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Chapter 10 — In vivo studies

10.1. Introduction:

The most popular alternative to the oral route, i.e., the transdermal route, has been

investigated in order to solve gastrointestinal issues with the currently marketed

formulations of both ATO and RSNa. As mentioned in the previous chapter,

transdermal patches with integrated nanocarriers were successfully developed, tested

for in vitro as well as ex vivo characteristics, and found to be most suitable for

transdermal distribution. This chapter describes the pharmacokinetic (PK) and

pharmacodynamic (PD) effects of the developed formulations of ATO and RSNa.

10.2. Materials and methods:

10.2.1.

Materials:

Marketed formulations of ATO and RSNa, Xylazine, ketamine, tramadol,
Neosporin powder and other surgical related products were purchased from local
medical stores. Serum calcium detection kit was purchased from Span Diagnostic
Ltd., Surat, India. Serum inorganic phosphorous detection kit was purchased from
Beacon diagnostic Pvt. Ltd., Navsari, India.

10.2.2. Animal study protocol approval:

10.2.3.

The Committee for Purpose of Control and Supervision of Experiments on
Animals (CPCSEA), Ministry of Social Justice and Empowerment, Government of
India, guidelines were used for performing the in vivo studies. Approval was taken
from the Institutional Animal Ethics Committee (IAEC) of the Faculty of
Pharmacy, Maharaja Sayajirao University of Baroda, Vadodara, India, for the
protocols of both pharmacokinetic and pharmacodynamic studies with protocol no.
MSU/IAEC/2021-22/2110.

Animal Procurement:

Female adult Sprague Dawley (SD) rats weighing between 150 - 250 g were
obtained from Zydus Research Centre, Ahmedabad. The rats were housed in
suitable cages at the G. H. Patel Pharmacy Building, The Maharaja Sayajirao
University of Baroda, Vadodara (registration number: 404/PO/Re/S/01/CPCSEA,;
dated October 28, 2015), and remained under quarantine for 15 days and fed
commercial pelleted rat food (VRK nutritional solution, Keval Sales Corporation,
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Vadodara) and RO water. With a 12-hour light-dark cycle and housing three

animals per cage at a temperature of 20-24°C, the animals had free access to food

and water.
10.3. In vivo pharmacokinetic studies:

For the pharmacokinetic investigation, rats were divided into 10 groups of 6 animals

per group at random, as shown in the table-10.1.

Table-10.1. Study design for pharmacokinetic study

Route of

Groups Sample o _ Dose
administration

ATO Marketed formulation

Group-I Oral 20 mg/k
P (AMF) 9
ATO loaded transdermal
Group-Il Transdermal 20 mg/kg
patches (ATP)

ATO loaded liposomal
Group-I111 Transdermal 20 mg/kg

transdermal patches (ALP)

ATO loaded glycerosomal
Group-1V Transdermal 20 mg/kg

transdermal patches (AGP)

ATO-PECN loaded transdermal

Group-V Transdermal 20 mg/kg
patches (APTP)
RSNa Marketed formulation
Group-VI Oral 1.5 mg/kg
(RMF)
RSNa loaded
Group-VII Transdermal 1.5 mg/kg

transdermal patches (RTP)

RSNa loaded liposomal
Group-VIII Transdermal 1.5 mg/kg

transdermal patches (RLP)

RSNa loaded glycerosomal
Group-IX Transdermal 1.5 mg/kg

transdermal patches (RGP)

RSNa-PECN loaded
Group-X Transdermal 1.5 mg/kg

transdermal patches (RPTP)
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10.3.1. Sample administered:

The oral administration was carried out using an oral feeding needle (16 gauge), and
the transdermal patch was applied using Medigrip elastic adhesive bandage B.P.
(Medigrip, Precision Coating Ltd., India).

10.3.2. Blood sample collection:

Following dosing, blood was collected from the retro-orbital plexus (not more than
0.5 mL) from the animals in Eppendorf's tubes containing 50 pL of disodium EDTA
solution at predetermined intervals (0.5, 1, 2, 4, 6, 8, 10, 12, 24, 48, and 72 hrs). The
plasma was separated at 10°C for 15 minutes at 10000 rpm and stored at -20°C until

further analysis [1, 2].
10.3.3. Preparation of sample for analysis:
a. Extraction of ATO from plasma:

Aliquots of 200 pL of plasma were taken in eppendorf, and the volume was made
up to 1 mL with acetonitrile for each sample to precipitate plasma proteins. The
mixture was centrifuged at 5000 rpm for 10 minutes. The obtained supernatant was
separated, filtered through 0.22 um syringe filters, and collected in another
Eppendorf tube. After that, the samples were injected into HPLC for analysis as
described in chapter-3 [1-4].

b. Extraction of RSNa from plasma:

