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Abstract. Development of fixed dose combinations is growing and many of these drug
combinations are being legally marketed. However, the development of these requires
careful investigation of possible physicochemical changes during co-processing. This requires
investigation of the effect of co-processing of drug combination in absence of excipients to
maximize the chance of interaction (if any). Accordingly, the aim was to investigate the effect
of co-processing of ezetimibe and atorvastatin on drugs dissolution rate. The objective was
extended to in vitro in vivo correlation. Drugs were subjected to wet co-processing in
presence of ethanol after being mixed at different ratios. The prepared formulations were
characterized using FTIR spectroscopy, X-ray powder diffraction, differential scanning
calorimetry, scanning electron microscopy, and in vitro dissolution testing. These investiga-
tions proved the possibility of eutectic system formation after drugs co-processing. This was
reflected on drugs dissolution rate which was significantly enhanced at dose ratio and 2:1
atorvastatin:ezetimibe molar ratio compared to the corresponding pure drugs. In vivo
antihyperlipidemic effects of the co-processed drugs were monitored in albino mice which
were subjected to hyperlipidemia induction using poloxamer 407. The results showed
significant enhancement in pharmacological activity as revealed from pronounced reduction
in cholesterol level in mice administering the co-processed form of both drugs. Besides,
histopathological examinations of the liver showed marked decrease in hepatic vacuolation.
In conclusion, co-processing of atorvastatin with ezetimibe resulted in beneficial eutexia
which hastened the dissolution rate and pharmacological effects of both drugs.
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INTRODUCTION

Development of fixed dose combinations is growing with
many products being legally marketed. The development of
fixed dose combination can provide a tool for preparation of
drug-drug co-processed binary systems. Co-processing may
result in formation of new crystalline species which may be of
co-crystal, salt, or co-amorphous types. Other mixtures may
undergo melting point depression forming eutectic mixture
(1). These transformations may beneficially or deleteriously
affect the dissolution rate and subsequently the bioavailability
of drugs in fixed dose combinations. For example, olmesartan
medoxamil has been shown to develop stable co-crystal after
co-processing with hydrochlorothiazide. Unfortunately, the
developed species underwent slow dissolution of drugs. This
problem was solved by inhibition of the co-crystallization
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process (2). Accordingly, researchers are focusing on investi-
gation of drug-drug co-processing with emphasis on drug
candidates for fixed dose combinations (3-5). This research
line is promising and may introduce a new benefit for fixed
dose combination.

Atorvastatin is a competitive HMG-CoA reductase
inhibitor; the drug is a long acting member of statin family
which is widely used as antihyperlipidemic agents. Despite of
being one of the most successful members of the statin family,
atorvastatin is classified as BCS- class II candidate which
undergo slow dissolution. The problem is magnified in acidic
pH below 4 modulating the bioavailability (6, 7). Multiple
approaches have been conducted successfully to enhance the
dissolution rate and the oral bioavailability of atorvastatin;
these include particle size reduction via micronization (8) or
nano-crystal formation (9, 10), crystal structure modification
using inactive coformers via cocrystallization (11) or co-
amorphousization (12), solid dispersion formation (13, 14),
self-assembled colloidal drug delivery systems (15, 16), and
nanotechnology-based approaches via polymeric nanospheres
formation (17) or cyclodextrin-based nanosponges (18).
Moreover, the pharmacological activity of atorvastatin can
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be augmented by combination with other lipid lowering
agents like ezetimibe which exerts its function by different
mechanism. A combination of both drugs is legally available
in the market.

Ezetimibe is a cholesterol absorption inhibitor that is
commonly indicated in combination with statins for aug-
mented lipid lowering effect (19). Ezetimibe exhibits low
aqueous solubility and therefore can be classified as dissolu-
tion rate limited drug. Accordingly, several techniques have
been conducted aiming to enhance the drug dissolution rate.
These include solid dispersion and self-micellizing solid
dispersions formation (20, 21), self nano-emulsifying drug
delivery system (22), and nanocrystallization (23).

