraction 1
and Fraction 2) were eluted at retention times of about
9.5 and 18 min, respectively (Fig. 1la). SDS-PAGE
analysis indicated that Fraction 1 was composed of a
single protein band with molecular weight of around 55
kDa, and Fraction 2 of two protein bands with molecular
weights of 50-60 kDa (Fig. 1b).

Proliferative effect of protein fractions on human
epidermal keratinocytes

The proliferative effect of the royal jelly proteins in these
fractions on HaCaT cells was examined. Regardless of
the duration of treatment, Fraction 1 was found to be
devoid of growth-promoting activity on the cell line at
concentrations up to 40 ng/ml and demonstrated severe
cytotoxicity at high concentrations (Fig. 2a), which was
similar to the effects of MRJP1 (data not shown). By
contrast, Fraction 2 exhibited the efficacy of facilitating
the proliferation of HaCaT cells at 0.8 and 1.6 pg/ml
without causing obvious toxicity at any concentration.
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Fig. 3 Migratory effects of Fraction 2 on keratinocytes in the in vitro scratch wound assay. a Migration of HaCaT cells observed at x100 magnification,
0 and 24 h post-scratching. b Rate of wound healing, as calculated using Image J software. Wound closure rate % = (the scarification area at 0 h — the
scarification area at 24 h) / the scarification area at 0 h x 100%. Three randomly captured scarification areas were measured in each well. Results are
expressed as the mean + SEM of at least three determinations for each test from three independent experiments. Statistical significance of differences:
¥ p <005 *% p<001;** p <0001 (* comparisons versus control conditions)
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Table 1 Identification and quantification of proteins in Fraction 2
Accession Description Abundances Percentages
AOATQIN6GO Major royal jelly protein 2 OS = Apis mellifera carnica GN=MRIP2 PE=4 SV =1 12095077555 56.443%
D3Y5T0 Major royal jelly protein OS = Apis mellifera GN =MRIP3 PE=2 SV =1 6424005583 29.979%
077061 Major royal jelly protein 2 OS = Apis mellifera GN =MRJP2 PE=1 SV =1 788699090.3 3.681%
AOA087ZRA1 Uncharacterized protein OS = Apis mellifera PE=3 SV =1 540461377.8 2.522%
Q6IMJ9 Major royal jelly protein 7 OS = Apis mellifera GN = MRIP7 PE=2 SV =1 345406314 1.612%
018330 Major royal jelly protein 1 OS = Apis mellifera GN =MRJP1 PE=1 SV =1 202611735 0.946%
AOA0877W88 Uncharacterized protein OS = Apis mellifera PE=4 SV =1 174868784 0.816%
AOA087ZQI5 ATP synthase subunit alpha OS = Apis mellifera GN = Atp5al PE=3 SV =1 130414480 0.609%
AOAO87ZRE3 Elongation factor 1-alpha OS = Apis mellifera GN =EF1a-F2 PE=3 SV =1 1172948911 0.547%
AOA088A436 Tubulin alpha chain OS = Apis mellifera GN = LOC550827 PE=3 SV =1 1134091616 0.529%
AOA088AN20 Uncharacterized protein OS = Apis mellifera GN =RplL40 PE=4 SV =1 65715884.16 0.307%
Q42JX1 Major royal jelly protein 9 OS = Apis mellifera GN = MRJP9 PE=2 SV =1 58901241 0.275%
AOA0872Q27 Uncharacterized protein OS = Apis mellifera PE=3 SV =1 44876322.19 0.209%