200 pL aliquots of plasma were collected and diluted with 1.4 mL of double-
distilled water in Eppendorf tubes. The sample was deproteinized by adding 450
ML of 10% (w/v) trichloroacetic acid (TCA) slowly while vortexing, followed by a
15-minute centrifugation at 1500 rpm at 25°C. The supernatant was collected in
another eppendorf, and a freshly prepared 50 pL aliquot of 1.25 M CaCl, and 57
pL of 30% (w/v) NaOH were added, which formed a visible white precipitate. The
sample was thoroughly mixed using a vortex mixer before being centrifuged at
5000 RPM for 10 minutes. The supernatant was removed and the pellet was
dissolved in 400 pL of 1M HCI and heated on a water bath for 30 minutes at
90+£5°C to hydrolyze any pyrophosphate in the plasma. Additional 25 pL of 1.25M
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CaCl, was added, followed by 90 pL of 30% NaOH, and centrifuged at 5000 RPM
for 10 minutes. The pellet was dissolved in 50 pL of 1M HCI before being diluted
in 2 mL of deionized water. With the addition of 45 puL of 30% NaOH, a little
white precipitate formed, and the sample was centrifuged at 5000 RPM for 10
minutes. The precipitate was dissolved in 80 pL of 0.025M disodium EDTA and
volume make up with mobile phase to 1 mL, vortexed for 1-2 minutes, filtered
through a 0.45 pm syringe filter, and HPLC analysis was performed as described
in chapter-3 [5-8].

10.3.4. Analysis of pharmacokinetic parameters:

The different pharmacokinetic parameters, viz., Cmax (Mmaximum concentration in
plasma), Tmax (time required to reach maximum concentration in plasma), area under
the curve (AUC), half-life (t12), mean residential time (MRT), etc., were analyzed
by non-compartmental analysis using Kinetica version 5.0.11 pharmacokinetic
software (PK-PD analysis, Thermofischer Scientific). The graph of plasma drug
concentration versus time was plotted for all groups. The relative bioavailability of

developed formulations was compared with that of marketed formulation [1, 9-12].
10.4. In vivo pharmacodynamic studies:

Animal osteoporosis models can be used to confirm in vivo treatment efficacy.
Ovariectomy-induced osteoporosis, glucocorticoid-induced osteoporosis, alcohol-abuse
osteoporosis, fracture repair models, genetic models, orthotopic formation of bones
models, immobilisation models, and so on are a few examples [13, 14]. Several aspects
influence model selection and animal species selection, including illness condition
simulation, variations in animal and human physiology, animal size, gender, and age,
ease and time for osteoporosis induction, and so on. Among these models, ovariectomy-
induced osteoporosis has been widely recognised as a good model for improving
osteoporosis induction and evaluating the antiosteoporotic efficacy of drug-loaded
formulations [15, 16]. Specifically, ovariectomized rats have severe cancellous
(spongy) and cortical bone loss [13]. Cancellous bone loss after ovariectomy in rapidly
growing rats is caused mostly by altered growth of bones [13, 17-19]. On the other

hand, ovariectomy causes cancellous and cortical bone loss in mature rats (rats with
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mature skeletal development) via a different mechanism, namely abnormal bone
remodelling [13, 19, 20].

An ovariectomized female Sprague Dawley rat model was used in this study for
evaluating the therapeutic potential of ATO and RSNa loaded nanocarriers' anti-
osteoporotic activity. Different treatments were administered to osteoporosis-induced
rats, and various evaluation parameters were used to monitor cancellous and cortical

bone changes.
10.4.1. Induction of osteoporosis:
Ovariectomy surgery:

The surgery was performed under aseptic conditions under anaesthesia. Bilateral
ovariectomy was performed in rats following the method of Abiramasundari et al.
2017 [15, 21-25]. After intraperitoneal injections of xylazine (80 mg/kg body
weight) and ketamine hydrochloride (20 mg/kg body weight) anaesthesia, the
surgery was done through two separate flank incisions. For the flank incisions,
the animal was placed on her side. A 1.5-2 cm incision was cut in the skin, and
the periovarian fatty tissue was retrieved and identified. With blunt forceps, the
ovary was gently dragged out via the incision by grabbing the fat pad around it. A
haemostat was put at the oviduct-uterus junction, a ligature was placed just below
the haemostat (close to the uterus), and an incision was made immediately above
the haemostat. After removing the ovary and oviduct, the haemostat was released
and haemostasis checked before releasing the uterus and allowing it to return to
the abdomen. The oviduct and skin were ligated using sterile surgical braided silk
suture 4/0 (NW-5050, Mersilk, Ethicon manufacturing Pvt. Ltd, Johnson and
Johnson Pvt. Ltd. India). The animal was kept under observation for the next 24
hours after surgery. Tramadol was administered intraperitoneally after surgery to
relieve pain. The animals tolerated the surgery well, and the post-operative
recovery was uncomplicated. Post-operative treatment included prevention
to avoid infection and the application of antibiotic powder (Neosporin) to the

surgical site as necessary until they recovered.
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a. Site of ovary in rat b. Isolated ovary

Figure- 10.1. Bilateral ovariectomy surgery.

