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A B S T R A C T

Atorvastatin is a potent lipid-lowering drug with poor solubility and high presystemic clearance that limits its
therapeutic efficacy. The aim of this study was to develop solid dispersions and micellar systems to obtain fast-
dissolving atorvastatin systems that enhances their anti-hyperlipidemic effect. Solubility and wettability studies
allow the development of solid dispersions with low proportions of croscarmellose sodium as hydrophilic carrier.
Solid state characterization studies indicated that the addition of Kolliphor® RH40 surfactant to solid dispersions
increases intermolecular hydrogen bonding between drug and polymer chains. Dissolution studies in biorelevant
Fasted State Simulate Intestinal Fluid (FaSSIF pH 6.5) medium showed for atorvastatin solid dispersion a super-
saturation peak of atorvastatin followed by an aggregation/precipitation process. Only the presence of a surfac-
tant such as Kolliphor® RH40 in atorvastatin micellar system, promotes the presence of micelles that achieve de-
layed recrystallization. Efficacy studies were carried out using a hyperlipidemic model of rats fed with a high- fat
diet. The atorvastatin micellar system at doses of 10 mg/kg, revealed a significant improvement in serum levels
of total cholesterol, low-density lipoproteins, and triglycerides compared to atorvastatin raw material. This mi-
cellar system also exhibited more beneficial effects on liver steatosis, inflammation and ballooning injury.

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) encompasses the simple
hepatic steatosis to more progressive steatosis with ballooning, and lob-
ular inflammation with or without fibrosis (Doumas et al., 2018; Van
den Hoek et al., 2021). Non-alcoholic steatohepatitis (NASH) was re-
lated to a hyperlipidemia characterized by a high level of cholesterol
(TC), triglycerides (TG), and low-density lipoprotein (LDL) (Van den
Hoek et al., 2021; Torrado-Salmerón et al., 2019).

Currently, treatment for NAFLD is generally dependent on gradual
loss of body weight and change in lifestyle. However, these strategies
have poor compliance in many patients (Torrado-Salmerón et al.,
2019). Recently, several studies revealed that treatment with atorvas-
tatin (AT) is effective and safe for patients with either NAFLD or NASH
and hyperlipidemia (Doumas et al., 2018; Torrado-Salmerón et al.,
2019).

AT is a potent inhibitor of HMG-CoA reductase, the limiting enzyme
in cholesterol biosynthesis. AT is practically insoluble (<0.1 mg/mL)
in simulated gastric medium (Dong et al., 2018) and very slightly solu-
ble in both distilled water (0.11–0.2 mg/mL) (Ha et al., 2014, Faraji et
al., 2021; Srivalli and Mishra, 2015) and phosphate buffer pH 6.8
(0.29–0.32 mg/ml), respectively (Dong et al., 2018; Faraji et al., 2021).
AT presents a low oral bioavailability (12 %), because of its low aque-
ous solubility, crystalline nature, hydrophobic character, rapid presys-
temic clearance in the gut wall and hepatic first-pass metabolism
(Srivalli and Mishra, 2015; Elmowafy et al., 2017). Different strategies
such as the development of nanocrystals and the elaboration of solid
dispersions improve the solubility and dissolution rate of AT and
proved to be adequate to increase its bioavailability. AT nanocrystal-
lization techniques like milling or high-pressure homogenization allow
to obtain important decrease in AT crystallinity (Tizaoui et al., 2020),
and they have shown crucial increases on either solubility (Kurakula et
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al., 2015), dissolution rate and also on enhancing its bioavailability
(Sharma and Mehta, 2019; Kobayashi et al., 2017). The commercialized
amorphous form of AT improves its solubility (0.36–0.54 mg/mL) (Kim
et al., 2013; Jahangiri et al., 2015). However, this amorphous AT, for-
mulated in nanoparticles, exhibits a high interparticle aggregation
process which hinders its wettability and increases its recrystallization
during dissolution studies (Kim et al., 2013; Rahman et al., 2020;
Torrado-Salmerón et al., 2021). Hydrophilic polymers are currently
used as carriers in solid dispersions due to their high hydrophilicity,
water uptake capacity and plasticizing effect. Polymers such as
polyvinylpyrrolidone (Kim et al., 2013; Jahangiri et al., 2015), hydrox-
ypropyl methylcellulose (Kim et al., 2013) and polyethylene glycol
(Faraji et al., 2021; da Silva et al., 2019) have been studied to produce
AT solid dispersions.