AOAOB8AMBS8 ATP synthase subunit beta OS = Apis mellifera GN = Atp5b PE=3 SV =1 30241432 0.141%
AOAOBBAEZ4 Tubulin alpha chain OS = Apis mellifera GN = LOC552766 PE=3 SV =1 24948560 0.116%
AOAOBBA5A6 Uncharacterized protein OS = Apis mellifera GN =LOC409481 PE=3 SV =1 20733956.13 0.097%
W8S9B2 Actin (Fragment) OS=Nosema ceranae PE=3 SV =1 19727244.75 0.092%
HOKL77 Histone H4 OS = Apis mellifera GN = LOC724757 PE=3 SV =1 17945946.88 0.084%
AOA087ZNX0 Uncharacterized protein OS = Apis mellifera GN =Rab11 PE=4 SV =1 16626939 0.078%
AOA0877SC1 Tubulin beta chain OS = Apis mellifera GN =LOC410559 PE=3 SV =1 1475153247 0.069%
AOA088AJJ6 Uncharacterized protein OS = Apis mellifera GN =1L0C411989 PE=3 SV =1 14168904 0.066%
AOAO0BBAGJ8 Uncharacterized protein OS = Apis mellifera GN =LOC410620 PE=3 SV =1 11988349 0.056%
AOAOBBA5X7 Uncharacterized protein OS = Apis mellifera GN = LOC409167 PE=4 SV =1 11909793.5 0.056%
AOA088A3F4 Uncharacterized protein OS = Apis mellifera GN =OC727045 PE=4 SV =1 11490301.06 0.054%
AOAO88A2AS5 Uncharacterized protein OS = Apis mellifera GN =LOC552272 PE=3 SV =1 11100238 0.052%
AOA087ZUL8 Uncharacterized protein OS = Apis mellifera GN =RpS15 PE=3 SV =1 10443703 0.049%
AOA087ZR05 Uncharacterized protein OS = Apis mellifera GN=Rpn11 PE=4 SV =1 9778002 0.046%
AOA0872V73 Uncharacterized protein OS = Apis mellifera GN =LOC724873 PE=4 SV =1 8411322 0.039%
AOA087ZMS7 Uncharacterized protein OS = Apis mellifera GN =Rab39 PE=4 SV =1 7275442125 0.034%
AOA088A6D6 Uncharacterized protein OS = Apis mellifera GN=Ndufs3 PE=3 SV =1 6409224.875 0.030%
AOAO88A7D1 Uncharacterized protein OS = Apis mellifera GN =LOC410306 PE=3 SV =1 6343857.5 0.030%
AOA088A8FO Putative H3K9 methyltransferase OS = Apis mellifera GN = 685996 PE=4 SV =1 6048775.25 0.028%
AOA08772YZ1 Tubulin beta chain OS = Apis mellifera GN = LOC408782 PE=3 SV =1 6014038.938 0.028%
AOA0B4J2NO Uncharacterized protein OS = Apis mellifera GN = LOC550794 PE=3 SV =1 4973486.5 0.023%
AOAOB4J2L4 Uncharacterized protein OS = Apis mellifera GN = LOC410026 PE=3 SV =1 4117948.25 0.019%
AOAO088AIY2 Uncharacterized protein OS = Apis mellifera GN =mago PE=4 SV =1 4084139.625 0.019%
AOAOBBAFT2 40S ribosomal protein S6 OS = Apis mellifera GN =LOC725647 PE=3 SV =1 3911799438 0.018%
AOAOBBATI7 Uncharacterized protein OS = Apis mellifera GN = LOC409126 PE=4 SV =1 3841522.813 0.018%
AOA087ZMT8 Uncharacterized protein OS = Apis mellifera PE=4 SV =1 3634688.25 0.017%
AOA087ZZN8 Proteasome subunit alpha type OS = Apis mellifera GN=Prosalpha5 PE=3 SV =1 3591316 0.017%
AOA0872V06 40S ribosomal protein S8 OS = Apis mellifera GN =Rps8 PE=3 SV =1 3381020.75 0.016%
AOAO88AGT4 Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial 3201888.25 0.015%
OS = Apis mellifera GN=SdhA PE=3 SV =1
AOAO0BBADQ6 Uncharacterized protein OS = Apis mellifera PE=3 SV =1 2594249.063 0.012%



Lin et al. BMC Complementary and Alternative Medicine

(2019) 19:175

Page 7 of 16

Table 1 Identification and quantification of proteins in Fraction 2 (Continued)