10.5. Antiosteoporotic treatment:

In the pharmacodynamic study, female Sprague Dawley (SD) rats weighing 230-280 ¢
were used. Rats were randomly separated into 8 groups (each group including 6

animals) for the pharmacodynamic study, as shown in the table- 10.2.
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Table-10.2. Study design for pharmacodynamic study

Route of
Groups Sample o ) Dose
administration
Group-I
Normal Group - -
(NG)
Group-I11 Ovariectomized (disease)
(0OG) Model
Group-111 Ovariectomy +
) Oral 20 mg/kg
(G-1) ATO Marketed formulation
Ovariectomy +
Group-1V
(G-11) ATO loaded glycerosomal Transdermal 20 mg/kg
transdermal patches (AGP)
Ovariectomy +
Group-V
G ATO-PECN loaded Transdermal 20 mg/kg
transdermal patches (APTP)
Group-VI Ovariectomy +
) Oral 1.5 mg/kg
(G-1V) RSNa Marketed formulation
Ovariectomy +
Group-VII
G-V) RSNa loaded glycerosomal Transdermal 1.5 mg/kg
transdermal patches (RGP)
Ovariectomy +
Group-VIlI
RSNa-PECN loaded Transdermal 1.5 mg/kg
(G-VI)

transdermal patches (RPTP)

10.6. Evaluation of Antiosteoporotic activity:
1. Radiological analysis:

After 30 days of treatment, the rats were anaesthetized with ether in a closed chamber.
Following the anaesthetic procedure, the animal was subjected to whole-body
radiographs using an X-ray scanner (foX-Rayzor) [X-rays were taken at Angela Lobo
Clinic, Vadodara]. X-rays were used to expose samples for 10 milliseconds at a
working distance of 35 inches from the X-ray emitters. The untreated control animals'
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bone macroarchitecture was compared to the ovariectomized and treated groups [24,
26-28].

2. Bone weight, bone volume and bone density:

After treatment, all rats were sacrificed by euthanizing them humanely by overdosing
diethyl ether inhalation, and the femur bone of every rat was removed for further

analysis.

The femur of all rats was subjected to weight, which was measured by a digital
weighing balance, and the length of the bone was measured by a calibrated measuring
scale. Bone weight/mm was calculated and compared with the bone weight of the
normal and OVX group. The volume of bone samples was recorded by
plethysmometer in 0.45 % saline solution. Bone density of bone samples were
recorded by Archimedes principle where bone weight was divided from bone volume

to calculate bone density [29-31].
3. Biochemical assay:
A. Blood sample collection and serum separation:

After treatment, blood was collected from the retro orbital plexus of each group
of rats. Serum was collected from these blood samples by centrifugation at 5000
rpm for 15 minutes. The serum was separated carefully and kept at -20 °C until

further study. The serum samples were then used for biochemical analysis.
B. Estimation of serum calcium:

The estimation of serum calcium was carried out by modified O-cresolphthalein
complexone method [32-36]. In a nutshell, 20 pL of test samples were mixed to 1
mL of calcium reagent containing O-cresolphthalein complexone. Calcium forms
a bluish-purple complex with O-cresolphthalein complexone in alkaline solution;
this complex is detectable using a semi-automatic analyzer at 578 nm. The
standard was prepared in the same manner as the test samples in a separate tube.
The amount of colour produced is directly related to the sample's calcium content,

which is measured in mg/dL. Using a standard biochemical kit obtained from
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Span Diagnostic Ltd. (Surat, India), the serum samples' calcium concentrations

were determined using the formula:

Absorbance of Test y
Absorbance of Standard

Serum Calcium (mg/dL) =

......................................... equation-10.1

C. Serum inorganic phosphorous:

The estimation of serum phosphorus was carried out by the phosphomolybdate
complex method [36-40]. In a nutshell, 10 pL of test samples were mixed with 1
mL of molybdate reagent. Ammonium molybdate and inorganic phosphorus
combine to form phosphomolybdate complex. Using a semi-automatic analyzer,
this phosphomolybdate complex is measured at 340 nm and is directly
proportional to the sample's inorganic phosphate concentration, which is given in
mg/dL. Using a standard biochemical kit obtained from Beacon Diagnostic Ltd.
(Navsari, India), the quantity of inorganic phosphate found in the serum samples

was determined using the following formula:

Absorbance of Test y
Absorbance of Standard

Serum inorganic phosphorous (mg/dL) =

......................................... equation-10.2
4. Histopathology of bone sample:

After treatment, rats were sacrificed by overdose inhalation of diethyl ether, and
femur bones were removed. The collected bone samples of normal group, OVX group
and treated group were subjected for histopathological study. For histological
evaluation, the bone samples were fixed in 10% paraformaldehyde in phosphate
buffered saline (PBS) for 16 hours at 4°C. Femur samples were decalcified in 10%
EDTA, dehydrated, and embedded in paraffin after fixing. An inverted microscopy
(Nikon Ti2E, USA) was used for examining paraffin embedded horizontal bone slices
of 5 um thickness taken from the femur head (the bone component towards the hip
joint) [16, 36, 41-45].
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10.7. Results and discussion:
10.7.1. In vivo pharmacokinetic study:
a. ATO loaded formulations:

The concentration of ATO in blood plasma of rats was determined and data are
represented in table- 10.3. The plot of ATO plasma concentration with function of
time is represented in figure-10.2. The thermo scientific™ Kinetica software was
utilized for the calculation of various pharmacokinetic parameters as represented in
table- 10.4.
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Table- 10.3. Plasma concentration of ATO vs time profile.

