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ABSTRACT

Objective(s): Ulcerative colitis (UC) is a chronic large intestinal condition, for treatment and prevention
of which sulfasalazine (SSZ) is used. It functions by helping to reduce inflammation and other disease
symptoms within the bowels, but this drug has many side effects. Various novel paths for UC treatment
are being studied to solve the difficulties associated with present treatments and to design a more targeted
therapy. Hydroxyapatite nanoparticles (HAP-NPs) form an inorganic portion of the natural bone and are
primarily used in tissue engineering due to their anti-inflammatory and anti-toxicity character. This study
aimed to investigate the anti-inflammatory character of sulfasalazine-containing HAP (SSZ-HAP-NPs) as a
potential therapeutic agent.

Materials and Methods: The therapeutic efficacy of SSZ-HAP-NPs compared with SSZ as a standard drug
was examined in a mouse model of colitis by induction of DSS for 7 days. Drugs were given on the third day
and continued for seven days. Colonic mucosal inflammation was evaluated clinically, biochemically, and
histologically.

Results: Our results showed that SSZ-HAP-NPs clinically improved signs/symptoms more than SSZ,
however, it was not statistically significant (P>0.05). Also, SSZ-HAP-NPs diminished histopathological
evidence of injury, by decreasing inflammatory responses and balancing oxidative/anti-oxidative markers
in colonic tissues (P>0.05).

Conclusion: SSZ-HAP-NPs could be more effective than SSZ as standard drug in some laboratory and
clinical signs/symptoms and side effects in colitis and this could be a good strategy for future studies to
use nanoparticles with more anti-inflammatory effects to develop the efficiency of standard drugs in colitis
treatment.
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INTRODUCTION chronic inflammatory diseases of the digestive
Inflammatory bowel diseases (IBD) are tract, consisting of ulcerative colitis (UC) and
Crohn’s disease (CD) [1]. UC involves the rectal
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IBD, such as genetic and environmental factors,
immunological factors, microbial pathogens, and
dietary antigens [1]. IBD is described by excessive
secretion of pro-inflammatory markers caused by
the extreme beginning of common inflammatory
signaling, such as tumor necrosis factor-alpha
(TNF-a), interleukin (IL)-1, IL-6, and IL-12, and by
an imbalance of pro-and anti-inflammatory tissue
markerlevels[2].Forthetreatmentofinflammatory
bowel diseases, drugs such as corticosteroids,
sulfasalazine (SSZ), 5-aminosalicylates (5-ASA),
and immunosuppressive drugs are commonly
utilized [3]. Nevertheless, not all patients respond
to these treatments. In addition, deleterious
adverse effects are frequently correlated with
the pharmacological approach. Taken along with
their high economic expense, presently existing
treatments desperately need a better alternative.
For local disorders affecting the colon, targeted
medicine delivery is a hot topic of research, as
it increases clinical effectiveness and requires
localized therapy, thus reducing systemic toxicity
[4]. For the treatment of IBD, like UC and CD,
selective release of therapeutics to the colon
is mainly beneficial [4]. Advances like oral drug
delivery have greatly increased the colorectal
bioavailability of medications; however, provisions
need to be made about the altered physiology of
the digestive tract involved with digestive tract
inflammation for a drug to have therapeutic
effectiveness during illness [5]. In oral drug
formulation design, nanotechnology was used as
a strategy to further increase the absorption of
diseased tissue within the colon [5].
Hydroxyapatite nanoparticles (HAP-NPs) are
an inorganic component of the natural bone,
and owing to their bioactivity, osteoconductivity,
biocompatibility, anti-inflammatory, and anti-
toxicity properties are mainly used in tissue
engineering [6]. Current anti-inflammatory
human health evidence for HAP-NPs, however, is
restricted and only insufficient findings from basic

research have been released. Since nanostructured
materials typically perform much better than their
bigger particle-sized complements because of their
particular physical and chemical properties, HAP-
NPs are also supposed to have improved bioactivity
than coarser crystals [7]. Therefore, this study was
conducted to examine the beneficial role of SSZ-
HAP-NPs in alleviating colitis induced by DSS in
animal models.