Investigations were extended to simultaneously enhance
the dissolution behavior of ezetimibe in combination with
atorvastatin. These studies employed solid dispersion and
amorphous nano-solid dispersion formation in presence of
other excipients (24, 25) and self microemulsifying drug
delivery system (26). These investigations overlooked possi-
ble interaction between the neat drugs.

Accordingly, the objective of current study was to
investigate the effect of co-processing of both drugs using
ethanol assisted co-grinding. The scope of the study was
extended to evaluate the mechanism of enhanced dissolution
of both drugs in addition to in vivo evaluation of pharmaco-
logical activity before and after co-processing.

MATERIALS AND METHODS

Materials

Atorvastatin, ezetimibe, and poloxamer 407 were ob-
tained from Sigma for Pharmaceutical Industries, Egypt.
HPLC grade acetonitrile was purchased from BDH, UK.
Ethanol, Tween 80, and potassium dihydrogen phosphate
were purchased from El Nasr Pharmaceutical Chemicals
Company, Cairo, Egypt.

Methods

Preparation of the Tested Formulations

Co-processing of atorvastatin and ezetimibe was
achieved using the previously published method (27). In this
method, wet co-grinding of atorvastatin and ezetimibe was
performed after mixing both drugs at different molar ratios
and at fixed dose ratio (Table I). This involved dry mixing of
the required ratio using mortar and pestle. Ethanol was
added dropwise with continuous grinding until formation of

Table I. The Composition of the Prepared Formulations Presented as
Molar Ratios

Formulation Atorvastatin Ezetimibe
Atorv:Ezet (0.5:1) 0.5 (6.3 mg) 1 (10 mg)
Atorv:Ezet (1:1) 1 (13.64 mg) 1 (10 mg)
Atorv:Ezet (2:1) 2 (27.4 mg) 1 (10 mg)
Dose ratio* 1.5 (20 mg) 1 (10 mg)

*Dose ratio is approximately equal to 1.5:1 molar ratio of atorvastatin
and ezetimibe
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smooth paste. This procedure consumed 0.9 ml of ethanol for
each gram of the formulation. Grinding process was contin-
ued till evaporation of ethanol and the formation of flowable
particles. These steps were repeated 5 times and finally, the
obtained powder formulation was left overnight for complete
drying at room temperature before being packed in air-tight
containers.

Determination of Drug Content

Known weight of the tested formulation was dissolved in
ethanol and was suitably diluted with filtered water before
drug quantification using HPLC method. These procedures
were repeated in triplicates. The following equation was
utilized for calculating the drug content in each formulation:

Drug content (%) = (Recovered amount/Theoretical amount) x 100

Chromatography

Simultaneous quantitative analysis of atorvastatin and
ezetimibe was performed using high-pressure liquid chro-
matographic method. Chromatographic system (Agilent tech-
nologies 1260 infinity, DE, Germany) was used and it was
equipped with a variable wavelength UV detector (VWD
1260). A full computer controlled automatic sampling system
(TCC 1260) was involved. The mobile phase comprised
filtered water adjusted to pH 3 with ortho-phosphoric acid
and acetonitrile (45:55). This mobile phase was pumped at a
rate of 1.2 ml/min. The stationary phase was a reversed phase
Intersil® C18 column, 150 mm x 4.6mm (i.d.) with an average
particle size of 5 pm (GL Sciences Inc., Tokyo, Japan.). The
samples were injected into the system with a volume of 30 pl
and drug concentration was quantified at wavelength of 238
nm. Agilent OpenLAB ChemStation software was utilized for
data analysis.

FTIR Spectroscopy

The FTIR spectrophotometer (Bruker Tensor 27, Ger-
many) was utilized for recording the FTIR spectra of pure
atorvastatin, ezetimibe, and the prepared formulations. The
powdered samples were mixed with potassium bromide
(spectroscopic grade) and the resulting mixture was com-
pressed into disks using hydraulic press. Spectroscopic scan
was performed for each sample in the range of 4000 to 400
em™. DLaTGS detector and Opus IR, FT IR spectroscopy
software were employed for detection and data analysis
respectively.