Plasma concentration (ng/mL)

Time  Marketed ATP ALP AGP APTP
(Inhrs)  formulation
(Oral) Transdermal
0.00 £ 0.00 + 0.00 +
0.00+0.00 0.00+0.00
0.00 0.00 0.00
446.82 47.30 £ 98.59 +
05 132.08 + 11.56 64.74 £ 15.68
34.26 4.12 9.48
801.37 118.46 + 169.51 +
338.51 £ 75.09 137.81 £ 9.26
82.31 8.93 12.26
1325.11 = 247.48 + 375.75 £
582.25 + 86.01 382.29 £ 89.93
72.62 55.74 24.04
1117.77 407.29 578.64 £
4 719.18 £ 53.90 575.18 £ 30.31
118.57 46.37 37.17
638.24 + 54591 + 652.79 +
6 882.25 £ 76.38 731.76 £42.41
92.36 71.84 54.96
565.74 £ 792.13 = 824.80 £
8 1095.19+£24.25 853.10 + 44.36
53.10 37.32 73.32
301.10 £ 683.90 + 1093.76 =
10 1289.84 £ 46.16  1205.95 £ 45.75
67.57 73.74 62.81
214.44 + 504.28 + 1192.08 +
12 954.68 £57.96  1088.60 + 31.29
26.18 35.19 92.65
119.29 + 241.18 + 893.98 +
24 718.27 £ 46.10 996.24 £ 21.93
3.72 27.84 30.07
50.10 = 142.69 + 506.17 £
48 607.47 £ 29.37 669.74 £ 68.00
7.87 7.46 44.89
87.09 £ 260.87 =
72 ND 373.06 £ 54.01 308.43 £+ 53.40
8.99 51.24
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Figure- 10.2. ATO plasma concentration vs time profile

Table- 10.4. Pharmacokinetic parameters of ATO loaded formulations

Marketed ATP ALP AGP APTP
Parameters  formulation
Transdermal
(oral)
Cmax 1385.65 + 792.12 + 1192.07 £ 1289.83 + 1205.37 £
(ng/mL) 72.62 37.32 62.65 46.16 45.75
T max
(HI) 266+155 8.00+£0.00 12.00+0.00 10.00+0.00 11.33+1.15
r
AUCo-72 1454891+ 21498.61+ 56257.60+ 73204.60+ 69378.82
(ng*hr/mL) 176.61 567.19" 2646.87°#%  2990.43"*  1600.69"*
tir 47.78 =
20.12+2.23 33.16+4.63 27.50+4.93 33.95+4.94
(Hr) 11.44
MRT 69.96 + 55.40 +
19.69+2.38 43.63+4.72 4499+7.24
(Hr) 14.70 10.21
Relative
bioavailability 1 1.47 3.87 5.03 4.76
(Folds)
*p < 0.05 as compared to marketed formulation,
#p < 0.05 as compared to ATP.
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When the marketed formulation of ATO i.e., suspension of tablet in distilled water
was administered orally to rats through oral route, maximum concentration (Cmax)
was found to be 1385.65 + 72.62 ng/mL, with Tmax 0f 2.66 + 1.55 hr and half-life was
found to be 20.12 + 2.23 hr with 19.69 £ 2.38 hr of MRT. The poor AUC in oral
marketed formulation is due to first pass metabolism and poor absorption of drug
through GIT. The pharmacokinetic parameters in transdermal formulations such ATP,
ALP, AGP, and APTP showed a significant difference (p < 0.05). ATP showed lower
Cmax and AUC indicating poor permeability of ATO through skin. The permeation of
drug through skin was improved by incorporation of drug into nanocarriers. The
nanocarriers incorporated transdermal patch showed significant (p < 0.05)

improvement in Cmax and AUC than marketed oral formulation and ATP.

ALP showed Cmax 0f 1192.07 + 92.65 ng/mL with 56257.60 + 2646.87 ng*hr/mL of
AUC, while, the AGP showed 1289.83 + 46.16 ng/mL of Cmax and 73204.60 +
2990.43 ng*hr/mL of AUC. Based on PK parameters, it was observed that AGP
improved bioavailability as compared to oral marketed formulation, ATP, and ALP
due to the presence of permeation-enhancer vesicle (glycerosomes) and its elastic
properties enhanced the permeation of drug through skin and reached to systemic
circulation. There was a significantly (p<0.05) increased AUC of AGP, which
revealed the enhancement of the bioavailability of the drug as compared to the
marketed formulation, ATP, and ALP. The bioavailability of ATO from AGP was
enhanced 5.03-, 3.40-, and 1.30- folds as compared to oral marketed formulation,
ATP, and ALP respectively. Due to enhancement in relative bioavailability of
developed formulation, there is chance of dose reduction upto > 3-5- folds. This
indicates the possibility of reduction in dose and consequently the side effects of
ATO.

In case of ATO-PECN incorporated transdermal patch, the Cmax was found to be
1205.37 £ 45.75 ng/mL with AUC of 69378.82 + 1600.69 ng*hr/mL. The APTP
showed significant (p<0.05) increase in AUC as compared to ATP and marketed oral
formulation. The bioavailability of APTP was enhanced 4.76- and 3.22- folds as
compared to marketed formulation and ATP respectively. The increase in the AUC
suggested the enhancement of permeation of drug through skin from APTP due to the
nanosize of formulation and hydrating nature of chitosan. The high positive surface
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charge on particles and presence of permeation enhancer (glycerol) in transdermal
patch significantly enhanced the permeation of drug through skin and enabled it to

reach systemic circulation.
b. RSNa loaded formulation:

The concentration of ATO in blood plasma of rats was determined and data are
represented in table- 10.5. The plots of RSNa plasma concentration vs time are
represented in figure- 10.3. The various pharmacokinetic parameters are represented
in table- 10.6.