MATERIALS AND METHODS
Animals

C57Balb/6 mice (Male) were purchased from
Mashhad University of Medical Science (MUMS)
animal breeding facility. With access to regular
chow and autoclaved drinking water ad libitum,
mice were individually caged. Animals with a
12-hr day/night light period were housed at a
standard temperature and humidity. During an
acclimatization period of 7 days before being used
in the tests, individual body weights (BW) were
measured regularly. The Animal Ethics Committee
of MUMS approved all procedures.

Instruments used

Infrared (IR) spectrum was characterized on
KBr disk using a Fourier transform (FT)-IR JASCO
FT-IR-460 spectrometer instrument. The X-ray
powder diffraction (XRD) analysis of nanoparticles
was collected by Philips PW1730 diffractometer.
The transmission electron microscopy (TEM) was
characterized using JEOL at 300 kV (JEM2100F) to
analyze the morphology and size of synthesized
HAP nanostructure.

Experimental design and drug treatment
C57Balb/6 male mice with 18-20 g (average
weight) were randomly separated into four groups
(n=6/group): controls without DSS received usual
drinking water, DSS treatment (colitis), DSS + SSZ
treatment (SSZ), and DSS + SSZ-HAP-NPs treatment

Control x
Colitis ‘
SSZ

o _
w —

Fig. 1. Experimental design for administration of DSS and SSZ-HAP in C57BL/6J mice model of colitis
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Table 1. DAI scoring parameters

Disease activity index (DAI)

Score Rectal bleeding Stool consiste

None Normal

Red Soft

Dark red Very soft

Gross bleeding Diarrhea

ncy

Rectal prolapse Lose weight

None <5%

Sign of prolapse 5-10%

Clear prolapse 10-15%

Extensive prolapse >15%

(SSZ-HAP). UC was induced by administering 1.5%
DSS (molecular weight-40,000 KDa) (Sigma, USA)
in consumption water to all groups except control,
continuously over seven days from 0-7 days. SSZ
(Tehran Daru, IRAN) was administered orally (p.o)
at a dose of 100 mg/kg/day and DSS + SSZ-HAP-
NPs were administered p.o at a dose of 100 mg/kg/
day for a 7-day treatment period (from day 3-10)
(Fig. 1) [8]. Body weight (BW), diarrhea, rectal
bleeding, and prolapse were evaluated every day
throughout the study. After ten days, the animals
were sacrificed by cervical dislocation, and colon
tissue was removed for the next analysis.

Sol-gel-derived-HAP

To prepare the nanoHAP, Ca (NO,),.4H,0
solution was prepared (0.01 mole dissolved in 20
ml ionized water, Ca sol). 0.62 mole of Tri-ethyl
phosphate (TEP) was dissolved in 10 ml ionized
water alongside slow addition of ethanol to the
solution (P sol). Next, the obtained clear solution
was kept at 35°C under stirring for a day and night
for completion of the hydrolysis process. Next, P
sol was added dropwise to the Ca sol. The initially
recorded pH of the solution was 5 but the final one
was regulated to 10 by NaOH (1M) and then was
stirred for 1 hr at 60 °C. The final lemon-colored
gel was aged for 2 days at 25 °C and next was
dried at 100 °C for 1 day. In the end, the obtained
white powder was calcined at 500 °C with thermal
raising rate (2 °/min) for 2 hr (9).

Clinical and histopathological evaluations
Disease activity index (DAI) was determined as

the total of the individual scores for bloody stools,
stool quality, and BW loss, as previously described
[8]. Up to the end of the research on day ten, all
three parameters were reported daily. In brief, the
scores were determined in accordance with Table
1. The colons were removed after sacrificing the
mice on day 10 and the lengths and weights were
recorded, the spleen was also harvested from
the animals. The colon was opened and cut into
longitudinally. For histopathological evaluations,
the distal portion was obtained, and another half
was snap-frozen for the next assays of oxidative
stress. The colon tissue was then fixed and
embedded in paraffin in a 10% formalin solution.
Paraffin-embedded colon slides were stained
with hematoxylin and eosin (H&E) and Masson
trichrome (MT), and blinded histopathological
scoring was performed based on Table 2, as
described previously [10]. Images were taken
using a light microscope (Olympus, Germany).