In recent years, the use of different disintegrants such as sodium
starch glycolate (Glycolys®) (SSG) (Agrawal et al., 2016), crospovi-
done (Polyplasdone® XL) (CP) (Chaturvedi et al., 2017; Indulkar et al.,
2022) or sodium croscarmellose Solutab® (CCS) (Agrawal et al., 2016;
Iqbal et al., 2020) have shown to be suitable as carriers in solid disper-
sions. The high-water uptake capacity of disintegrants can promote sol-
ubility of poorly soluble drugs. The interaction of disintegrants with
surfactants rises the wettability surface (Chaturvedi et al., 2017;
Indulkar et al., 2022) and improves the steric and electrostatic stabiliza-
tion of the drug molecules within the amorphous structure of the poly-
mer (Ma et al., 2018).

Although the nanoparticles lead to increased surface area, exposing
more surfaces, which increases saturation coefficient and improves dis-
solution rate, these processes can also lead to a substantial rise in free
Gibbs energy, making the formulation unstable. Surfactants act as stabi-
lizers of solid dispersions by producing enough steric or electrostatic re-
pulsion between particles to overcome agglomeration among them
(Kurakula et al., 2015; Kobayashi et al., 2017). Ternary solid disper-
sions with low proportions of surfactants are showed in Table 1, which
are characterized by lowering their surface tension, and improving
their hydrophilicity and water uptake (Rahman et al., 2020). Different
micellar solid dispersions have been studied using different excipients
like sodium dodecyl sulphate (SDS) (da Silva et al., 2019; Agrawal et
al., 2016), Poloxamer 188 (Dong et al., 2018; Sharma and Mehta,
2019), Pluronic® 127 or 68 (Shaker et al., 2020), polymers with high
HLB values such as: Soluplus® (Ha et al., 2014; Rahman et al., 2020),
Polyvinylpyrrolidone-vinyl acetate (PVP VA64) (Kim et al., 2013) and
Gelucire® 48/16 (Aldosari et al., 2021). However, the high plasmatic
clearance of AT and the complex hepatic mechanisms involved in the
treatment of hyperlipidemia (Mohamed et al., 2019) have increased the
tendency to evaluate the different systems developed through in vivo ef-
ficacy models (Sharma et al., 2019; Jarangiri et al., 2015; Kumar et al.,
2017).

For studying micellar solid dispersions, is necessary to develop a dis-
solution method which will be able to simulate the gastrointestinal
tract. The supersaturation conditions for AT solid dispersions in pH 6.8
phosphate buffer (Kim et al., 2013), water (Ha et al., 2014) and 0.1 N
HCl (Shaker et al., 2020) displayed changes in AT release rate profiles.
They were adequate for in vitro evaluating differences among several
AT solid dispersions. Biorelevant dissolution medium has been used in
dissolution studies for simulating fasted state in intestinal conditions
(FaSSIF pH 6.5). This medium contains bile salts and phospholipids
(Ikeuchi et al., 2018). The bile salts also have the capability to form
mixed micelles in the gastrointestinal milieu. The use of FaSSIF pH 6.5
medium has shown to be adequate for observing crucial differences in
ternary solid dispersions of low solubility drugs (Lakshman et al., 2020;
Pas et al., 2020).