Powder X-ray Diffraction

The X-ray diffractograms for atorvastatin, ezetimibe, and
the tested formulations were collected using PAN analytical
X-Ray diffractometer (model X'Pert PRO, Netherlands). The
equipment is supplied with secondary monochromator, Cu-
Ka radiation (N = 1.542 A) operated at 45 KV and current of
35 mA. Data collection is facilitated using X'Celerator
detector. Continuous scan mode using 2theta scan axis was
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conducted at ambient temperature with scanning range of 3
to 65° and scanning step size of 0.03°.

Differential Scanning Calorimetry

The thermal analyses of atorvastatin, ezetimibe, and the
prepared formulations were conducted using differential
scanning calorimeter (DSC-50, Shimadzu, Japan). Accurate
amount of sample was loaded into aluminum pan then it was
covered with its lid and was crimped using Shimadzu crimper.
Thermal analysis was performed with a heating rate of 10°C/
min, over a temperature range of 35-300°C. This process was
under continuous flow of nitrogen gas at constant rate. TA-50
WSI thermal analysis software was utilized in data collection
and analysis. The melting transition (Tm) was measured for
each sample.

Scanning Electron Microscopy

Scanning electron microphotographs of atorvastatin,
ezetimibe, and the co-processed fixed dose combination were
recorded using scanning electron microscope (JSM-5300,
JEOL, Tokyo, Japan) that was operated with controllable
acceleration voltage (20 kV). The powders were loaded onto
the specimen mounting stubs, coated with a thin layer of gold
utilizing the sputter coater unit within a coating time of 7 min
(JFC-1100E) and examined microscopically.

Dissolution Studies

The dissolution studies were performed using USP 2
(paddle type) dissolution apparatus. FDA dissolution me-
dium for atorvastatin and ezetimibe was utilized. The medium
comprised 0.2% w/v Tween 80 solution in 0.05 M phosphate
buffer (pH 6.8). The required volume of the dissolution
medium (900 ml) was loaded into the dissolution vessels with
the temperature of these vessels being adjusted at 37 + 0.5°C.
The paddle of the apparatus was set at a rotation speed of 75
rpm. Test sample (10 mg of ezetimibe, 20 mg of atorvastatin
or equivalent to 10 mg of the ezetimibe) was loaded into the
dissolution vessel. Dissolution samples (5 ml) were withdrawn
at predetermined time intervals (5, 10, 15, 30, 45, and 60 min)
and were filtered immediately using a 0.45 um Millipore filter.
To keep constant volume for the dissolution medium and
maintain sink conditions, the withdrawn sample was
replenished with fresh dissolution medium. The drugs con-
centration in each sample was quantified by the developed
HPLC assay method. Dissolution testing for each powdered
sample was conducted in triplicates. The percent cumulative
amounts of drug dissolved were plotted as a function of time
to produce dissolution profiles. The dissolution parameters
including the amount of drug dissolved within the first 5 min
(Q5) and the dissolution efficiency (DE) were computed from
these profiles. The dissolution efficiency was estimated using
the nonlinear trapezoidal rule (28).