Measurement of oxidative stress markers

As an oxidant marker, malondialdehyde (MDA),
and as anti-oxidant markers total thiol, Superoxide
dismutase (SOD), and Catalase (CAT) activity were
measured [11].

Statistical analysis

To perform statistical analysis, Graph Pad Prism
software version 6.0 (Graph Pad Software Ltd, La
Jolla, California, USA) was used. The outcomes
were expressed as mean * SEM. Using a one-way
analysis of variance (ANOVA) followed by Tukey’s

Table 2. Scoring parameters of colonic histological changes

Score 0 1

2

3

Inflammation None Mild

Mucosal damage None Mucus layer

Crypt loss None 1/3

Pathological change range None 1-25%

Moderat:

Submucosa

2/3

26-50%

e Severe

Muscular and serosa
100%+intact epithelium

100% with epithelium lose

51-75% 76-100%

Nanomed. J. 9(4): 319-327, Autumn 2022

321



F. Asgharzadeh et al. / Effect of Hydroxyapatite nanoparticles in an experimental model of colitis

LU&‘ Y\;@JUMW

d -

Fig. 2. XRD pattern (a), FTIR spectrum (b), TEM image (c), and (d) EDXA analysis of HAP ( A) calcined at 500 °C

post hoc, statistical differences between the
groups were analyzed. The statistical difference
was significant at P<0.05.

RESULTS
Characterization of synthesized HAP nanostructure
As mentioned in section 2.3, before mixing
Ca and P sols, the hydrolysis process of P sol as
an effective step was performed to achieve more
completed future reactions. The hydrolysis step
of TEP (eq. 1) results in the remarkable progress
of polymerization and condensation reactions of
Ca and P precursors (eq. 2) with the consequence
of more purity of sol-gel-derived HAP product
than the common methods [12, 13]. In order to
prove the mentioned claim, the pH values of
mixed sol before and after the aging process were
recorded as ~ 6.4 and 3.9, respectively. This noted
decreasing value emphasizes on more completed
polymerization reaction of Ca and P moieties to
make amorphous HAP (see eq. 2). Moreover, the
disappearing of more Ca-P phases (like tri-calcium
phosphate or pyrophosphate) as the secondary
ones in the PXRD pattern confirmed the above
conclusion (Fig. 2a).

OP(OEt), + H,0 -> OP(OEt), (OH) +xC,HOH (1)
OP(OEt), (OH), + Ca* + NO, - (NO,)(OH)-
Ca—0-PO(OEt), +H* +C,H.OH +H,0 (2)

The recorded PXRD pattern reveals the
crystalization of HAP having the respected intense
pertinent peaks (ICDD No.: 9-432) with hexagonal
unit cell. These peaks can be assigned to the
known different indices such as the main ones of
(002), (210), and (211) (Fig. 2a). FT-IR spectrum is
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a helpful document to find the primary functional
groups of the prepared HAP. The major bands of
the spectrum that appeared at 480, 573, 972, and
1085-1215 cm™ can be attributed to the stretching
modes of phosphate, and the one recorded at 3365
cm™ can be assigned to O-H functional groups
(Fig. 2b). In addition, the stretching mode of C=0
from CO3* group outwarded in 1670 cm™ shows
the incorporation of carbonate species in apatite
structure. However, entering carbonate ions in the
nano-particle can improve the adsorption ability
(DNA, protein, and so on) or catalytic activity
of HAP. According to EDXA elemental analysis
data and the measured Ca/P molar ratio as 2.17,
Ca,(PO,),,(CO,), (OH) formula can be suggested
for this reported carbonated-HAP (see Fig. 1d).
interestingly, the rod-like shape of HAp particle
can be recognized in the TEM image. Finally,
the particle size of HAP was measured in direct
and indirect manners using TEM image and XRD
pattern, respectively (Fig. 2a and 2c). Two obtained
data showed the nearly same results with good
consistency having the moderate particle size of
25-30 nm in width and 145-165 nm in length. The
nano-particle size was evaluated with the aid of
the Sherrer formula (eq. 3) [14, 15].

