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A B S T R A C T

Cystatins are natural inhibitors of cysteine peptidases. Recently, cystatins derived from plants, named phyto-
cystatins, have been extensively studied. Among them, CsinCPI-2 proteins from Citrus sinensis were identified and
recombinantly produced by our group. Thus, this study described the recombinant expression, purification, and
inhibitory activity of this new phytocystatin against human cathepsins K and B and assessed the anti-in-
flammatory effect of CsinCPI-2 in vitro in mouse and in vivo in rats. In addition, the pro-osteogenic effect of
CsinCPI-2 was investigated in vitro. The inflammatory response of mouse macrophage cells stimulated with P.
gingivalis was modulated by CsinCPI-2. The in vitro results showed an inhibitory effect (p < 0.05) on cathepsin
K, cathepsin B, IL-1β, and TNF-α gene expression. In addition, CsinCPI-2 significantly inhibited in vivo the
activity of TNF-α (p < 0.05) in the blood of rats, previously stimulated by E. coli lipopolysaccharide (LPS).
CsinCPI-2 had a pro-osteogenic effect in human dental pulp cells, demonstrated by the increase in alkaline
phosphatase (ALP) activity, deposition of mineralized nodules, and the gene expression of the osteogenic
markers as bone morphogenetic protein 2 (BMP-2), runt-related transcription factor 2 (Runx-2), ALP, osteo-
calcin, and bone sialoprotein (BSP). These preliminary studies suggested that CsinCPI-2 has a potential anti-
inflammatory, and at the same time, a pro-osteogenic effect. This may lead to new therapies for the control of
diseases where inflammation plays a key role, such as periodontal disease and apical periodontitis.

1. Introduction

Immune-inflammatory processes involve a cascade of events trig-
gered by cellular mediators, mainly cytokines [1], which are the key
molecules in acute and chronic inflammation [2]. In this scenario, en-
zymes, such as cysteine peptidases (CPs), are also important molecules
that degrade components of the host tissue. Under pathological condi-
tions, the interplay between molecules such as cytokines, cysteine
peptidases, and their inhibitors cystatins, promote the onset and

progression of diseases associated with bone loss such us osteoarthritis,
rheumatoid arthritis, and periodontal disease [3].

Lysosomal cysteine cathepsins are a family of cysteine peptidases
which play an important role in bone resorption [4,5]. One of them,
cathepsin K (CTSK), is the major CP involved in bone resorption; it is
predominantly expressed in osteoclasts, and it is induced in osteoclast
differentiation [5,6]. CTKS is considered an important target for the
treatment of different bone diseases [7]. In vivo studies in mice showed
that CTSK gene deletion or silencing prevented bone loss through the
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reduction of osteoclast function and modulated the immune response in
experimental periodontitis and rheumatoid arthritis models [6,8].

Another CP involved in inflammatory diseases and pathological
processes is cathepsin B (CTSB) [9]. This enzyme participates in the
degradation of intracellular proteins and the components of the extra-
cellular matrix [10]. CTSB is also involved in various cellular processes
including cancer metastasis, myoblast differentiation, interleukin-1 (IL-
1) production, cell death, and it also mediates inflammation, since it is
necessary for tumor necrosis factor-alpha (TNF-α) and the secretion of
other pro-inflammatory cytokines, such as IL-1, IL-2, IL-6, and IL-8
[9,11,12]. In an in vitro study, CTSB inhibition reduced the production
of cytokines and showed anti-inflammatory activity in mouse macro-
phage cells stimulated by lipopolysaccharide [9].

Proteinaceous cysteine peptidase inhibitors are designated as cy-
statin, an emerging class of drugs that are potent antagonists of os-
teoclast activity [13]. Cystatins has been used due to its ability to in-
hibit CTSK and CTSB activity, and its use leads to reduced bone loss in
the osteoporosis process [14].

Cystatins are tight-binding competitive inhibitors that block the
proteolytic activity of cysteine proteinases [15]. Mammalian cystatins
are grouped into 3 family types; they are present in the human body
distributed in tissues and fluids [16,17].

The treatment of mouse bone marrow-derived cells in vitro and
calvarial cells in vivo with Cys C induced a high level of expression of
bone morphogenetic protein 2 (BMP-2) and run-related transcription
factor (2Runx-2) mRNA expression; important molecules involved in
osteogenesis [18]. Furthermore, stimulated Cys C increased alkaline
phosphatase (ALP) activity, the mineralization of the new bone matrix,
and calvarial bone formation [18]. Another Cystatin, Cys B, inhibits
bone resorption in rat osteoclasts by down-regulating intracellular Ctsk
activity [6].

Phytocystatins are cystatins derived from plants, and they are in-
volved in plant development and in response to biotic and abiotic
stresses. [19,20]. Among them, cystatins derived from sugarcane,
named CaneCPI-1 (canecystatin) [21], CaneCPI-2, CaneCPI-3 [22],
CaneCPI-4 [23,24], and CaneCPI-5 have been studied [25]. The first
study showing the inhibitory activity of these phytocystatins on CTSK,
CTSL, and CTSB was reported by Oliva et al. [26]. Later, the inhibitory
effect of canecystatin was demonstrated on human CTSB and CTSL
when canecystatin CaneCPI-4 inhibited the invasive ability of human
breast cancer cells [23]. More recently, a gene sequence encoding a new
phytocystatin named CsinCPI-2 from Citrus sinensis was cloned into the
eukaryotic expression vector pET28a (Novagen, Madison, WI, USA),
and was overexpressed in E. coli cells. Thus, the aim of this study was to
describe the expression, purification, and inhibitory activity of this new
phytocystatin (CsinCPI-2), identified in Citrus sinensis, and to assess the
anti-inflammatory effect of this protein, combining in vitro in mouse
macrophage cells and in vivo rats experiments. In addition, a pro-os-
teogenic effect of CsinCPI-2 was investigated in vitro (human dental
pulp cells).