After oral administration of RSNa tablet, the Cmax was found to be 442.53 + 54.19
ng/mL with 2403.61 + 60.36 ng*hr/mL of AUC. According to the results, the Cmax
from RSNa tablet was low due to poor absorption from GIT attributed to RSNa
forming a complex with divalent cations such as calcium, magnesium, and others

resulting in poor bioavailability [12, 46].

The transdermal formulation showed significantly (p<0.05) better controlled plasma
levels with sustained release having half-life ranging from 18-47 hr with 24-73 hr of
MRT. RTP exhibited lowest Cmax and AUC due to poor permeability of drug through
skin. RLP showed 572.67 + 40.90 ng/mL of Cmax and 28217.87 + 904.97 ng*hr/mL of
AUC, while RGP showed 645.46 + 32.16 ng/mL of Cmax and 44395.51 + 2568.00
ng*hr/mL of AUC. From the results, it showed that an increase in the AUC of RGP as
compared to RLP and RTP due to an increase in the permeation of the drug through
the skin and the maximum amount of drug reaching systemic circulation. The increase
in permeation of drug through skin is due to nanosize and deformable nature of
glycerosomes which easily pass through skin and reaches to systemic circulation as
compared to RTP and RLP. The increased water content in the dense connective
dermal layer promotes hydration and relaxation due to the presence of glycerol, which
therefore makes it easier for glycerosomal formulation to diffuse through the skin
layer [47-50]. The bioavailability of RGP was increased 18.47-, 7.42- and 1.57- folds
as compared to marketed formulation, RTP and RLP respectively. This increase in
bioavailability of developed formulation indicated the possibility of dose reduction

and consequently the side effects.
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Table- 10.5. Plasma concentration of RSNa vs time profile.

Plasma concentration (ng/mL)

Time
(Inhrs) ~ Marketed RTP RLP RGP RPTP
formulation
(Oral) Transdermal
0.00 + 0.00 £
0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
0.00 0.00
188.52 +
0.5 ND 0.00 £ 0.00 71.54 £9.42 0.00 £ 0.00
15.71
309.33 = 95.90 +
1 ND 98.04 £8.70 84.75+8.19
27.74 13.15
44253 £ 206.96 +
2 ND 164.51 + 30.18 148.60 £ 7.76
54.19 47.10
267.73 + 106.95 + 277.13 +
4 247.80 +31.54  225.76 + 24.51
39.90 7.98 46.38
166.34 + 143.84 334.54
6 322,37 +31.32  296.62 + 32.13
5.96 4.56 34.79
94.13 + 280.56 408.00 £
8 408.00 + 28.02  408.00 + 28.02
3.83 28.55 28.02
31.68 + 230.92 + 572.67 +
10 645.46 +32.16  543.50 + 43.36
4.35 33.00 40.90
14714 47151 +
12 ND 603.66 + 42.23  425.19 + 43.97
5.10 28.93
119.65 + 380.09 +
24 ND 472,37 +£21.31  342.32 £ 32.28
25.46 45.48
248.58 +
48 ND ND 374.97 +2557  217.47 +30.10
48.37
141.36 +
72 ND ND 243.16 £44.72 167.55 £ 20.77
9.34
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Figure- 10.3. RSNa plasma concentration vs time profile

Table- 10.6. Pharmacokinetic parameters of RSNa loaded formulations

Marketed

RTP RLP RGP RPTP
Parameters  formulation
(oral) Transdermal
Cmax 44253 £ 280.56 + 572.67 + 645.46 + 543.50 +
(ng/mL) 54.19 28.55 40.90 32.16 43.36
T max
(HI) 200+0.00 8.00+0.00 10.00£0.00 10.00+0.00 10.00+0.00
r
AUCo-72 2403.61 + 6002.75 £ 28217.87+ 4439551+  30174.33 %
(ng*hr/mL) 160.36 1396.01" 904.97"# 2568.00"# 3825.76"#
tue 37.09 =
2.12+0.23 18.78+£3.00 46.57 +£6.76 44.16 £4.72
(Hr) 10.34
MRT 2456 56.75 =
4.16 £ 0.07 72.37+9.11 68.54 +£6.05
(Hr) 12.29 12.39
Relative
bioavailability 1 2.50 11.73 18.47 12.55
(Folds)
*p < 0.05 as compared to marketed formulation
#p <0.05 as compared to RTP.
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The PK results of RPTP showed 543.50 + 43.36 ng/mL of Cmax with 30174.33 +
3825.76 ng*hr/mL of AUC. The RPTP showed a 5.02- and 12.55-fold significant
enhancement (p < 0.05) in bioavailability as compared to the RTP and marketed
formulation, respectively. The enhancement in bioavailability of RPTP is due to the
nanosized chitosan-based nanoparticles with permeation enhancer (glycerol) which
hydrates stratum corneum and highly positively surface charge which facilitated the
permeation of drug through skin layers and enabled it to reach systemic circulation.
The enhancement in bioavailability indicates the possibility of reduction in dose.