In Vivo Evaluation of Antihyperlipidemic Effect

The study utilized 48 albino mice with an average weight
of 25 g. The study design and animal handling were
performed according to the rules approved by the College
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of Pharmacy, University of Tanta Ethical Committee. The
mice were fed with standard pellets diet and water and were
left to adapt on the laboratory conditions for 1 week before
the experiment. Poloxamer-induced acute hyperlipidemia
model was employed for this study (29, 30). During the
experiment, the animals were divided into six groups (I, II,
IIL, 1V, V, VI). Group I served as naive without treatment
with drugs or poloxamer. Group II was reserved as a
reference for mice with hyperlipidemia (induced with
poloxamer). Group III received atorvastatin aqueous disper-
sion orally at a dose of 5 mg/kg p.o. and group IV received
ezetimibe at a dose of 2.5 mg/kg p.o. Group V received a
dispersion of the physical mixture of atorvastatin and
ezetimibe (5/2.5 mg/kg p.o). Co-processed atorvastatin and
ezetimibe at a dose ratio of 5/2.5 mg was administered to
group VI after dispersion in water. For groups III, IV, V, and
VI, drugs were administered on daily basis for 2 weeks before
poloxamer induced hyperlipidemia. After these 2 weeks,
poloxamer 407 solution in sterile normal saline was prepared
and injected in a dose of 0.5 gm/kg intraperitoneally for all
groups except group I. This dose was selected based on that
reported in literatures (31). The mice were sacrificed 24 h
after injection and blood samples were collected, centrifuged
at 3000 rpm for 20 min and the serum was separated for total
cholesterol analysis using biochemical tests. Enzymatic color-
imetric method using the commercial reagent (BioMed-
Cholesterol-LS) was employed. Accurate volume of serum
(10 pl) was added to 1 ml of the reagent that produces a color
according to the level of cholesterol and this was assayed
using UV-spectrophotometer at wavelength of 546 nm. The
concentration of cholesterol in each sample was calculated by
measuring a concentration of a standard sample measured by
the same colorimetric technique.

The livers of the sacrificed mice were preserved in 10%
buffered formalin (pH 7.4) then they were processed in
ascending grades of alcohol followed by xylene. After that, they
were embedded in paraffin wax and cut for histopathological
examination. This method was previously reported (32). These
liver sections were stained with hematoxylin and eosin stain
(H&E) then they were microscopically examined using light
microscope (Leica system provided with DFC Leica camera) to
evaluate steatotic marks of the liver samples.

Statistical Analysis

For the estimated dissolution parameters and the results
of in vivo testing, the significance of the difference between
the tested formulations was evaluated using IBM SPSS 20
software. This employed the use of the Kruskal Wallis test
followed by Tukey's multiple comparison as post hoc analysis.
In addition, the dissolution profiles were compared using
similarity factor test (33).

RESULTS AND DISCUSSION
Characterization of the Prepared Formulations

Drug Content

The drug content values for ezetimibe were determined
to be 100.5 + 0.87,99.86 + 2.32, 99.41 + 0.76, and 101.27 + 4.03
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with that of atorvastatin were calculated to be 99.5 + 0.87,
100.14 + 2.32, 100.59 + 0.76, and 98.73 + 4.03 for the
formulations containing atorvastatin and ezetimibe at molar
ratios of 0.5:1, 1:1, 2:1, and dose ratio respectively. The
recorded drug content values reflect homogeneity of the
mixtures as indicated from the closeness to 100% in addition
to the very small SD.

FTIR Spectroscopy

FTIR spectroscopy was utilized to asses any possible
interaction between ezetimibe and atorvastatin after co-
processing. Figure 1 shows the recorded spectra for
ezetimibe, atorvastatin, and the prepared formulations. The
FTIR spectrum of ezetimibe shows the identical spectral
pattern for its main functional groups (Fig. 1). The spectrum
shows broad peak at 3442 cm™! which can be assigned to the
intermolecular hydrogen bonded O-H stretch. The C=0 of
lactam ring appeared at 1718 cm . The benzene ring C=C
stretching vibration was recorded at 1512 ecm™'. The peaks
recorded at 1083 and 1218 cm ' can be attributed to C-O and
C-F stretching vibrations. The O-H bending vibration was
recorded at 1404 cm™ and para-substituted benzene ring
vibration was recorded at 827 cm™. The stretching vibrations
for C-H groups are seen at 2924 and 2856 cm™. These peaks
assignments were previously reported for ezetimibe (5, 24).