2. Materials and methods

2.1. CsinCPI-2 cloning and recombinant expression in E. coli cells

Citrus sinensis cystatin, CsinCPI-2, was identified from the
Phytozome v 12.1 database [27] using the word “cystatin.” The signal
peptide prediction analysis was performed using SignalP version 4.1
[28], protein features, such as molecular mass and isoelectric point (pI),
were obtained using the ProtParam software [29]. The comparative
alignment to motif evaluation and similarity between CsinCPI-2 and
other phytocystatins (that present a higher identity with CsinCPI-2
protein with blastp tool analysis [30]) was made using the Multalin
program [31], with parameters of a maximum consensus value of 90%
and a minimum consensus value of 50%.

The coding region of 312 bp cystatin from Citrus sinensis, named

CsinCPI-2 (orange1.1g034261m - Phytozome) was synthetically syn-
thesized using the Epoch gene (Epoch Life Science, Missouri, TX, USA)
and cloned into a pBSK plasmid. The fragment of interest was isolated
with Nde I and Eco RI restriction enzymes, and cloned into expression
vector pET28a (Novagen, Madison, WI, USA) cut with the same en-
zymes, in frame, with a His-tag coding sequence. pET28aCsinCPI-2 was
sequenced in a MegaBACE 1000 Flexible Sequencer (GE Healthcare,
Chicago, IL, UK) using a DYEnamic ET Dye Terminator Kit (GE
Healthcare). Recombinant expression and purification were performed
as described [21]. Briefly, the expression vector, pET28aCsinCPI-2, was
used to transform the cells of E. coli Rosetta (DE3) to calcium chloride
components. The transformed cells were cultivated overnight at 37 °C in
50ml of a selective medium containing kanamycin and chlor-
amphenicol antibiotics (25 µg/ml) under agitation at 200 rpm. After
that, 5 ml of the culture was transferred to 500ml of medium con-
taining antibiotics, this culture was cultivated until it reached an optical
density (O.D.) of 0.6 at 600 nm when the protein expression was in-
duced by the addition of IPTG at a final concentration of 0.4mM. After
induction, the cells were collected, centrifuged, and resuspended in
10ml of lysing buffer (10mM Tris–HCl, 100mM NaCl, and 50mM
NaH2PO4, pH 8.0), the cells were disrupted by sonication five times for
1min at 30 s intervals. The lysate was centrifuged at 13,000g at 4 °C for
10min, and the supernatant and precipitate were analyzed in 15%
SDS–PAGE. The His-tagged recombinant protein was purified from the
supernatant using affinity chromatography with Ni-NTA agarose pro-
tein (Qiagen Hilden, NRW, DE), it was then eluted with the same buffer
containing increasing imidazole concentrations (10, 25, 50, 75, 100,
and 250mM). The fractions containing the purified protein were pooled
and dialyzed against phosphate-buffered saline (PBS) at a pH of 7.4.
The protein concentration was determined using a Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Inhibition of cathepsin activity

Human CTSK (EC 3.4.22.38, Sigma-Aldrich) and human CTSB (EC
3.4.22.1, R&D Systems) were tested for inhibition spectro-
fluorometrically with CsinCPI-2 cystatin. Briefly, CTSK (266,91 nM) or
CTSB (318,84 nM) was incubated in activity buffer (0.1M sodium
acetate buffer, 5 mM DTT, pH 5.5) in a final volume of 1ml for 5min at
37 °C. The fluorogenic substrate Z-Phe-Arg-AMC was added and the
cysteine peptidase activity was measured in a continuous assay in a
Shimadzu RF-5301PC spectrofluorometer at λex=380 nm and
λem=460 nm. The active enzyme concentration was determined by
titration with E-64 [30]. The inhibitory potential of CsinCPI-2 was de-
termined through Cts residual enzymatic activity in a continuous assay
after the addition of the inhibitor. The inhibition constants (Ki) were
determined by fitting the steady-state kinetics velocities to the Morison
equation for tight-binding inhibitors [32]. Briefly, by plotting vi/
vo= [I]/Ki,app (vo represents velocity in the absence of an inhibitor and
vi represents velocity in the presence of an inhibitor) using the GraFit
program (Erithacus Sofware, Horley, SRY, UK), Ki,app values were ob-
tained. Ki values were then calculated from the Ki,app values using the
equation Ki= Ki,app/(1+ [S0]/Km), where the following Km values
were used to correct for the substrate competition: 17.84 µM – CTSK
[33] and 23 μM – CTSB [34].

2.3. Anti-inflammatory activity of CsinCPI-2

The anti-inflammatory activity of CsinCPI-2 was evaluated in vitro
through the analysis of its inhibitory effect on the gene expression of
pro-inflammatory cathepsins K and B, and pro-inflammatory cytokines,
TNF-α and interleukin-1 beta (IL-1β) in the mouse macrophage cell line
RAW 264.7. In addition, the inhibitory effect of CsinCPI-2 on the ac-
tivity of TNF-α in the bloodstream was also investigated in rats, in vivo.
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2.3.1. In vitro study: Experimental design
2.3.1.1. Cell culture. The mouse macrophage cell line RAW 264.7 was
cultured in DMEM (Dulbecco's Modified Eagle Medium, Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum, 100 U/ml of
penicillin, 100 ug/ml of streptomycin under 5% CO2 in a 95%
humidified atmosphere at 37 °C until confluence.