10.7.2. Invivo pharmacodynamic studies:
Evaluation of Antiosteoporotic activity:

10.7.2.1.Radiological analysis:

The X-ray radiograph of the rats of different treatment groups are shown in the
figure-10.4. The X-ray radiograph of the ovariectomized rats (figure- 10.4B)
show significantly reduced radio-opacity as compared to normal group (figure-
10.4A). When compared to the normal group, the radio-opacity of the OVX
group was found to be less intense and faint. The region of femur and tibia bone
joint were found to be distorted indicating and confirming the osteoporosis
induction in OVX group. The ovariectomy surgery is known to accentuate the
osteoclast activity and resorption of bone, thereby preventing the new bone
formation, and accelerating the bone erosion [51]. This indicates the development
of osteoporosis after ovariectomy. As it can be seen in the figure-10.4C-H, the
treated rats showed increase in the radiopacity of bone as compared
ovariectomized rat. The orally administered ATO (C) and RSNa (F) treated rats
showed slight increase in the radio-opacity of bone as compared to OVX group.
This happened due to the low oral bioavailability of ATO as well as RSNa, which
showed less effectiveness of the drug for the treatment of osteoporosis. After
treatment of nanocarriers loaded transdermal patches, the X-ray radiography of
rats showed significant enhancement in the radio-opacity of bones (D, E, G and
H) as compared to orally treated rats (C and F) and OVX group. This happened
due to the enhancement of the bioavailability of the drug from the nanocarrier-
loaded transdermal patch, which helps to increase bone formation and reduce
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bone resorption, resulting in anti-osteoporotic activity. The increased radiopacity
in the region of bone epiphysis, metaphysis and bone shaft region of rats was
observed after the treatment with nanocarriers loaded transdermal patch. The
ATO loaded nanocarriers incorporated transdermal patch treated rats also showed
significant increase in the radio-opacity of bones as like RSNa loaded
nanocarriers incorporated transdermal patch. Hence, on the basis of results it was
observed that ATO also helps to reduce bone resorption and increase the bone
formation by inducing osteoclast activity and increasing activity of osteoblast,
resulting in increase in bone mass. The RSNa-loaded nanocarriers permeated a
higher amount of the drug through the skin to the trabeculae of the bone, where
the osteoclastic effects must have been inhibited by risedronate conjugation with
the hydroxyapatite content of the bones, which in turn triggered an enhanced
reformation of the bone and of the cortical line with the action of osteoblasts. In
the case of nanocarrier-incorporated transdermal patches treated groups, the joint
between the femur and tibia was found to be less distorted (highly radiopaque)
than in the OV X group and orally administered drug treated groups.

The results indicated that the prepared formulations were able to induce bone
formation and reduced bone resorption in osteoporotic rats as compared to orally
administered drug. The results concluded the effectiveness of the developed AGP,
RGP, APTP and RPTP for treatment of osteoporosis through transdermal

administration.
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A. Normal Group (NG) B. OVXgroup (OG)

C. ATO- Marketed formulation (Group-I) D. AGP (Group-II)
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E. APTP (Group-III) F. RSNa- Marketed formulation
(Group-1V)
.
G. RGP (Group-V) H. RPTP (Group-VI)

Figure- 10.4. Radiological images of rats with treated, nontreated and disease model.
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10.7.2.2.Bone weight, bone volume and bone density:

Table-10.7 and figure-10.6 summarize the effect of OVX and treatment of AGP,
RGP, APTP and RPTP on bone weight, bone volume and bone density. From the
results, it was found that the weight of bone in the OVX group (OG) was
significantly (p<0.05) less than the normal group (NG), which might be due to
demineralization or resorption of bone, which leads to bone loss. During treatment
(treated groups G-I to I11), the bones were mineralized and recovered with normal
bone composition or the anti-resorptive activity of ATO, which stimulate the bone
remodelling process as normal. The anti-osteoporotic activity of ATO inhibits
osteoclastic activity by inhibiting osteoclast differentiation and osteoblast apoptosis
and stimulates bone formation, leading to an increase in bone weight as well as
bone mass density [52]. The bone weight was higher in rats treated with AGP (G-
I1) and APTP (G-I111) as compared to ATO marketed formulation (G-1) due to the
increased bioavailability of the drug, which results in increased anti-osteoporotic
activity. The results indicated that the bone weight was decreased by ovariectomy
surgery. After treatment with RSNa loaded formulations (G-1V to V1), a significant
(p<0.05) increase in the weight of bone was observed due to the anti-osteoporotic
activity of RSNa, which inhibits bone resorption and demineralization as well as
stimulates the bone remodelling process as normal. The recovery of bone weight
was higher in RGP (G-V) and RPTP (G-VI) as compared to RSNa marketed
formulation (G-1V) due to an enhanced bioavailability of RSNa, which
subsequently increased its anti-osteoporotic activity. The anti-osteoporotic activity
of RSNa inhibits bone resorption by osteoclastic apoptosis and stimulates
osteoblastic activity, which helps bone formation, leading to an increase in bone

weight as well as bone mass density [53].