D = K\ / [WCos ()] (3)

Where K is a constant value equal to (0.9), A is the
Cu Ka radiation (0.1544 nm), W is the full width at
half-maximum, and 6 is the diffraction angle (deg).

SSZ-HAP improved the Clinical and Macroscopic
Features of Colitis

The initial clinical symptoms of mice colitis,
for instance, BW loss, gross rectal bleeding, and

Nanomed. J. 9(4): 319-327, Autumn 2022
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Fig. 3. Effect of SSZ-HAP on the pathology of dextran sodium sulfate (DSS)-induced experimental colitis. (A) % body weight change, (B)

disease activity index (DAI) of controls, DSS, DSS-plus- SSZ, and DSS-plus- SSZ-HAP-treated mice, (C) colon length, (D) colon weight, (E)

colon weight to length ratio, (F) macroscopic colon. Statistical significance among the groups was evaluated using one-way ANOVA

followed by Tukey’s post-test, where * P<0.05, **P<0.01, *** P<0.001 versus control, and # P<0.05, ## P<0.01, ### P<0.001 versus
DSS. Data are expressed as a mean * SEM (n = 6/group)

diarrhea were replicated by the administration
of 1.5% DSS for 1 week. Until day 7, DSS-treated
animals continuously decreased BW compared
with controls (Fig. 3A). SSZand SSZ-HAP successfully
avoided BW loss in DSS-treated mice until Day 7
under these conditions. In DSS-treated mice, the
DAl measured as a composite of occult fecal blood,
stool consistency, and BW were substantially
improved (P<0.001 both) from day 2 onwards
(Fig. 3B). Treatment with SSZ and SSZ-HAP greatly
decreased the incidence of disease symptoms, as
shown by changes in fecal blood and watery stools
from day 7 (both P<0.001) to day 10 (both P<0.001)
compared with DSS-treated animals until the end
of the research period. However, no significant
differences in the clinical characteristics of colitis,

Spleen weight (g)
Spleen weight to body weight (g)

o

Total Thiol (umoll/g tissue)
~

o

SOD activity (Ulg tissue)

&
&
V4

such as BW change and DAI, between SSZ and
SSZ-HAP were found in comparison with control,
DSS-induced inflammation dramatically decreased
colon length (Fig. 3C, P<0.001), colon weight (Fig.
3D, P<0.001), and colon weight to length ratio (Fig.
3E, P<0.01). SSZ-HAP therapy significantly (P<0.01)
normalized the colon length as opposed to DSS-
treated specimens, consistent with the decrease
in disease incidence. No significant differences
were detected between SSZ and SSZ-HAP in the
macroscopic characteristics of colitis.

SSZ-HAP reduced inflammation and oxidative
stress in acute colitis

Increased spleen weights are typically
associated with the inflammation level. In contrast

MDA (nmolg tissue)

CAT activity (U/q tissue)