2.3.1.2. Cell viability assay. Cell viability was measured through two
different assays, Alamar Blue (Thermo Fisher Scientific) and
Mitochondrial Dehydrogenase Enzymatic assay (MTT, Sigma-Aldrich,
St. Luis, MO, USA) according to the manufacturer’s instructions. A total
of 5x104 cells/ml were plated in 96-well plates, and the cells were
exposed to different concentrations of CsinCPI-2 (1.83 μM, 3.73 µM,
7.47 µM, 11.20 µM, and 16.60 µM) or α-MEM medium serum-free
(negative control group) for 24 h. The Alamar Blue assay incorporates
a fluorimetric redox indicator, and the fluorescence signal correlates
with metabolic activity and the viability of the cells. The oxidation-
reduction action was detected using a VERSAmax (Molecular Devices
LLC, San Jose, CA, USA) microplate reader and was analyzed using its
associated software, SoftMax®PRO 5 (Molecular Devices LLC). The MTT
assay is based on the ability of mitochondrial dehydrogenase enzyme in
converting the yellow water-soluble tetrazolium 3-(4,5-dimethyl-
thiazolyl)-2,5-diphenyl-tetrazolium bromide into violet formazan
compounds, whose absorbance is proportional to the number of living
cells. The optical density (OD=570 nm) was measured using a
VERSAmax (Molecular Devices LLC) automated microplate reader.

2.3.1.3. Selection of the pro-inflammatory stimulus. RAW 264.7 cells
were cultured on 6-well plates (2x105 cells/ml) and were stimulated
with either LPS of E. coli (1 μg/ml- E. coli O111: B4, Sigma-Aldrich) or
heat-inactivated bacteria P. gingivalis ATCC 3277 (107 UFC/ml and 108

UFC/ml) for 6, 12, and 24 h. Gene expression of cathepsins K, B, and
TNF-α were measured by RT-qPCR.

2.3.1.4. Quantitative Real-Time PCR (RT-qPCR). RNA was isolated
using an RNeasy kit (Qiagen) according to the instructions provided
by the supplier. The cDNA was synthesized from 1 μg of total RNA using
a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Life Technologies, Grand Island, NY, USA). The gene expression was
analyzed by qPCR in StepOne equipment (Applied Biosystems) using
TaqMan chemistry and pre-designed primers and probe sets (Gene
Expression Assays, Applied Biosystems). Primer/probe references were
as follows: CTSK (Mm00484039_m1), CTSB (Mm01310506_m1), TNF-α
(Mm00443259_g1), IL-1β (Mm01336189_m1), and the control GAPDH
(Glyceraldehyde 3-phosphate dehydrogenase) (Mm99999915_g1)
(Applied Biosystems). Duplicates were prepared for each reaction,
and the experiment was repeated three times independently (n= 6/
group). The determination of the relative levels of gene expression was
performed using the cycle threshold method and normalized to the
reference gene GAPDH. From this experiment, the best inflammatory
stimulus was selected.

2.3.1.5. Inhibitory effect of Csin-CPI2 on pro-inflammatory cathepsins and
cytokines. The RAW 264.7 cells were grown on 6-well plates (2×105

cells/ml). After confluence, the cells were stimulated with heat-
inactivated bacteria P. gingivalis ATCC 3277 (107 UFC/ml) and
treated with 3 different concentrations of CsinCPI-2: 3.73 µM,
7.47 µM, and 11.20 µM. The cells were collected at 12 and 24 h to
measure the expression of cathepsins K and B and the cytokines TNF-α
and IL-1ß. The samples were analyzed using RT-qPCR, as previously
described.

2.3.2. In vivo study
2.3.2.1. Experimental design. The study was performed at the
toxicology laboratory of the Natural Active Principles and Toxicology
Department under the supervision of the Institutional Animal Care and

Use Committee (CEUA #43/2015) of the School of Pharmaceutical
Sciences (Sao Paulo State University - Unesp). Forty male Wistar rats
weighing between 240 and 280 g were used. Femoral vein and artery
catheters were surgically implanted. The experiment was divided into
two stages. In the first stage, the animals (n=5 per group) received
single doses of CsinCPI-2 (0.82 mg/kg) via either IV or IP injection. In
the second stage, they received CsinCPI-2 single doses of 0.4mg/kg,
1.6 mg/kg, and 3.2mg/kg via IP. Fifteen min after CsinCPI-2
administration, an IV dose of LPS (100 μg/kg) was administered in
PBS followed by approximately 200 to 250 μl of blank saline. After,
blood samples were collected at two time points (45 and 60min)
through a femoral arterial catheter into tubes with 25 μl of sodium
heparin 5000 IU/ml (Hepamaz-S, Blau, Cotia, Brazil). The total blood
withdrawn per animal was less than 1% of the animal body weight.

2.3.2.2. Bacterial preparation. The dose of LPS (E. coli O111: B4,
#Lote# 091M4031, Aldrich-Sigma) was prepared in phosphate
buffered saline solution (PBS, pH 7.2 to 7.4) at a concentration of
2mg/ml. The dose volume used was 100 μg/kg administered via an IV.
All doses of LPS were freshly prepared on the day of the study.

2.3.2.3. Determination of plasma TNF-α concentration. The blood
samples were centrifuged at 500 rpm for 15min. The plasma samples
were collected and frozen at −20 °C until analysis. The plasma TNF-α
levels were determined by a commercial ELISA kit (KRC3012, Thermo
Fisher Scientific) and were carried out according to the manufacturer's
instructions.