Accession Description Abundances Percentages
AOA088A2I2 UDP-glucose 6-dehydrogenase OS = Apis mellifera GN = LOC413356 PE=3 SV =1 2218352.25 0.010%
AOA088A9VE Uncharacterized protein OS = Apis mellifera PE=3 SV =1 2212138 0.010%
AOA087EPBO Cell division protein FtsZ OS = Lactobacillus kunkeei GN =ftsZ PE=3 SV =1 2057526.938 0.010%
AOAOBBANZO Uncharacterized protein OS = Apis mellifera GN = LOC551093 PE=3 SV =1 1902225 0.009%
AOAO88ARA9 60S ribosomal protein L13 OS = Apis mellifera GN=RpL13 PE=3 SV =1 1656290.5 0.008%
AOAO087EQF2 6-phosphogluconate dehydrogenase, decarboxylating OS = Lactobacillus kunkeei 1644316.875 0.008%
GN=JI66_01835 PE=3 SV =1
AOA088A2L4 Uncharacterized protein OS = Apis mellifera PE=3 SV =1 1338471375 0.006%
V5T859 Glyceraldehyde-3-phosphate dehydrogenase OS=Bifidobacterium sp. Bin2N PE=3 SV =1 1259643.5 0.006%
AOAOBBAEV2 Uncharacterized protein OS = Apis mellifera GN =RplL26 PE=4 SV =1 1221172 0.006%
AOA087ZW54 Elongation factor Tu OS = Apis mellifera GN = LOC408328 PE=3 SV =1 1219225375 0.006%
AOAO88AFM4 Uncharacterized protein OS = Apis mellifera GN =TER94 PE=3 SV =1 1214927.25 0.006%
D3J708 MRIJP5 OS = Apis mellifera PE=2 SV =1 802286.1875 0.004%
AOAOB4J2P2 Uncharacterized protein OS = Apis mellifera GN =LOC551386 PE=3 SV =1 788959.9375 0.004%
AOAQOBBATP8 Tubulin alpha chain OS = Apis mellifera PE=3 SV =1 654735875 0.003%
AOA087ZUPO Uncharacterized protein OS = Apis mellifera GN = 14-3-3epsilon PE=3 SV =1 638754.125 0.003%
AOA088AJO1 Mitogen-activated protein kinase OS = Apis mellifera GN=rl PE=4 SV =1 616170.75 0.003%
AOAQ087ZMS5 Uncharacterized protein OS = Apis mellifera PE=4 SV =1 579576 0.003%
AOA087EQE2 S-adenosylmethionine synthase OS = Lactobacillus kunkeei GN = metK PE=3 SV =1 554618.25 0.003%
AOA088AOW4 Uncharacterized protein OS = Apis mellifera GN=Flo1 PE=3 SV =1 3339822188 0.002%
AOAOBBANCS APD-3-like protein; Apidermin 1-like protein; Apidermin 3-like protein OS = Apis 332523.6875 0.002%

mellifera GN =apd-3 PE=4 SV =1

When treated with 0.8 ug/ml of Fraction 2, cell growth
continued for 48 h (Fig. 2b).

Cell migratory effects of protein fractions in an in vitro
scratch wound model

Fraction 2, which showed proliferative effects and was
nontoxic in keratinocytes, was investigated further for its
migratory effects on HaCaT cells in an in vitro scratch
wound model. Activity on cell migration was measured
as the rate of wound coverage over a period of 24 h. As
the micrograph in Fig. 3a, at the end of the 24-h treat-
ment, the scratch wound treated with Fraction 2 at the
tested concentrations appeared to be much narrower
than the vehicle control. The healing rate of keratino-
cytes treated with 1.6 pg/ml of Fraction 2 (53%) was
dramatically higher than that of the medium-only
control at 24 h (Fig. 3b), implying that Fraction 2 could
facilitate keratinocyte migration and may possess poten-
tial in wound healing.