The FTIR spectrum of pure atorvastatin shows the
characteristic peaks that indicate the presence of the drug
main functional groups (Fig. 1). The spectrum demonstrates a
peak at 3448 cm which corresponds to O-H stretching
vibration. The C-H stretching vibrations were recorded at
2924 and 2968 cm™. Strong absorption band at 1653 cm™ can
be assigned to the stretching vibration of the amide carbonyl
group. The bending vibrations of N-H and O-H groups were
recorded at 1514 and 1432 cm’, respectively. The peaks
appeared at 1315, 1216, and 1103 and can be assigned to the
stretching vibrations of C-N, C-F, and C-O groups respec-
tively. Similar spectral pattern was previously recorded for
atorvastatin (24, 34).

Co-processing of atorvastatin with ezetimibe at different
ratios resulted in spectral patterns that represent the summa-
tion of both drugs. This is clear from the presence of the main
characteristic peaks that were assigned for atorvastatin and
ezetimibe (Fig. 1). This behavior suggests absence of chemical
interaction after co-processing. The same behavior was
recorded after dry co-grinding of ezetimibe with aspirin (5)
and nonsteroidal anti-inflammatory drugs with caffeine (1).

Powder X-ray Diffraction

The diffractograms of ezetimibe, atorvastatin, and the
co-processed formulations were recorded and shown in Fig. 2.
For ezetimibe, the diffractogram revealed the main diffraction
peaks which were recorded at 26 values of 7.95, 9.79, 12.09,
13.89, 15.83, 17.15, 18.61, 19.33, 20.87, 21.77, 22.95, 23.47,
24.55, 25.29, 26.35, 27.07, 28.23, 30.05, 31.39, 32.05, 33.03,
39.37, and 43.19° (Fig. 2). This diffractogram agrees with the
previously reported data for the same drug and proves its
crystalline nature (35).

The diffractogram of atorvastatin shows several distinct
diffraction peaks at 26 values of 6.09, 9.11, 9.43, 10.25, 10.51,
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11.83, 12.17, 15.23, 16.97, 18.29, 21.53, 22.65, 23.23, 23.63,
24.49, 26.31, 28.29, 29.09, 30.47, 31.87, 37.29, and 43.01° (Fig.
2). The presence of such sharp diffraction peaks indicates the
drug crystallinity which is previously shown for atorvastatin in
other research articles (36, 37).

Co-processing of ezetimibe and atorvastatin at different
ratios resulted in diffraction pattern that comprises the main
diffraction peaks for both drugs recorded at the same angular
positions but with reduced intensity (Fig. 2). This behavior is the
same at all the tested ratios. These data indicate no significant
change in the crystalline nature of both drugs with only signs of
reductions in particle size being noticed as revealed from the
reduced peaks intensity. Similar results were recorded previ-
ously for ezetimibe and aspirin co-processed form (5).

Differential Scanning Calorimetry

DSC was used to investigate any changes in thermal
behavior of ezetimibe and atorvastatin after co-processing.
The recorded thermograms are shown in Fig. 3. The
thermogram of ezetimibe shows a sharp endothermic peak
at a Tm value of 164.5°C attributed to the drug melting with a
dehydration endotherm being recorded at 80.38°C (Fig. 3).
Similar thermal behavior for ezetimibe was reported in
literatures (38, 39).

With respect to atorvastatin, the recorded thermogram
shows a main melting transition at Tm value of 159.6°C. This
melting transition was followed by broad and weak endothermic
peak at a Tm value of 231.4°C reflecting drug decomposition.
Another weak endothermic peak was recorded at 92.1°C owing
to loss of adsorbed water or dehydration (Fig. 3). This thermal
pattern correlates with the published data on atorvastatin (6,
37). The recorded thermal pattern for ezetimibe and atorva-
statin proves their crystalline nature and correlates with the data
recorded with X-ray diffractometer.