The disease severity of NASH was evaluated by NAFLD Activity
Score (NAS). The use of NAS can be effective in evaluating the efficacy
in the liver of different hydrophilic systems (Doumas et al., 2018;
Torrado-Salmerón et al., 2019). Different studies indicate that the use

Table 1
Composition of micellar solid dispersions formulations with low drug:surfac-
tant ratios and their preparation methods, solubility results and dissolution
conditions.
Preparation
Methods

AT:
Polymer:
Surfactant

Solubility (mg/
mL)
(AT solubility
increase)

Dissolution Test Ref.

Spray-drying AT:HPMC:
SDS
(1:1:0.1)

Water 1.4
(17.44-fold)

Water AT 20 mg/
900 mL

Kwon et
al., (2018)

Melting process AT:PEG
10000: P
188
(1:5:1)

Water
0.273 ± 0.026
(1.36-fold)
PBS (pH 6.8)
0.674 ± 0.067
(1.75-fold)

Water AT 20 mg/
900 mL

Faraji et
al.,
(2021)

Lyophilization
technique

AT:SDS (1:
1)

--- Water AT 20 mg/
900 mL

Da Silva et
al.,
(2019)

Melting process AT:Pluronic
F127
(1:1)
AT:Pluronic
F68
(1:1)

Water 10 % F127
14.52 ± 0.84
(704-fold)
Water 10 % F68
11.85 ± 0.63
(575-fold)

Supersaturation
0.1 N HCl
AT40 mg/900 mL

Shaker et
al.,
(2020)

Spray-drying AT:Soluplus
(1:1) to (1:
4)

Water 1 % ≈
0.60 *
(4-fold)

Supersaturation
Water AT 300 mg/
300 mL

Ha et al.,
(2014)

Solvent
evaporation
method

AT:
Poloxamer
188
(1:1) to (1:
5)

Phosphate buffer
pH 6.8 ≈ 0.61
(1.9-fold)

Phosphate buffer
pH 6.8 AT 10 mg/
900 mL

Dong et
al.,
(2018)

Ball milling --- Water AT 0.448
(3.7-fold)

Supersaturation
Water AT 120 mg/
mL

Kobayashi
et al.,
(2017)

SD / SAP * AT:PVP
VA64
(1:1) to (1:
5)

Water
(1.4-fold)

Supersaturation
Water AT 10 mg/
900 mL

Kim et al.,
(2013)

Melting process AT:Gelucire
48/16
(1:1) to (1:
7)

phosphate buffer
pH 6.8
(1.95–9.3-fold)

Supersaturation
Phosphate buffer
pH 6.8 900 mL

Aldosari et
al.,
(2021)

HPH / L ** AT:
Poloxamer
188
(1:2) to (1:
5)

Phosphate buffer
pH 6.8
(19.11-fold)

Dialysis bags
Phosphate buffer
pH 6.8 AT 50 mg/
900 HCl

Sharma et
al.,
(2019)

*SD / SAP. (Solid Dispersions / Supercritical antisolvent process).
**HPH / L. High pressure homogenization technique / Lyophilization process.

of low proportions of surfactants in statins formulations produces an in-
hibitory effect on P-glycoproteins and modifies the CYP3A4 enzymes
pathway which produces significant improvements in NASH disorders
(Srivalli and Mirhra, 2015; Salama et al., 2018). The high values of ala-
nine aminotransferase (ALT) and aspartate aminotransferase (AST)
were related to oxidative stress and are related to the liver damage ob-
served in the NAS score (Mohamed et al., 2019; Klaebel et al., 2019; Yin
et al., 2019). The addition of low doses of surfactants to AT solid disper-
sions could be determinant for improvements in the NASH levels and
may be particularly important in reducing the AT dose and decreasing
its adverse effects (Salama et al., 2018).