Identification and quantification of bioactive protein
fractions

The proteins present in Fraction 2 were successfully
identified and quantified using Label-free protein quanti-
fication in which absorption peak areas were used for
protein quantification and MS/MS fragment ions were

used for protein identification. It resulted in identifica-
tion of a total of 63 proteins including MRJPs, protein
kinase and ATP synthase, among which MRJP2 (60%),
MRJP3 (30%), MRJP7 (2%), MRJP1 (1%) were the most
abundant and characteristic (Table 1). The total ions
chromatograph (TIC) of Fraction 2 and the canonical
MS/MS fragmentation sequencing spectrums of the
identified MR]JPs are shown in Fig. 4.

Bioinformatic analysis of the proteins identified in fraction 2
InterPro protein domain classification revealed that the
majority of proteins in Fraction 2 shared the typical
domain with major royal jelly proteins (Fig. 5), which
was consistent with the mass spectrometric results.
According to the COG functional annotation, most pro-
teins were related to translation, ribosomal structure and
biogenesis (function class J), posttranslational modifica-
tion, protein turnover, chaperones (function class O),
and carbohydrate transport and metabolism (function
class G) (Fig. 6 and Table 2), suggesting that these
proteins might promote wound healing through the
enhancement of protein synthesis. The GO analysis
interpreted the roles of proteins in cells, indicating that
the most enriched proteins contributed to the translation-
associated biological process (Fig. 7). The KEGG pathway
analysis illustrated the potential functions and metabolic
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procedures of proteins in biological system. In accordance
with COG and GO analysis, many proteins were con-
cerned with transport and catabolism (cellular processes),
and translation (genetic information processing) (Fig. 8). It

is noteworthy that masses of proteins (21 proteins) were
in connection with human diseases such as Non-alcoholic
fatty liver disease, Alzheimer’s disease, Parkinson’s disease
and HTLV-I infection.
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Protein domain

Fig. 5 InterPro protein domain classification of proteins identified in Fraction 2
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Discussion

Cutaneous wound healing impairment has always been a
serious health problem as it may result in ulcers, relapse,
amputation and even death. Over the past decades, with
the high incidence of diabetes, an increasing number of

patients are suffering from one of the most typical com-
plications—foot ulcers. Only about half of all such ulcers
can be cured and there is a high risk of relapse. It has
been reported that one amputation occurs every 30s
and as many as 2,500 patients undergo some form of
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Fig. 6 COG function classification of proteins identified in Fraction 2

C: Energy production and conversion (5)

D: Cell cycle control, cell division, chromosome partitioning (2)
G: Carbohydrate transport and metabolism (9)

H: Coenzyme transport and metabolism (1)

J: Translation, ribosomal structure and biogenesis (12)

K: Transcription (1)

L: Replication, recombination and repair (1)

M: Cell wall/membrane/envelope biogenesis (2)

O: Posttranslational modification, protein turnover, chaperones (11)
R: General function prediction only (6)

T: Signal transduction mechanisms (1)

Z: Cytoskeleton (2)
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amputation every single day [31]. According to the Inter-
national Diabetes Federation (IDF), the diabetic popula-
tion worldwide is predicted to increase to 592 million in
2035. At present, suturing and skin-grafting are the pri-
mary therapies used to treat deep or large defective
wounds, and antibiotic therapies are usually applied to
infected wounds. There is still no effective agent that
promotes the healing of either intractable wounds or
diabetic foot ulcers. The discovery and development of
novel wound repairing drugs and treatments is thus of
significant importance.

Wound healing is a complicated dynamic process
which generally involves three consecutive and interre-
lated phases — inflammatory reactions, proliferative
stage and tissue remodelling [32]. An inflammatory
reaction occurs in the early stages of wound formation,
in which inflammatory cells phagocytose bacteria and
cell debris from necrotic tissue, serving as a form of
wound cleaning. Subsequently, fibroblasts proliferate to
promote the synthesis of extracellular matrix, while
granulation tissue grows at the bottom and edges of the
wound, filling up the incisions that will be covered by
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proliferative and migrating basal cells to form an epithe-
lial monolayer. Keratinocytes then proliferate and move
towards the centre of the wound, thereby covering the
wound surface and completing wound healing. The pro-
liferation, migration and differentiation of fibroblasts
and keratinocytes thus plays a vital role in wound re-
epithelialization and reparation [33-36].