Fig. 4. Effect of SSZ-HAP on spleen damage and oxidative stress. (A) Spleen weight, (B) Spleen to body weight, (C) MDA, (D) Total

thiol, (E) SOD activity, and (F) CAT activity. Statistical significance among the groups was evaluated using one-way ANOVA followed

by Tukey's post-test, where * P<0.05, ** P<0.01, *** P<0.001 versus control, and # P<0.05, ## P<0.01, ### P<0.001 versus DSS. Data
are expressed as a mean = SEM (n = 6/group)
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Fig. 5. Effect of SSZ-HAP on histopathology in DSS-induced colitis. (A) Histological representation of colon sections stained with
H&E for the control group, DSS-treated mice and SSZ and SSZ-HAP treated mice at 4x and 10x magnification. (B-F) Histopathology
scores for each animal were calculated after microscopic analysis of tissue sections from the proximal and distal colon. Statistical
significance among groups was evaluated using one-way ANOVA followed by Tukey’s post-test, where * P<0.05, ** P<0.01, ***
P<0.001 versus control, and # P<0.05, ## P<0.01, ### P<0.001 versus DSS. Data are expressed as a mean + SEM (n = 6/group)

with the control group, DSS induced an increase
in spleen weight, with mean spleen weight and
spleen weight to BW for DSS-only mice showing a
significant difference compared with control mice
(Fig 4A-B, P<0.001). Spleen weight and spleen to
BW were also decreased by DSS in combination
with SSZ or SSZ-HAP (Fig. 4A-B, P<0.001 both).
Our findings also showed that SSZ and SSZ-HAP
administration significantly increased total thiol,
SOD, and CAT activity compared with DSS-treated
mice, (Fig. 4D-F), while MDA levels decreased (Fig.
4C) in colitis mice (P<0.001 all). No significant
differences were observed between SSZ and SSZ-
HAP in the oxidative stress markers and spleen
weight changes.

Control Colitis

Collagen content (%)
o 3 o 8

o

< <

> e
S &
& N
&

SSZ-HAP reduced the colon histopathology in
acute colitis

Using H&E staining of tissue sections, the
histopathology of the proximal and distal colon was
analyzed (Fig. 5A). The integrity of colonic mucosal
structures without signs of inflammation was
demonstrated by colon tissues from the control
group. In comparison, DSS-treated mice exhibited
significant crypt degradation, loss of goblet cells,
epithelial cell annihilation, submucosal edema, and
massive inflammatory cell infiltration. In contrast
to control, these DSS-induced improvements
were correlated with higher cumulative histologic
scores (Fig. 5B-F). SSZ-HAP therapy substantially
improved colonic inflammation in DSS-treated mice

SSZ SSZ-HAP

Fig. 6. Effect of SSZ-HAP on fibrosis in DSS-induced colitis. (A) Histological representation of colon sections stained with MT for the

control group, DSS-treated mice and SSZ and SSZ-HAP treated mice at 4x and 10x magnification. (B) Percent of collagen content

calculated after microscopic analysis of tissue sections with image J analysis software. Statistical significance among groups was

evaluated using one-way ANOVA followed by Tukey’s post-test, where * P<0.05, ** P<0.01, *** P<0.001 versus control, and # P<0.05,
## P<0.01, ### P<0.001 versus DSS. Data are expressed as a mean + SEM (n = 6/group)
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by preventing intestinal damage and significantly
reducing the histologic score, but no significant
differences were observed compared with SSZ
alone (Fig. 5B-F). In comparison with its effect on
colonic tissue, treatment with SSZ-HAP showed no
significant protection for colonic tissue (Fig. 5).

SSZ-HAP reduced the colon fibrosis in acute colitis

Colonic tissues were stained with MT to assess
the effect of SSZ-HAP on collagen deposition and
fibrosis. Results showed that SSZ-HAP significantly
decreased the deposition of collagen caused by
DSS in colitis mice (Fig. 6A-B, P<0.001). Although,
there was no significant difference between SSZ-
HAP and SSZ groups.

DISCUSSION

Synthetic hydroxyapatite nanoparticles
(HAP-NPs) are currently used in the field of
Nanomedicine [16]. The effect on inflammation
of nanoparticle size, chemistry, and charge
is well studied [17-19]. However, there is
still a limited understanding of the effect of
nanoparticle morphology on the inflammatory
response. The geometry of nanoparticles will
influence how serum proteins and cell membrane
receptors associate with particles, influencing
cytotoxicity in turn [20]. Nanoparticle shape also
strongly affects the rate of cellular uptake: rod-
shaped particles are more readily internalized,
accompanied by spheres and cones, whereas
cubes are not easily internalized [21]. Differently
shaped micro- [22] and nanoparticles [23, 24],
are also affected by pro-inflammatory cytokines
and ROS development, with needle morphology
causing more inflammation than rods or spheres
[25]. HAP-NPs morphology has been reported to
influence ROS production and cell toxicity in other
tissue and cell types [25-28].