The aim of this study was to develop AT solid dispersions with dif-
ferent hydrophilic superdisintegrants for selecting the most adequate
on improving AT solubility in biorelevant FaSSIF pH 6.5 medium. The
improvement on either the solubility and the supersaturation concen-
tration during the dissolution rate, and the delay in the aggregation
process in this biorelevant medium, were all investigated for micellar
solid dispersions with polyoxyl 40 hydrogenate castor oil Kolliphor®
RH40 (K) surfactant at different ratios. Different characterization stud-
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ies (FTIR, XRPD and DSC) have been carried out to relate, the physico-
chemical properties of both SD and MSD formulations, with the changes
observed on their dissolution profiles. Finally, an hyperlipidemic rat
model was selected to evaluate the improvement in lipid parameters ef-
ficacy and the decrease in hepatic steatosis for the selected micellar
solid dispersion (MSD).

2. Materials and methods

2.1. Material

Atorvastatin (AT) was kindly supplied by Normon S.A. (Madrid,
Spain). Excipients: sodium starch glycolate, Explotab® (SSG) was ob-
tained from JRS Pharma (Patterson NY, USA); Sodium Croscarmellose,
Ac-Di-Sol® SD-711 (CCS) was purchased from FMC Corporation
(Philadelphia, PA, USA); Low-Hydroxypropyl Cellulose LH-21 (l-HPC)
was kindly provided by Shin-Etsu Chemical Co., ltd. (Tokyo, Japan);
Crospovidone, Polyplasdone® XL (CP) was provided by Ashland (DA,
USA); Sodium dodecyl sulfate (SDS); Sodium taurocholate (NaTC) and
Lecithin (LCT) were obtained from Sigma-Aldrich® (Madrid, Spain);
Egg lecithin–Lipoid EPCS, Lipoid® (GmbH, Germany), Polyoxyl 40 hy-
drogenate castor oil (Kolliphor® RH40) BASF Chemical Company
(Barcelona Spain) and Acetonitrile, Sodium hydroxide, Potassium phos-
phate monobasic, were obtained from Panreac® (Barcelona, Spain).
Water was ultra-pure (Milli-Q) laboratory grade.

2.2. Methods

2.2.1. Preparation of formulations
AT raw material (AT-RM) was used as reference in either the charac-

terization, dissolution, biochemical and efficacy studies.
Physical mixtures of AT: PM-AT:CCS:K (1:1:0.1) and PM-AT:CCS:K

(1:1:0.3) were prepared as follows: 100 mg of AT and 100 mg of
croscarmellose sodium were mixed with 10 mg or 30 mg of Kolliphor®
RH40 in a ceramic bowl using a polymeric spatula.

The solid dispersion of atorvastatin (SD-AT) was made following a
similar process. A solution of 100 mg of AT in 500 mL of ethanol was
mixed in a ceramic bowl using a polymeric spatula with 100 mg of dif-
ferent disintegrants, such as: sodium croscarmellose for SD-AT:CCS
(1:1); sodium starch glycolate for SD-AT:SSG (1:1); crospovidone for
SD-AT:CP (1:1) and Low-Hydroxypropyl Cellulose LH-21 for SD-AT:l-
HPC (1:1). Solid dispersion was dried at 40 °C for 24 h. The final prod-
uct was screened to isolate the 0.297–0.840 mm fraction by sieving.

Ternary solid dispersions (micellar solid dispersions, MSD) were
prepared containing AT:CCS:Kolliphor® RH40 with two ratios: MSD-
AT:CCS:K (1:1:0.1) and MSD-AT:CCS:K (1:1:0.3) (w/w). The procedure
was as follows: 100 mg of AT were added to 500 mL of ethanol solution
with different proportions of surfactants and dissolved by vortexing
(FisherbrandTM; Milan, Italy) at 2500 rpm for 2 min. The AT solution
was mixed (in a ceramic bowl using a polymeric spatula) with 100 mg
of croscarmellose as a hydrophilic carrier, dried at 40 °C for 24 h, and
then sieved (0.840 mm). The final product was screened to isolate the
0.297–0.840 mm fraction by sieving.