2.4. Pro-osteogenic effect of CsinCPI-2

2.4.1. Cell culture
hPDC was obtained following a protocol approved by the local re-

search ethics committee (90278518.6.0000.5416). Cells were obtained
from the third molars of 3 donor patients (18–25 years old) which were
indicated for the extraction due to orthodontic reasons. Human pulp
dental cells (hDPCs) were cultured in α-MEM medium (Sigma-Aldrich),
supplemented with 10% fetal bovine serum, 100 U/ml of penicillin,
100 μg/ml of streptomycin, under 5% CO2 in 95% humidified atmo-
sphere at 37 °C until confluence. Cultured DPSCs in passage numbers
from two to six were used for all the experiments with similar results.

2.4.2. Cell viability assay
Cell viability in hPDC was determined by the Alamar Blue and MTT

assays. A total of 2x105 cells/ml were plated in 96-well plates, and the
cells were exposed to different concentrations (1.83 µM, 3.73 µM,
7.47 µM, 11.20 µM, and 16.60 µM) of CsinCPI-2 or α-MEM medium
serum-free (negative control group) for 24 h. Dimethyl sulfoxide
(DMSO) at a concentration of 20% was used as a positive control. The
same methodology was used as described before.

2.4.3. Alkaline phosphatase (ALP) activity
A total of 7×104 cells/ml was plated in 96-well culture plates and

exposed to CsinCPI-2 (1.83, 3.73, 7.47 e 16.60 µM) for 1, 3, 7, and
14 days. The ALP activity was evaluated using a commercial kit
(Labtest; Lagoa Santa, MG, Brazil) and the absorbance was measured at
590 nm in a spectrophotometer. Three independent experiments were
performed for each group, which were repeated six times. Data were
expressed as the ALP activity normalized with the number of viable
cells detected in the MTT assay in the respective culture period [35].

2.4.4. Alizarin red staining (ARS)
The hDPCs were plated (1×104 cells/ml) in 24-well culture plates

with α-MEM osteogenic supplemented with 50 μg/ml of L-ascorbic acid
(Sigma-Aldrich) and 10mM β-glycerophosphate (Sigma-Aldrich). The
hDPCs were exposed to CsinCPI-2 (3.73 µM) for 14 days. After that, the
cells were stained with 2% Alizarin red S (pH 4.1). The mineralization
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was quantified by dissolving the nodules with 500μ l of 10% cetylpyr-
idinium chloride solution (Sigma-Aldrich) and evaluating the optical
density of the solution in a spectrophotometer at 562 nm. Three in-
dependent experiments were performed in triplicate for each experi-
mental group.

2.4.5. RT-qPCR
hDPCs (2×105 cells/ml) were plated in 12-well plates. After 24 h

of exposure to CsinCPI-2 (3.73 µM) diluted in serum-free medium, the
RNA was extracted from the cells using Trizol (Invitrogen, Carlsbad,
CA, USA) according to the instructions provided by the supplier. The
gene expression was analyzed using qPCR, as described previously
(2.3.1.4). Primer/probe references were as follows: bone morphoge-
netic protein-2, BMP-2 (Hs00154192_m1); osteocalcin, OC
(Hs01587814_g1); alkaline phosphatase, ALP (Hs01029144_m1); bone
sialoprotein, BSP (Bt03212717_g1), Runt-related transcription factor 2,
RUNX-2 (Hs01047973_m1); and GAPDH (Hs02758991_g1). Each reac-
tion was prepared in triplicate, and the experiment was repeated three
times independently. The levels of target gene expression for each
sample group were calculated with the ΔΔCt method (fold expres-
sion=2 _ (ΔΔCt _ stdev)) compared to the control.

3. Statistical analyses

Statistical analyses were performed using GraphPad Prism version
5.0 software (GraphPad Software Inc., San Diego, CA). An ANOVA
followed by Bonferroni post hoc comparisons tests were used for the in
vitro experiments. ARS assay data were compared using a t-test. An
ANOVA followed by Tukey’s post hoc tests were performed to analyze
the inhibitory effect of Csin-CPI2 with raw cells. In the in vivo experi-
ment, Kruskal-Wallis followed by Dunn's post hoc test was used for the
intra- and inter-group analysis in the univariate analysis. In all the
procedures, a significance level of 5% was adopted for the decision on
the validity of the hypothesis tested.

4. Results

4.1. Heterologous expression and purification of CsinCPI-2

CsinCPI-2 (orange1.1g034261m - Phytozome) encodes a peptide
with 100 amino acid residues with a molecular weight of 11.18 kDa and
a pI of 6.73. Fig. 1 presents the multiple alignments between the amino
acid sequences of CsinCPI-2 and other phytocystatins that presented a
higher identity, highlighting the inhibitory motifs of cystatin and the
characteristic phytocystatins motif, LARFAVDEHN. CsinCPI-2 protein

presents a maximum of 67% identity with cystatins from other plants
(ramie - Boehmeria nivea (ALG38347.1) − 67%, Nalita Wood Trema
orientalis (POO01509.1) − 65%, Parasponia andersonii (PON74094.1)
− 64%, and cassava – Manihot esculenta (XP_021604509.1) − 62%).

The phytocystatin CsinCPI-2 was recombinantly expressed in E. coli
cells and was purified by immobilized metal affinity chromatography.
The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis revealed that cystatin was efficiently expressed in a
soluble form with a molecular mass of approximately 11.00 kDa, as
predicted from the amino acid sequence (Fig. 2). The yield of purified
protein was approximately 10mg/l of culture.