Co-processing of ezetimibe and atorvastatin resulted in a
thermal behavior that is different from the thermal pattern of
each drug and depended on the ratio of both drugs. For the co-
ground system containing atorvastatin and ezetimibe at a molar
ratio of 0.5:1, the thermogram revealed an endothermic peak at
Tm value of 63.8°C which can be attributed to water loss.
Interestingly, the enthalpy of this endotherm was lower than that
expected with the corresponding drug highlighting absence of
additional solvent bound to the mixture. This indicates
evaporation of most ethanol which was used in wet processing.
However, accurate determination of residual ethanol is
necessary before taking these formulations to any further
applications. A main endotherm was recorded at a Tm of
157.7°C. This Tm was detected at a lower Tm value compared to
each of atorvastatin and ezetimibe and this was accompanied
with the disappearance of the main endotherms of pure drugs.
Another broad endothermic peak was recorded at Tm values of
230°C, reflecting the decomposition of atorvastatin. Mixtures
containing atorvastatin at higher molar ratios showed the new
endotherm with the Tm being around 152.37-152.9°C. The
decomposition endotherm of atorvastatin was recorded in the
same position as before. This pattern reflects possible
development of new crystalline species. Taking this finding
with the recorded X-ray diffraction results which showed no
evidence for new crystalline form, the recorded thermal
behavior indicates the possibility of eutectic system formation.
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Fig. 1. FTIR spectra of pure unprocessed drugs and the tested formulations

Similar behavior was recorded for other mixtures and was
considered as eutectic system by other investigators (1, 40, 41).

Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to
perceive the morphology and size of ezetimibe, atorvastatin,
and the co-processed formulation (dose ratio). The recorded
photomicrographs are presented in Fig. 4. Atorvastatin
crystals appeared as smooth surfaces rod-shaped crystals

accompanied with many irregular shaped particles and
slightly agglomerated in bundles (Fig. 4). Similar morphology
for atorvastatin powder was depicted previously (24, 37).

The photomicrograph of ezetimibe shows block-shaped
crystals which are larger in size compared with atorvastatin
crystals (Fig. 4). The same crystal shape was previously
recorded for ezetimibe (5, 42).

The co-processed product at dose ratio reflected modu-
lation of the crystalline structure of the product. These
changes were shown as a reduction in the crystal size with

——Atorv:Ezet (2:1)

—Dose ratio

——Atorv:Ezet (1:1)

——Atorv:Ezet (0.5:1)

— Atorvastatin

——Ezetimibe

3 13 23 33 43
2 Theta (degree)

53 63

Fig. 2. X-ray diffraction pattern of pure unprocessed drugs and the tested formulations
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Fig. 3. DSC thermograms of pure unprocessed drugs and the tested formulations

modification of the architecture of the crystals. These changes
correlate with the recorded findings of the combined instru-
mental analysis which supported possible eutectic mixture
formation. Similar findings were reported previously and
were attributed to eutectic system formation (43, 44).

Dissolution Studies

Dissolution studies were performed to investigate the effect
of ezetimibe and atorvastatin co-processing on drugs dissolution
rate. The studies were conducted for the co-processed ezetimibe
and atorvastatin at different ratios and compared with pure
unprocessed drugs. Figure 5 shows the recorded dissolution
profiles for both ezetimibe and atorvastatin with the calculated
dissolution parameters including overall dissolution efficiency
(DE%) and the amount of drug dissolved in the first five
minutes (Q5) being shown in Table II.

For ezetimibe, the unprocessed drug showed slow
dissolution rate with 16.8% of ezetimibe being dissolved in
the first 5 min and 77.6% of the dose (10 mg) was dissolved
within 1 h. The overall dissolution efficiency value was
calculated to be 51.6% (Table II). This slow dissolution rate
for ezetimibe was reported in literatures and was pointed to
its hydrophobic nature (35, 45).

The recorded dissolution profile for pure unprocessed
atorvastatin revealed Q5 value of 62.9% and overall dissolution
efficiency value of 81.3% (Fig. 5 and Table II). This recorded
dissolution rate is relatively higher than that reported in
literatures using dissolution media without Tween 80, but similar
profile was reported in study using dissolution media comprising
sodium lauryl sulfate and phosphate buffer (46).