2.2.2. Solubility, wettability and wetting time studies
Solubility studies were performed using excess amounts of each for-

mulation, which were added to test tubes containing 3 mL of either FaS-
SIF pH 6.5 medium or pH 6.5 phosphate buffer. The tubes were mixed
in a vortex and placed in a shaking water bath at 37 °C for five days,
then the samples were filtered through a 0.45 µm filter (Acrodisc®,
Port Washington, NY, USA). Each determination was performed in trip-
licate, and the error bars on the graphs represent the standard devia-
tion. The sample quantification was carried out by HPLC (Agilent®
1100 series FLD G1321A) equipped with a 50 µL loop. Samples were
separated using a Zorbax SB C-8 column (4.6 × 250 mm, 5 µm). The

mobile phase consisted of pH 4.0 acetate buffer (40 %) and HPLC-grade
acetonitrile (60 %), with a flow rate of 1 mL/min. Atorvastatin was an-
alyzed with a UV–VIS detector at a wavelength of 241 nm. The analyti-
cal method was validated according to ICH Q2 (R1) (CPMP/ICH/381/
95).

Wettability studies: a portion of tissue paper folded twice was placed
in a Petri dish of 6 mm diameter and containing 3 mL of FaSSIF pH 6.5
medium, where the following samples were evaluated: AT raw mater-
ial (AT-RM), pure croscarmellose sodium (CCS), physical mixture PM-
AT:CCS:K (1:1:0.3), solid dispersions SD-AT:CCS (1:1), SD-AT:SSG
(1:1), SD-AT:CP (1:1) and SD-AT:l-HPC (1:1) and the solid micellar
dispersions MSD-AT:CCS:K (1:1:0.1) and MSD-AT:CCS:K (1:1:0.3) were
evaluated. The medium absorption ratio, R, was determined using the
equation (1):

(1)

Where Wa and Wb are the weight of the sample before medium ab-
sorption and after medium absorption, respectively.

Wetting time (min): The time required for complete wetting was de-
termined. 100 mg of each formulation were weighed and deposited on
a piece of tissue paper placed in a Petri dish of 6 mm diameter and con-
taining 3 mL of FaSSIF pH 6.5 medium (Blasco et al., 2020).

For solubility, wettability and wetting time studies. Each determina-
tion at each time point was performed in triplicate and the error bars in
the graphs represent the standard deviation.

2.2.3. Solid state characterization
2.2.3.1. FTIR study. Fourier transform infrared (FTIR) spectroscopy of
AT raw material (AT-RM), pure sodium croscarmellose (CCS), the
physical mixture of AT with CCS and Kolliphor® RH40; PM-AT:CCS:K
(1:1:0.3), the solid dispersion SD-AT:CCS (1:1) and micellar solid dis-
persions MSD-AT:CCS:K (1:1:0.3) were performed with FTIR-8400 S
(Shimadzu®; Kioto, Japan). Samples were mixed with KBr powder
(2:100) and compressed into 10 mm discs. The scanning range was
400–4000 cm−1 with a spectral resolution of 4 cm−1.

2.2.3.2. X-ray powder diffraction (XRPD). The XRPD patterns were
recorded on a Philips X’Pert-MPD X-ray diffractometer (Malvern Pana-
lytical, Almelo, the Netherlands), in the CAI XRD (UCM, Madrid,
Spain). The samples were irradiated with monochromatized CuKα radi-
ation (λ = 1.542 Å) and analyzed between the 5 and 35° (2θ) degree
range, scanning at a step size of 0.04° and a time of 1 s per step in all
cases. The voltage and current used were 30 kV and 30 mA, respec-
tively.