4.2. Inhibition of cysteine peptidases by CsinCPI-2

The ability of CsinCPI-2 cystatin to inhibit human CTSK and CTSB
activity was assessed in a fluorometric assay. The residual hydrolytic
activity of enzymes was measured after pre-incubation with the in-
hibitor added at increasing concentrations. The results indicate that the
activity of CTSK was significantly inhibited by CsinCPI-2 with ki of
5.15 nM, showing a strong interaction between the enzyme and in-
hibitor. In general, phytocystatins show good inhibitory activity against
human cathepsins [23,25,26,36]. However, whereas CsinCPI-2 was able
to inhibit CTSK, it showed weak inhibition of CTSB.

Fig. 1. The multiple alignment analysis of the amino acid sequences of CsinCPI-2 and phytocystatins that present a higher sequence identity with the protein.
CsinCPI-2 protein presents a maximum identity with ramie – Boehmeria nivea (ALG38347.1) − 67%, Nalita Wood Trema orientalis (POO01509.1) − 65%, Parasponia
andersonii (PON74094.1)− 64%, and cassava -Manihot esculenta (XP_021604509.1) − 62%. Conserved identical residues are marked in black boxes and white boxes
to show conserved residues with more than 50% identity. The regions highlighted by dotted boxes indicate the papain-like inhibitory motifs: (1) GG, (2) PW, (3)
QxVxG, and (4) the exclusive phytocystatins motif: [LVI] - [AGT] - [RKE] - [FY] - [AS] - [VI] -X- [EDQV] - [HYFQ] - N. The alignment was generated using the
Multalin program with default parameters.

Fig. 2. The recombinant expression, solubility test, and purification of CsinCPI-
2 protein. 15% SDS–PAGE stained with Coomassie blue showing in M:
Benchmark molecular mass marker (Invitrogen); (1) non-induced culture; (2)
crude extract of E. coli BL21(DE3) cells expressing CsinCPI-2 after 4 h of in-
duction; (3) soluble fraction after the disruption of induced cells; (4) insoluble
fraction after the disruption of induced cells; and (5) purified recombinant
CsinCPI-2.
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4.3. In vitro anti-inflammatory activity of CsinCPI-2

4.3.1. Cell viability assay on RAW 264.7 cells
Alamar Blue and MTT (Mitochondrial Dehydrogenase Enzymatic)

assays revealed that CsinCPI-2 had no cytotoxic effects for all the tested
concentrations in Raw 264.7 cells, the viability was similar to the ne-
gative control (P > 0.05) (Fig. 3).

4.3.2. Selection of inflammatory stimulus
To select the inflammatory stimulus, mouse macrophage cell line

Raw 264.7 cells were stimulated with bacterial LPS of E. coli (1ug/ml)
or with heat-inactivated bacteria P. gingivalis ATCC 3277 (107 UFC/ml
and 108 UFC/ml) and were measured using RT-qPCR after 6, 12, and
24 h. The heat-inactivated bacteria P. gingivalis (107 UFC/ml) presented
a higher expression of CTSK than the LPS of E. coli and P. gingivalis (108

UFC/ml) after 12 and 24 h of the stimulus. TNF-α presented an in-
creased expression at 6, 12, and 24 h time points with all the stimulus.
Again, P. gingivalis 107 UFC/ml induced a significantly higher stimulus
at 12 and 24 h (Fig. 3).

4.3.3. Effect of CsinCPI-2 activity on mRNA expression of cysteine
peptidases and proinflammatory cytokines

Raw 264.7 cells were stimulated with P. gingivalis 107 UFC/ml and
were treated with 3 different concentrations of CsinCPI-2 (3.73 µM,
7.47 µM, and 11.20 µM). After 12 and 24 h, the mRNA expressions of
cysteine peptidases (CTSK and CTSB) and pro-inflammatory cytokines
(TNF-α and IL-1β) were evaluated by PCR (RT-qPCR). The CTSK mRNA
expression decreased in both periods for all concentrations of CsinCPI-2.
After 12 h, CTSB showed no statistical difference in all the groups
tested; however, at 24 h and in both concentrations (3.73 µM and
7.47 µM), a significant decrease in the mRNA expression (P < 0.05)
was detected (Fig. 4). TNF-α and IL-1β mRNA expressions were in-
creased in all the groups after 12 h of the stimulus. At the 24 h time
point, TNF-α mRNA expression decreased in all the groups exposed to
CsinCPI-2. The IL-1β mRNA expression also decreased in all the tested
concentrations, but a statistical difference in relation to P. gingivalis 107

UFC/ml and the control group (P < 0.05) was only detected in the

7.47 μM concentration (Fig. 4).

4.4. In vivo anti-inflammatory activity of CsinCPI-2.

4.4.1. Effect of CsinCPI-2 on the TNF-α in the bloodstream of rats
First stage: The effect of CsinCPI-2 (0.82mg/kg), administered via

intravenous (IV) and intraperitoneal (IP) injection, on the activity of
TNF-α in the bloodstream of rats was assessed using an ELISA Test at
two time points (45 and 60min) after a challenge with 100 μg/kg LPS.
At the 45min time point, the activity of TNF-α decreased, and after
60min both routes of administration (IP and IV) showed a statistical
difference compared to the LPS group (Fig. 5).