Co-processing of ezetimibe and atorvastatin produced a
different dissolution profiles depending on the ratio of both
drugs. Co-processing of both drug at molar ratios of 0.5:1 and

1:1 (atorvastatin:ezetimibe) did not result in significant
change in the dissolution rate of ezetimibe (Fig. 5a).
However, co-processing of atorvastatin and ezetimibe at
molar ratios of 2:1 and dose ratio resulted in significant
enhancement in ezetimibe dissolution rate with the recorded
QS5 values being 85.3 and 75.9% for both ratios respectively.

For atorvastatin, co-processing with ezetimibe at dose
ratio resulted in significant enhancement in atorvastatin
dissolution rate compared with the unprocessed atorvastatin
(Fig. 5b). This enhancement was reflected in the large
increase in Q5 and dissolution efficiency values which were
recorded to be 90.97% and 91.4% respectively.

The recorded changes in dissolution rate of both drugs after
co-processing were evaluated using similarity factor test. The
test confirmed similarity between the rate of ezetimibe dissolu-
tion from pure unprocessed drug and co-processed forms
containing atorvastatin and ezetimibe at molar ratios of 0.5:1
and 1:1 (F2 equal 52 and 76 for both ratios respectively). In
contrast, the tests revealed significant increase in the dissolution
rate of ezetimibe from formulations containing dose ratio or 2:1
molar ratio of atorvastatin and ezetimibe, compared to unpro-
cessed powder (F2 equal 18 and 13 for both ratios respectively).
The similarity factor test confirmed hastened dissolution pattern
of atorvastatin after co-processing with ezetimibe at dose ratio
(F2 equal 39). The recorded dissolution enhancement can be
claimed to be due to melting point depression which resulted in
weaker intermolecular forces with subsequent rapid dissolution.
Similar behavior has been shown after eutectic mixture
formation (1).

In Vivo Evaluation of Antihyperlipidemic Effect

Poloxamer-induced acute hyperlipidemia model was
employed to evaluate the effect of oral administration of
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Fig. 4. SEM microphotographs of a atorvastatin, b ezetimibe (at two different magnifica-

tions), and ¢ the co-processed dose ratio

ezetimibe and atorvastatin co-processed form on the total
serum cholesterol concentration and the integrity of liver
tissues. This was compared to the effect of oral administration
of each drug individually or in the form of physical mixture.
The effects of the tested formulations on total cholesterol
concentration are shown in Fig. 6. The total concentration of
cholesterol of untreated mice was 70.7 + 7.1 mg/dl. This
concentration correlates with the reported normal values of
the animal (47). Intra-peritoneal administration of poloxamer
resulted in significant increase (p < 0.05) in total cholesterol

concentration in group II (255.7 + 20.5 mg/dl) indicating
successful induction of hyperlipidemia and kept as positive
control. Oral administration of either atorvastatin or
ezetimibe individually for group III and IV, respectively,
resulted in slight reduction in total cholesterol concentration
(Fig. 6). Co-administration of both drugs in the form of
physical mixture for group V resulted in additional reduction
in cholesterol concentration compared with each drug indi-
vidually and this can be attributed to the synergetic pharma-
cological effect of atorvastatin and ezetimibe. This synergistic
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Fig. 5. The dissolution profiles of pure drugs and the tested
formulations. a Dissolution profiles of ezetimibe and b dissolution
profiles of atorvastatin

pharmacological effect was previously reported in literatures
as atorvastatin is able to inhibit HMG-CoA reductase (the
rate-limiting enzyme in cholesterol biosynthesis in liver) and
ezetimibe that inhibits cholesterol absorption from small
intestine (48). Oral administration of co-processed form of