2.2.3.3. Differential scanning calorimetry (DSC). Samples were
mounted on a TC 15 thermal analyzer (Mettler Toledo, Schwerzen-
bach, Switzerland). The temperature was calibrated using the indium
reference standard. Samples were accurately weighed into aluminum
pans, then hermetically sealed with aluminum lids, and heated from
25 °C to 250 °C at a heating rate of 10 °C/min under constant purging
of dry nitrogen at 20 mL/min. An empty pan sealed in the same way as
the samples was used as a reference.

2.2.4. Dissolution studies
AT raw material and the different formulations were evaluated in a

biorelevant media under non-sink conditions. The dissolution study of
the different formulations was performed at 100 rpm and
37.0 ± 0.5 °C using a magnetic stirrer thermostatic bath (Fisher-
brandTM; Milan, Italy). Amounts equivalent to 200 mg of AT were
added in 200 mL of FaSSIF pH 6.5 (fasted state simulated intestinal
fluid). This amount of atorvastatin and the volume of dissolution
medium were selected for an adequate study of supersaturation and
precipitation (França et al., 2018). Biorelevant media were prepared
following the previously described methods (Torrado-Salmerón et al.,
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2021; Lakshman et al., 2020). At different times, 0.5 mL samples were
withdrawn and filtered through 0.45 μm (Acrodisc®, NY, USA), and
0.3 mL was discarded before collecting the final 0.2 mL of filtrate. The
filtered samples were immediately diluted and analyzed by the HPLC
method described in the solubility study. Each determination at each
time was performed in triplicate, and the error bars on the graphs repre-
sent the standard deviation.

2.2.5. Animal studies
2.2.5.1. Experimental protocol. Twenty-four male Wistar rats weigh-
ing between 200 and 250 g were supplied from Envigo Rms Co.,
ltd. (Barcelona, Spain). The study was carried out in the Animal Ex-
perimentation Centre at the University of Alcalá de Henares follow-
ing the Ethical Committee Regulations of the University, Community
of Madrid PROEX 041/18, project identification code ES-
280050001165 (27 April 2018). The animals were housed in stan-
dard cages in 12 h light–dark cycles and had unrestricted access to
food and water throughout the experiment. The animals in the
study were fed on a high-fat diet (HFD) composed of fats and cho-
lesterol (18 g of fat, 2 g of cholesterol and 0.2 g of colic acid per
100 g of diet) for eight weeks. Experiments were performed on four
groups of animals (n = 6). At the end of the eight weeks of feed-
ing with a HFD, the serum lipid profile was measured for the induc-
tion of hyperlipidemia. Treatments of AT-RM and MSD-AT:CCS:K
(1:1:0.3) formulation, equivalent to a 10 mg/kg dose of AT, were
suspended in a sodium carboxymethylcellulose solution (0.75 % w/
v) and 0.4 mL of the treatments were administered to the rats
through oral gavage. The hyperlipidemic control group received
only 0.4 mL of the sodium carboxymethylcellulose solution (0.75 %
w/v). After four weeks of treatment, the animals were anesthetized
and sacrificed by cardiac puncture to collect the blood of each ani-
mal.

2.2.5.2. Lipid profile analysis. Blood samples were taken after fasting
for 15 h, and the serum was obtained by centrifugation at 2500 rpm for
10 min. Concentrations of total cholesterol (TC), triglycerides (TG),
high-density lipoprotein (HDL), aspartate transaminase (AST), and ala-
nine transaminase (ALT) were measured using commercial diagnostic
kits, and the data were represented as mean mg/dL ± standard devia-
tion. Low-density lipoprotein (LDL) concentrations were calculated us-
ing the Friedewald equation.

2.2.5.3. Histological analysis. A 5 mm thick section of liver tissue was
cut and fixed in 40 g/L buffered formaldehyde and embedded in paraf-
fin. The sections were stained with hematoxylin and eosin using a mor-
phological semi-quantitative approach and graded as follows: steato-
sis: 0–3; inflammation: 0–3; ballooning: 0–2 (Yin et al., 2019). The his-
tological evaluation of the liver sections was performed by an experi-
mental pathologist. A threshold value of ≥ 5 indicated to correlate
with the diagnosis of NASH.