Second stage: The effect of CsinCPI-2 in different concentrations
(0.4 mg/kg, 0.82mg/kg, 1.6 mg/kg, and 3.2mg/kg), administered via
an IP injection, on the activity of TNF-α in the bloodstream of rats was
measured using an ELISA Test at 2 time points (45 and 60min) after a
100 μg/kg LPS challenge (IV). At 45min, the activity of TNF-α de-
creased in all the concentrations tested administered via an IP injection;
it reached a significant statistical difference at 60min at a concentra-
tion of 0.82mg/kg when compared to the LPS group. (Fig. 5)

4.5. Pro-osteogenic effect of CsinCPI-2

4.5.1. Cell viability assay on hDPCs
Alamar Blue and MTT viability assays revealed that CsinCPI-2 had

no cytotoxic effects for all the tested concentrations in hDPCs. In the
Alamar Blue assay, there was no significant difference in the cell via-
bility at the tested concentrations when compared to the negative
control (P > 0.05). In the MTT assay, the cell viability was higher for
all the concentrations compared to the negative control (P < 0.05)
(Fig. 6).

4.5.2. ALP activity
On the first day of hDPC exposure to CsinCPI-2, there were no cy-

totoxic effects in all the tested concentrations when compared to the
control (P > 0.05). At the 3rd and 7th days, the hDPC viability ex-
posed to CsinCPI-2 was similar (P > 0.05) or lower than the control

Fig. 3. Effect of CsinCPI-2 on cellular via-
bility (A-B) and the selection of a pro-in-
flammatory stimulus (C-D). Raw 264.7 cells
(5×104) were grown in 96-well plates, in-
cubated for 24 h with different concentra-
tions (1.83 µM, 3.73 µM, 7.47 µM,
11.20 µM, and 16.60 µM) of CsinCPI-2 or a-
MEM medium serum-free (negative control
group) and 20% dimethyl sulfoxide (DMSO)
(positive control), which were evaluated by
Alamar Blue (A) and MTT (B) assays. Cells
were also stimulated with LPS of E. coli
(1 μg/ml) with heat-inactivated bacteria P.
gingivalis ATCC 3277 (107 UFC/ml and 108

UFC/ml) or a-MEM medium serum-free
(negative control group), the pro-in-
flammatory stimulus was determined by the
mRNA expression of CTSK (C) and TNF-α
(D) genes in RAW 264.7 cells after 6, 12,
and 24 h of treatment. PC, positive control.
NC, negative control. C. Negative control.
P.g. 107, P. gingivalis (107 UFC/ml). P.g. 108,
P. gingivalis (108 UFC/ml). LPS, LPS of E.
coli. In A and B: * represents a statistical
difference (p < 0.05) from the PC; # re-
presents a statistical difference (p < 0.05)
from the NC. In C and D: * represents a
statistical different (p < 0.05) from the LPS
of E. coli; # represents a statistical difference
(p < 0.05) from the control (n=6).
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(P < 0.05). At the 14th day, the hDPCs exposed to CsinCPI-2 at low
concentrations (1.83 and 3.73 µM) had a higher cell viability than the
control (P < 0.05). The ALP activity was inversely proportional to the
concentration of CsinCPI-2, that is, at lower concentrations, there was a
higher activity of ALP. The highest ALP activity (P < 0.05) was

observed at the 7th and 14th day of treatment with CsinCPI-2 at the
lowest concentrations (1.83 and 3.73 µM), as shown in Fig. 7A.

4.5.3. Alizarin red staining (ARS)
After 14 days of hDPC exposure, CsinCPI-2 (3.73 µM) had a

Fig. 4. Effect of CsinCPI-2 activity on cathepsin and cytokine gene expression. CTSK (A-B) and CTSB (C-D), TNF- α(E-F), and IL-1β (G-I) mRNA expression in Raw
264.7 cells (2× 105 cell/well) after 12 and 24 h of P. gingivalis 107 UFC/ml stimulus, and treatment with different concentrations of CsinCPI-2. The phytocystatin
inhibited the expression of CTSK gene after 12 and 24 h and CTSB gene after 24 h of treatment with CsinCPI-2. # represents a statistical difference (p < 0.05) from
the control; * represents a statistical difference from the LPS of E. coli. (n= 6). Pg7, P. gingivalis (107 UFC/ml).
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significant stimulatory effect on the formation of mineralized nodules
(P < 0.05) when compared to the control (Fig. 7B).

4.5.4. Quantitative real-time PCR
At day one and three, the hDPCs exposed to CsinCPI-2 (3.73 µM)

overexpressed BMP-2 by 40 and 108 times, respectively, in relation to
the control group (P < 0.05). At days 7 and 14, the hDPCs exposed to
CsinCPI-2 had an increase in RUNX-2 mRNA expression by approxi-
mately 1.9- and 1.4-fold, respectively, compared to the control
(P < 0.05). ALP mRNA expression had an increase of approximately
1.15-fold at 7 days (P < 0.05), OC increased at 3 days (approximately
1.36-fold increase), and at 7 days (approximately 1.21-fold increase)
(P < 0.05), BSP mRNA expression was high (approximately 1.43-fold
increase) in the first day of exposure to CsinCPI-2 (P < 0.05), as shown
in Fig. 8.

5. Discussion

In the present study, it was reported for the first time that phyto-
cystatin CsinCPI-2 has a potential anti-inflammatory effect, through the
inhibition of inflammatory cysteine peptidases (CTSK and CTSB) and
cytokines (TNF-α and IL-1β) in mouse macrophage cells in vitro.