The significant therapeutic ability of SSZ-HAP
in reducing the incidence of DSS-induced disease
by concurrently exercising both antioxidant and
anti-inflammatory behaviors relative to SSZ alone
is not shown by our findings. The current research
used HAP-NPs that have been shown to be able
to suppress proliferation and cause apoptosis in
different cancer cells in recent years including
osteosarcoma cells, [29] breast cancer cells [30],
gastric cancer cells [31], colorectal cancer cells
[32], and hepatic cancer cells [33] but spare the
normal cells.

The use of SSZ can cause gastrointestinal-
related adverse reactions such as loss of

Nanomed. J. 9(4): 319-327, Autumn 2022

appetite, mild to severe diarrhea, and hair loss
or thinness of the hair in patients [34], where
no SSZ-HAP was observed in the present sample,
while hair loss was observed with SSZ alone.
SSZ and its HAP Nano form greatly enhanced
BW, DAI, and histopathology, but no significant
differences between SSZ and SSZ-HAP were
found. Our observations confirm the previously
documented participation of oxidative stress in
disease pathogenesis and validate the usage of
antioxidants to mitigate damage to structural
tissue. It is well known that ROS are important
signaling molecules involved in a multitude of
physiological processes at low concentrations
and over short periods of time [35]. However,
as cells are subjected to elevated ROS levels and
resulting lipid peroxidation for prolonged periods
of time, they are unable to cope with oxidative
damage in the digestive tract that can impair cell
and tissue functions [36]. Therefore, it is believed
that improving the machinery for antioxidant
protection counteracts the dangerous acts of ROS
in the body.

Total thiol, SOD, and CAT antioxidants remove
free superoxide radicals directly to protect against
lipid peroxidation [37, 38]. A significant increase
in lipid peroxidation and decreased levels of
antioxidant enzymes have been observed in
prior studies of acute gut inflammation in the
DSS model [39-41]. Significant reductions in MDA
levels following SSZ therapy have been noted,
with no significant difference between SSZ and
SSZ-HAP [42]. SSZ and its Nano form increased the
SOD activity rate in our sample, in line with the
activation of an endogenous defense mechanism
(Fig. 6).

Gut inflammation, along with altered barrier
integrity and antioxidant response, is characterized
by the overproduction of pro-inflammatory
markers [43, 44]. The recruitment of lamina propria
neutrophils and macrophages during mucosal
injury results in inflammation by the aberrant
release of pro-inflammatory markers cascades
[45]. DSS-induced acute colitis is an inflammatory
mouse model driven by macrophage/Th1/Th17
with elevated marker levels including TNF- a (a
hallmark of DSS-induced inflammation), IL-6, IL-1,
and IL-17 [46-48]. It is also assumed that inhibition
of pro-inflammatory markers is an essential part of
the therapeutic strategy toward UC. Our findings
indicate that SSZ greatly suppresses inflammation,
but its Nano form cannot significantly reduce
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inflammation. The present research, to our
knowledge, is the first to investigate the properties
of HAP-NPs in acute colitis pathology. Considering
the impact of HAP-NPs on gastrointestinal cancers,
HAP-NPs are unable to decrease the symptoms of
acute colitis.

CONCLUSION

Our  results indicated that SSZ-HAP
administration to DSS-treated mice attenuated
acute inflammation in colon tissue and clinical
signs/symptoms in colitis and this could be a
good strategy for future studies on the use of
nanoparticles with more anti-inflammatory effects
such as zinc or Ag to improve the effectiveness of
standard drugs in the treatment of colitis.
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