In this study, we attempted to evaluate the efficacy of
royal jelly proteins on human epidermal keratinocytes to
identify bioactive components of royal jelly with wound-
healing activity and their mechanisms. Following
fractionation of royal jelly water-soluble proteins, SDS-
PAGE analysis showed that Fraction 1 was a relatively
pure protein with a mass of 55kDa, most likely MRJP1,
and Fraction 2 was a mixture of proteins with molecular
weights ranging from 50 to 60 kDa (Fig. 1). Fraction 1
was ineffective in wound healing and was even toxic to
the growth of HaCaT cells, while Fraction 2 induced
some cell growth (Fig. 2). Compared with being incu-
bated with BSA, cells incubated with Fraction 2 showed
a significant increase in cell growth (Fig. 2b), suggesting
that the proliferative effects of Fraction 2 were different
from the nutritive effects of BSA. In addition, as pure
MRJP1 and Fraction 1 had very similar profiles and
biological effects on the cell viability of HaCaT (data not
shown), Fraction 1 was further confirmed as MRJP1. It

was surprising that MRJP1, the most abundant MRJP
[37], reported to possess various bioactivities [14, 38, 39]
including weak up-regulation of mRNA expression of
cytokines (TNF-a, IL-1p and TGF-p) in cultured human
primary keratinocytes [40], was found to be devoid of
having an effect on HaCaT cell growth. Owing to the
toxicity and inefficacy of MRJP1, we only investigated
Fraction 2 further for its cell migratory effects on an in
vitro scratch wounding model. The proportion of wound
healing induced by Fraction 2 (1.6 pg/ml) was signifi-
cantly higher after 24 h incubation than that of the ve-
hicle control (Fig. 3b). As shown in Fig. 2b, however,
1.6 pg/ml of Fraction 2 had little effect on the growth of
HaCaT cells at 24 h; moreover, fraction samples used in
the wound scratching assay were reconstituted in
serum-free medium which had no effect on cell growth.
Therefore, effects of Fraction 2 on cell growth and
medium-induced cell proliferation in the wound closure
observed can be ignored. Fraction 2 may thus mediate
wound healing via keratinocyte migration.

Interestingly, Fraction 2 did not function in a strict
dose-dependent manner concerning its proliferative and
migration efficacy towards keratinocytes, efficacy declin-
ing at higher concentrations (Figs. 2b and 3). This
phenomenon might be caused by the antagonistic effect
of the complicated compositions within Fraction 2, and
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thus further purification of the fraction or expression of
each component as a pure recombinant protein would
be desirable to facilitate further functional investigation.
In addition, as the procedure of wound healing is com-
plex, involving various categories of cells, cytokines,
growth factors, and many other intracellular/extracellu-
lar components [41], it will be important to explore the
regulatory effects of these proteins on other types of
cells such as macrophages.

Qualitative and quantitative analysis of Fraction 2 re-
vealed that the main biologically-active components
were MRJP2, MRJP3 and MRJP7. COG analysis demon-
strated that MRJP2, MRJP3 and MRJP7 were associated
with carbohydrate transport and metabolism (Fig. 6 and
Table 2), which might be beneficial to the conversion
into nutrition such as proteins to promote wound heal-
ing. However, the precise mechanisms underlying the
wound healing activity need to be further investigated to
facilitate better understanding of the wound repair
functions of royal jelly in the future. This is the first ex-
perimental evidence that MRJP2, MRJP3 and/or MRJP7
may possess potential wound healing function, providing
valuable lead compounds to be developed into novel
wound repairing medications.

Conclusions

In this study, the potential wound healing activity of
royal jelly proteins was first time to be concerned. As a
result, MRJP2, MRJP3 and MRJP7 present in a water-
soluble protein fraction were speculated to possess
potential wound repairing activity. Our finding that
MRJPs may modulate wound healing by stimulating
keratinocyte growth and migration suggests that these
naturally-occurring proteins would be biomaterials with
potential for development as novel wound-healing
agents.
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