The bone volume of the femur in OG was significantly (p<0.05) higher as
compared to NG. This conclusion is based on the gain in body weight of OG. As
compared to OG, bone volume was decreased in the treated group with AMF (G-I),
AGP (G-II) and APTP (G-III). In case of the RSNa treated group (G-I1V to VI),
there was no significant (p>0.05) difference observed. The bone volume of the
femur decreased after treatment with RSNa formulations, i.e., RMF (G-1V), RGP
(G-V), and RPTP (G-VI) as compared to the OG group.
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With respect to bone weight and bone volume, the OG exhibited significantly
(p<0.05) lower values for the bone density of femur than did the NG. This
indicates that the bone mass density is decreased by ovariectomy. The results
showed that bone density was significantly (p<0.05) increased after treatment of
ATO loaded formulations. This was happened due to either stimulation of bone
formation activity or anti-osteoporotic property of ATO [54]. The bone density of
rats treated with AGP (G-11) and APTP (G-111) was higher as compared to the ATO
marketed formulation (G-1). A significantly (p<0.05) increased in bone density was
observed after treatment with RMF (G-1V), RGP (G-V), and RPTP (G-VI) due to
the anti-osteoporotic or anti-resorptive properties of RSNa. The bone density of
RGP (G-V) and RPTP (G-VI) was higher as compared to RMF (G-1V) due to
enhanced bioavailability, which subsequently enhanced the anti-osteoporotic
efficacy of RSNa.

On the basis of results, it was concluded that the ATO and RSNa loaded
formulation i.e., AGP (G-Il), RGP (G-V), APTP (G-IIl) and RPTP (G-VI)
enhanced anti-osteoporotic activity as compared to ATO (G-1) and RSNa (G-1V)

marketed formulation.

Table- 10.7. Analysis of bone weight, bone volume and bone density for bone

samples
Drug ] )
Weight of bone Bone volume  Bone density
Groups treated
(mg/mm) (mL) (gm/mL)
group
NG - 25.51 +2.22 0.68 + 0.07 1.46 £0.17
oG - 17.21 £1.50 0.79+£0.04 00.93 +0.03
G-I AMF 18.94 + 1.52* 0.72 +0.07* 1.04 £0.17*
G-11 AGP 22.30 £ 2.07* 0.74 £ 0.03* 1.29 + 0.08*
G- APTP 21.00 £ 2.21* 0.71 + 0.09* 1.11 +0.32*
G-IV RMF 20.21 + 1.69* 0.71 £ 0.06* 1.17 + 0.26*
G-V RGP 23.22 + 2.51* 0.72 + 0.02* 1.37+£0.17*
G-VI RPTP 21.79 + 0.64* 0.71 £ 0.05* 1.19 + 0.22*
*p < 0.05 as compared to OG. (n=3,+£S.D.)
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Figure- 10.5. Bone samples isolated for analysis

Il Bone Density

Bone Density (gm/mL)

NG oG G-1 G-I G-I G-IV GV G-VI

Groups

*(p < 0.05)
Figure- 10.6. Change in bone density after treatment

10.7.2.3.Biochemical assay:

Table-10.8 and figure-10.7 represents serum level of calcium (a) and inorganic
phosphorous (b) in NG, OG and after treatment (G-I to VI). Calcium and inorganic
phosphate are considered bone mineral content markers. The results showed that
the significant (p<0.05) decreased in the calcium and inorganic phosphorous serum
level after ovariectomy surgery as compared to NG. The optimal range for calcium
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serum level is 8- 12 mg/dL and inorganic phosphorous is 3-7 mg/dL [55, 56].
Ovariectomy increases Calcium (Ca) and inorganic phosphorous (iP) excretion in
the urine while decreasing Ca and iP levels in the serum. It is likely related to the
influence of oestrogen on intestinal calcium absorption that there is an increase in
Ca and iP excretion [57]. The decrease in oestrogen may be responsible for Ca and
iP being poorly absorbed in the gut, leading to more Ca and iP being excreted in
the urine and faeces. Serum calcium deficiency is related to impaired ovarian
function in producing oestrogen. Oestrogen may influence bone remodelling either
directly or indirectly. Oestrogens influence calcium bioavailability as well as other
endocrine activities related to bone remodelling. It has been demonstrated that
ovariectomized rats experience due to the oestrogen lack associated with
menopause [58, 59]. These diseases influence calcium absorption in the intestine,
which is controlled by CaSRs (calcium sensing receptors) in the parathyroid
glands. Ovariectomy may also cause a decrease in the number of vitamin D
receptors in the jejunum, resulting in lower vitamin D cell response signalling in
the gut and a decrease in intestinal calcium absorption [59-61]. After treatment, the
serum calcium and inorganic phosphorous level was significantly increased as
compared to OG. In case of ATO and RSNa loaded formulation, The calcium level
is highest because it potentially elevates bone matrix formation and reduces bone
breakdown [42, 62]. RSNa and ATO slows bone loss and improves bone mass,
which avoids chances of osteoporosis. It was found that RSNa and ATO increases
calcium loss from the blood while both improving absorption and bone deposition.
The calcium and inorganic phosphorous serum level was significantly more in
AGP (G-II), APTP (G-IIl), RGP (G-V), and RPTP (G-VI) as compared to ATO
(G-1) and RSNa (G-1V) marketed formulation due to increasing bioavailability of
ATO and RSNa by AGP (G-Il), APTP (G-1Il), RGP (G-V) and RPTP (G-VI)
resulted in increase in anti-osteoporotic effect. Based on the results, it was
concluded that the AGP (G-IlI), APTP (G-IIl), RGP (G-V), and RPTP (G-VI) are

potential drug delivery systems for the treatment of osteoporosis.
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Table- 10.8. Serum profile of calcium and inorganic phosphorous