AAPS PharmSciTech (2021) 22: 59

atorvastatin and ezetimibe for group VI produced a signifi-
cant enhancement in their pharmacological effect as revealed
from the significant reduction (p < 0.05) in the total
cholesterol concentration (84 + 14.8 mg/dl). This concentra-
tion is approximately similar to the normal level as in group I
(negative control). The efficacy of co-processed mixture was
superior compared with the corresponding physical mixture
suggesting enhanced oral bioavailability of both drugs after
co-processing. The enhanced pharmacological effect is paral-
lel to the enhanced dissolution rate after co-processing. This
reflects good in vitro in vivo correlation. Polymer-assisted
dissolution enhancement of atorvastatin ezetimibe mixture
has been shown to augment oral bioavailability of both drugs
(24). In addition, the oral bioavailability of atorvastatin
significantly enhanced after processing the drug in the form
of surface stabilized nanocrystals. This enhancement was
attributed to the increase in drug solubility (10). Similarly,
the oral bioavailability of ezetimibe greatly improved after
enhancing the drug dissolution rate by being formulated in
the form of amorphous solid dispersion nanoparticles or self-
micellizing solid dispersions system (21, 49). These data
indicate that the dissolution rate of atorvastatin and ezetimibe
is the rate limiting step for drugs oral absorption and hence
their bioavailability.

The enhanced pharmacological activity was confirmed
further via histopathological examination of liver samples.
This investigation was performed taking into consideration
the destructive effect of cholesterol on liver tissues (50, 51).
The goal was to monitor the protective effects of the
developed formulation. The micrographs of H&E-stained
liver samples are shown in Fig. 7. The micrograph of the liver
tissues for group I (negative control) revealed normal
histology of liver tissue showing proper arrangement of liver
cells around the central vein (arrow) (Fig. 7). Poloxamer-
induced hyperlipidemia compromised the liver histology to
reveal clear liver steatosis. This was associated with diffuse
hepatic vacuolation consistent with glycogen infiltration. The
photomicrograph also showed signs of moderate fatty vacu-
olation (arrow) in addition to focal coagulative necrosis
(arrowhead) (Fig. 7). Oral administration of atorvastatin
alone resulted in moderate improvement, but the liver tissues
showed focal hepatic vacuolation (arrows) (Fig. 7). Mild
improvement was also recorded in the animal group receiving
ezetimibe alone which showed midzonal and periportal
hepatic vacuolation (arrows) (Fig. 7). Administration of
atorvastatin and ezetimibe physical mixture slightly decreased
the hepatic vacuolation in liver tissues (arrows) (Fig. 7) while
the administration of atorvastatin and ezetimibe co-processed

Table II. The Dissolution Efficiency and Q5 Values of Pure Drugs and the Tested Co-processed Formulations

Ezetimibe Atorvastatin
Formulation Q5(%) Dissolution efficiency (%) Q5 (%) Dissolution efficiency (%)
Unprocessed drug 16.8 +5.3 51.6 +4.4 62.9 +3.7 81.3+0.33
Atorv:Ezet (0.5:1) 18.9 + 1.1 435+23 ND ND
Atorv:Ezet (1:1) 149 + 2.8 49.8 +23 ND ND
Atorv:Ezet (2:1) 853 +39 96.3 + 1.9 ND ND
Dose ratio 75.9 ¥ 3.97 853 + 1.6 90.97 + 2.95 914 + 1.3

Values are presented as mean + S.D, n = 3. ND is not determined
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Fig. 6. Total cholesterol concentration in the collected blood samples for each group

presented as mean (mg/dl) + standard error

Fig. 7. Micrographs of stained liver sections using H&E stain; a
group I negative control, b group II positive control, ¢ group III
receiving atorvastatin, d group IV receiving ezetimibe, e group V
receiving physical mixture of both drugs, and f group VI receiving co-
processed drugs

form resulted in marked decrease in hepatic vacuolation
(arrows) (Fig. 7). These results are compatible with the
recorded effect of the administered drugs on the total serum
cholesterol concentration.

CONCLUSION

Ethanol-aided wet co-processing of atorvastatin with
ezetimibe developed eutectic mixture with fast liberation of
both drugs. Co-administration of both drugs synergistically
augmented the pharmacological effects compared to that
recorded from administration of single drug. The co-
processed mixture was more efficient than the physical
mixture indicating a reflection of enhanced dissolution rate
on the recorded in vivo availability which was assessed
pharmacologically.
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