It was demonstrated that the protein CsinCPI-2 has different in-
hibitory effects against human CTSB and CTSK, which correlates with
their ability to inhibit cellular cysteine peptidase activity. CsinCPI-2
inhibits the enzymatic activity of human CTSK in vitro, presenting a
Ki= 5.15 nM. A weak in vitro inhibition of CTSB by CsinCPI-2 at pH 5.5
was observed. CTSB possesses endopeptidase and exopeptidase activity,
which is attributed to the presence of the occluding loop [5]. CTSB
presents exopeptidase activity with an optimal pH of around 5 and
endopeptidase at a neutral pH [37–40]. The weak inhibition of CTSB by
CsinCPI-2 in vitro may be partially explained by the differential activity
of CTSB in different pH values.

The distinct Ki values reported here, particularly for CTSK, can be

correlated with the anti-inflammatory activity of CsinCPI-2 evaluated in
vitro through the analysis of the inhibitory effect on the gene expression
of the pro-inflammatory CTSK in the mouse macrophage cell line RAW
264.7, treated with different concentrations of CsinCPI-2. The effect of
CsinCPI-2 activity on the mRNA expression of cysteine peptidases was
evaluated using RT-qPCR. After 12 h, the mRNA expression of CTSK
decreased for all the concentrations of CsinCPI-2. After 12 h, CTSB
showed no statistical difference in all the tested groups; however, at
24 h, a significant decrease in mRNA expression was detected. In ad-
dition, TNF-α activity in the bloodstream was also inhibited, in rats, in
vivo. These results corroborate with in vitro assays of cathepsin in-
hibition in this work and previous studies showing inhibitory effects of
phytocystatins derived from sugarcane on cathepsins B, K, V, and L, as
well as on the invasive ability of breast cancer cells [21,23,26].

In an inflammatory environment, cytokines stimulate resident and
infiltrated cells and enhance the receptor activator of NF-kB ligand
(RANKL), leading to osteoclast formation and bone loss [41]. CTSK is
highly expressed in osteoclasts, and it plays a key role in matrix de-
gradation [4,41]. Therefore, it has been considered as an important
target enzyme for cysteine peptidase inhibitors involved in bone re-
sorption [4]. Hence, CsinCPI-2 presents a promising effect of inhibiting
osteoclastogenesis and bone loss.

Supporting our results, Cys C has also been shown to inhibit CTSK
mRNA in mouse bone marrow macrophage cultures [42]. This effect of
CTSK by Cys C has also resulted in the inhibition of the osteoclasto-
genesis [43]. A deficiency of CTSK in mice by gene deletion showed a
significant reduction in inflammation and bone erosion in rheumatoid
arthritis (RA) joint capsules and in experimental periodontitis mouse
models [8]. In addition, CTSK deficient mice presented a decrease in the
infiltration of the immune cells, a reduction in the number of osteo-
clasts and macrophages, and the downregulation of the expression of
TLR-4, 5, and 9 and their downstream cytokines in gingival epithelial
lesions and synovial RA lesions [8].

In the present study, besides cathepsins, CsinCPI-2 also inhibited the

Fig. 5. In vivo anti-inflammatory effect of
CsinCPI-2 in the plasma of rats. (A) Plasma
concentration time profiles (45 and 60min) of
TNF-α after IV and IP (0.82mg/kg) adminis-
tration of CsinCPI-2 followed by 100 μg/kg LPS
stimulation. (B) Plasma concentration time
profiles (45 and 60min) of TNF-α after IP
(0.4 mg/kg, 0.82mg/kg, 1.6 mg/kg, and
3.2 mg/k) administration of CsinCPI-2 followed
by 100 μg/kg LPS stimulation. * represents a
statistical difference from the LPS (p < 0.05)
(n=5).

Fig. 6. Human dental pulp cell (hDPC) viability after exposure to CsinCPI-2 for 24 h. (A) Alamar Blue and (B) MTT assays in hDPCs exposed to different con-
centrations of CsinCPI-2 or a serum-free MEM medium (negative control group) and 20% dimethyl sulfoxide – DMSO (positive control) for 24 h.
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expression of pro-inflammatory cytokines TNF-α and IL-1β in vitro and
in vivo. Other studies have shown that when the activity of the cysteine
peptidases is inhibited, the expression of the pro-inflammatory cyto-
kines is also downregulated [7–9]. Ha found that CTSB is involved in
the transportation of TNF-α into the plasma membrane, inhibition of
the activity to CTSB affects this cytokine inhibiting its expression [11].
A previous study showed that TNF-α and IL-1β stimulates the produc-
tion of CTSB on synovial fibroblast cells of patients with RA and os-
teoarthritis [44,45]. In the in vivo study, CsinCPI-2 showed an in-
hibitory effect on the activity of TNF-α in the bloodstream in rats after
an LPS challenge. Other studies found similar results, demonstrating
that blocking the activity of cathepsins results in the downregulation of
the expression of pro-inflammatory cytokines [8,9]. Chen et al. used
gene therapy to silence CTSK in a mouse model of periodontitis, and
their results showed an inhibitory effect on the cytokines involved in
inflammation, like TNF-α [7].

The model of the induction of TNF-α production, and release in the
bloodstream after LPS of E. coli stimulus used in the in vivo study was
established in the literature [46]. However, the synthesis and release of
TNF-α depends on each animal and can vary during the response to an
LPS challenge. This resulted in a high standard deviation among the
animals of the LPS-stimulated group, as can be seen in Fig. 5.