Serum level (mg/dL)
Drug treated

Groups _ Inorganic
group Calcium

phosphorous

NG - 9.16 £1.02 421 +0.44

oG - 5.38+1.19 2.55+0.63
G-I AMF 6.63 + 0.90* 2.87 +0.69*
G-11 AGP 8.37+0.72* 3.07 £ 0.54*
G-111 APTP 8.06 + 1.20* 3.52 +0.66*
G-1Vv RMF 7.19 + 1.06* 3.15+0.52*
G-V RGP 9.53+1.03* 3.71 £ 0.64*
G-VI RPTP 8.52 +1.22* 3.63 £ 1.00*

*p < 0.05 as compared to OG. (n=3,+£S.D.)

NG oG G-Il G-I1 G-I G-IV G-V G-VI
Groups
*(p <0.05)
(a)
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(b)
Figure- 10.7. Serum calcium (a) and phosphate (b) level

10.7.2.4.Histopathology of bones:

The femur sections of rats were investigated for histological changes and shown in
figure- 10.8 with different magnification 4X (a), 10X (b), 20X (c), 40X (d) and
60X (e). In the femur of normal group (figure- 10.8A), normal diaphysis
microarchitecture with compact trabeculae was observed. Inner spongy bone
showed a network of bony trabeculae separated by interconnected voids arranging
bone marrow. It undergoes remodelling throughout life in response to mechanical
loading, hormonal influences, and other factors. This remodelling process helps
maintain bone strength and adapt to changing physiological demands. Sections of
femur diaphysis showed an outer periosteum, the shell of cortical bone and
endosteum, and bone marrow. The endosteum surface of the trabecular bone
appeared smooth and lined with osteoprogenitor (*) cells and osteoblasts (OB).
The cortical bone (#) is composed of a compact and dense bony structure with
tightly packed layers of bone tissue called osteons or Haversian systems. Each
osteon consists of mineralized extracellular matrix called lamellae. Within the
lacunae of these lamellae, osteocytes, or bone cells, can be found. The bone
trabeculae are composed of irregular bone lamellae and osteocytes inside the

lacunae between the lamellar parts of the bone. The normal femur bone section
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showed presence of a greater number of osteocytes which helps to balance bone

remodelling process.

The femur of OV X group (figure- 10.8B) showed severe thinning of the trabecular,
disappearance of growth plate and widening intertrabecular spaces due to loss of
connectivity among the bone tissue. The femur displayed altered structural
characteristics of trabecular bone (@), including abnormalities and erosion of the
bone surface, deviating from its normal architecture. The broader spaces between
the bone marrow ($) were observed, indicating widening of inter-bone marrow
areas. The presence of osteoclasts was observed in the bone cavities () and bone
resorption (arrow ) was observed in the trabecular region. Osteoclasts were
identified within the bone cavities, indicating their involvement in the process of
bone resorption. The periosteum surface of cortical bone showed bone resorption.
The OVX femur bone showed minimum osteocytes were presence which

disbalanced the remodelling process.

After treatment of orally administered ATO (G-1) and RSNa (G-1V) (shown in
figure- 10.8C and 10.8F, respectively), the section of femur showed slight
reduction in erosion of bone surface and minimum bone cavitation was observed.
A slight increase in the bone marrow in the treated groups was observed as
compared to the OVX group. After the treatment of nanocarriers incorporated
transdermal patch (G-1l, G-lll, G-V, and G-VI), significant increase in bone
marrow was observed as compared to OV X group as well as G-I and G-IV (shown
in figure-10.8D, 10.8E, 10.8G, and 10.8H). There was significant decrease in the
erosion of bone surface and bone cavitation observed in the compact bone. In the
femur of treated rats, the trabecular bone exhibited a normal architecture and
density, indicating a healthy and intact structure. In the region of trabecular bone,
only a few areas of bone resorption were observed, with most of the trabecular
bone surrounded by regions of bone deposition. Distinct lines of bone deposition
were prominently evident on the surface of the periosteum. The ruffled border, as
well as the Harvesian system and bone matrix, showed a slight improvement,
indicating constructive changes in the bone. The surfaces of both the periosteum
and endosteum appeared smooth and were lined with osteoprogenitor cells, while
only a few sites of erosion were observed. A significant degree of restoration was

observed, characterized by the presence of a dense bone matrix and a thickened
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ruffled border. After the treatment of developed formulation, significant recovery
of osteocytes and osteoblast cells was observed, which retained the balance

between bone formation and bone resorption.

On the basis of the results, it was concluded that the developed formulations more
efficiently induced bone formation and reduced bone resorption, which helps in the

treatment of osteoporosis.
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Figure- 10.8.1. Histopathological photomicrograph of femur bone samples from the normal group and the OV X group
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Magnifications

Groups

4X () 10X (b) 20X (c) 40X (d) 60X (e)

Figure- 10.8.2. Histopathological photomicrograph of femur bone samples from the ATO loaded formulations treated group
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Figure- 10.8.3. Histopathological photomicrograph of femur bone samples from the RSNa loaded formulations treated group
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