The data showed a significant increase of TNF-α in the blood plasma
after an LPS IV challenge at 45min, and the maximum peak at 60min
in the LPS-stimulated group, with values between 7 and 8 ng/ml.
Similar results were observed in the study by Wang et al. [46], where
TNF-α production started to increase at 30min and reached its max-
imum production at 90min, suffering a rapid fall 3 to 4 h after the LPS
challenge. The TNF-α plasma values were between 8 and 10 ng/ml. In
the present study, the samples were analyzed by an ELISA test at 45min
and 60min as these time points were when the concentration of TNF-α
was the highest. Although four different concentrations of CsinCPI-2
were tested using IP administration, the concentration of 0.82mg/kg
showed the best inhibitory effect of the phytocystatin. The findings
suggest that lower concentrations are not enough to inhibit TNF-α and

higher concentrations may produce additional effects interfering in the
inhibitory effect of cathepsins. A higher concentration may stimulate
the resorption of receptors or may stimulate another pathway leading to
an effect that is opposed to the primary effect of the compound.
Therefore, pharmacokinetic and pharmacodynamic studies of phyto-
cystatin CsinCPI-2 are indicated, to ascertain the pathways and mole-
cules involved in the action of the phytocystatins in a defined period of
time. With these further studies, it will be possible to determine the
concentration and route of administration suitable to carry out an ef-
fective treatment with the adequate use of CsinCPI-2.

In the present study, the pro-osteogenic effect of CsinCPI-2 was also
evaluated in vitro using hDPCs. The lower concentrations of CsinCPI-2
(1.83 μM and 3.73 μM) showed no cytotoxicity and induced high ALP
activity. For this reason, we chose an intermediate concentration
(3.73 μM) of CsinCPI-2 for the qPCR and ARS assays in hDPCs.

BMP-2, a member of the transforming growth factor beta (TGF-β)
superfamily, plays a decisive role during bone formation, regeneration,
and the repair process [47,48]. CsinCPI-2 stimulated an increase in the
mRNA expression of the osteogenic marker BMP-2 at 1 and 3 days of
exposure. According to the literature, the inhibitors of cysteine protease
can stimulate BMP-2 expression [22], and suppress the degradation of
growth factors, such as BMP-2, in the organic matrix, consequently
increasing bone formation [49]

The RUNX-2 osteogenic marker coordinates multiple signaling
pathways related to the differentiation of osteoblasts [50]. There was
an increase in RUNX-2 mRNA expression at 7 and 14 days after the
exposure of hDPCs to CsinCPI-2 when compared to the control group.
Teti et al. showed that hDPCs in contact with carboxymethylcellulose
hydrogel and hydroxyapatite had increased RUNX-2 mRNA expression
at 7, 14, and 21 days, which corroborates with the RUNX-2 expression
periods in our study.

OC, which regulates the mineral phase of bone, is a marker of the
late stages of osteogenic differentiation [24,51]. BSP is mainly secreted
by osteoblasts, and its expression is a crucial symbol in matrix de-
position and mineralization [52,53]. Increased BSP expression suggests

Fig. 7. The pro-osteogenic effect of CsinCPI-2 in human dental pulp cells (hDPCs) evaluated by alkaline phosphatase (ALP) activity and alizarin red staining (ARS).
(A) hDPC viability by MTT assay and ALP activity after exposure to CsinCPI-2 in different concentrations and to the culture medium (control) for 1, 3, 7, and 14 days.
(B) ARS assay showing the comparison of mineralized nodule production and figures of the CsinCPI-2 (3.73 µM) group showing the mineralized nodule deposition
(red) and the osteogenic control group after 14 days of CsinCPI-2 exposure. Bars with different letters represent a significant difference between the groups: CO,
osteogenic control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the differentiation of several cells into osteoblasts [54]. ALP has been
implicated in several key roles in skeletal mineralization. In the present
study, there was an increase in mRNA expression of the osteogenic
markers OC, BSP, and ALP in hDPCs treated with CsinCPI-2.

ALP is one of the major enzymes expressed during the early ma-
turation of osteoblasts and plays an important role in mineral deposi-
tion [55]. The increase in ALP activity indicates an increase in the ex-
pression of osteoblastic phenotypes [56]. The alizarin red staining assay
allows the quantification of calcium deposits in cell cultures [57];
CsinCPI-2 stimulated ALP activity and the deposition of mineralized
nodules. Therefore, considering these results and the increased ex-
pression of osteogenic markers, CsinCPI-2 induced hDPC differentiation
in osteogenic phenotypes. These results are in line with a study that
treated the cells of the bone marrow and calvaria bone marrow with
cystatin C (CysC) which is a natural inhibitor of cysteine protease that

suppresses the differentiation and function of osteoclast reabsorption.
The authors showed that Cys C increased ALP activity, mineralized
nodule formation, and increased BMP-2, RUNX-2, and OC mRNA ex-
pression [18].

6. Conclusion

This study demonstrated that CsinCPI-2 has a potential anti-in-
flammatory effect and at the same time, a pro-osteogenic effect. This
may lead to new therapies for the control of inflammatory diseases,
such as periodontal disease and apical periodontitis.
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Fig. 8. The pro-osteogenic effect of CsinCPI-2 in human dental pulp cells (hDPCs) evaluated by qPCR. mRNA expression levels of target genes in hDPCs exposed to
CsinCPI-2 (3.73 µM) for 1, 3, 7, and 14 days. Bars with different letters represent a statistically significant difference between the groups in each experimental period.
BMP-2, bone morphogenetic protein 2; OC, osteocalcin; ALP, alkaline phosphatase; BSP, bone sialoprotein; RUNX 2, runt-related transcription factor 2 genes; C, cells
exposed to serum free α-MEM medium.
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