2.2.5.4. Statistical analysis. In the in vitro studies, differences between
obtained values (Mean ± SE) for the prepared formulae and the con-
trol formulae were carried out using one-way analysis of variance
(ANOVA). Lipid Profile and histological analysis were evaluated by
Tukey’s test, with a one-way ANOVA test using Statgraphics (Stat-
graphics Technologies, The Plains, VA, USA).

3. Results

3.1. Drug solubility and wettability studies

In Table 2 it is shown the water uptake, wetting time and apparent
solubility of either AT raw material (AT-RM), physical mixture: PM-
AT:CCS (1:1), solid dispersions: SD-AT:CCS (1:1), SD-AT:SSG (1:1), SD-

Table 2
Solubility (mg/mL) in phosphate buffer pH 6.5 and FaSSIF pH 6.5, Water up-
take (%) and Wetting time (min) in FaSSIF pH 6.5 for AT raw material and
the different formulations.
Formulations Solubility

phosphate buffer
pH 6.5
(mg/mL)

Solubility
FaSSIF pH 6.5
(mg/mL)

Water uptake
FaSSIF pH 6.5
(%)

Wetting
time
FaSSIF
pH 6.5
(min)

AT-RM 0.362 ± 0.010 0.416 ± 0.014 ---- > 15
CCS ---- ---- 584.33 ± 43.56 1.35
PM-AT:CCS:K

(1:1:0.3)
0.371 ± 0.017 0.418 ± 0.017 ---- > 15

SD-AT:CCS (1:
1)

0.423 ± 0.010 0.510 ± 0.004 468.00 ± 12.00 2.66

SD-AT:SSG (1:
1)

0.412 ± 0.020 0.465 ± 0.010 420.67 ± 10.89 2.12

SD-AT:CP (1:
1)

0.404 ± 0.026 0.461 ± 0.014 ---- > 15

SD-AT:l-HPC
(1:1)

0.437 ± 0.004 0.459 ± 0.009 ---- > 15

MSD-AT:CCS:K
(1:1:0.1)

0.379 ± 0.007 0.414 ± 0.016 660.00 ± 6.00 1.70

MSD-AT:CCS:K
(1:1:0.3)

0.436 ± 0.006 0.441 ± 0.009 639.67 ± 14.22 0.92

AT:CP (1:1) and SD-AT:l-HPC (1:1) and micellar solid dispersions for
ratios: MSD-AT:CCS:K (1:1:0.1) and MSD-AT:CCS:K (1:1:0.3).

AT-RM is a weak acid drug with a solubility of 0.362 ± 0.010 mg/
mL in a pH 6.5 medium. A high increase in its partial solubility of
0.415 ± 0.014 mg/mL was observed in biorelevant FaSSIF pH 6.5
medium compared to phosphate buffer at pH 6.5. The hydrophobic be-
havior of AT-RM was confirmed by the absence of changes during the
swelling process and showed high wetting times (>15 min), while the
hydrophilic carrier CCS in FaSSIF pH 6.5 exhibits higher medium ab-
sorption and faster wetting time (1.35 min). The solubility values of
AT-RM in both pH 6.5 phosphate buffer and FaSSIF pH 6.5 medium, ob-
served in Table 2, were higher than those observed by different authors
for crystalline AT calcium trihydrate in distilled water or in neutral pH
medium (Kobayashi et al., 2017; Torrado-Salmerón et al., 2021). The
use of an AT amorphous form, confirmed by DSC and RX studies, im-
proves wettability and increments its solubility values (Kim et al., 2013;
Torrado-Salmerón et al., 2021). Furthermore, the enhanced solubility
of AT-RM in FaSSIF pH 6.5 medium compared to pH 6.5 phosphate
buffer has been previously observed with several lipophilic drugs (Pas
et al., 2020; Krollik et al., 2022). The presence of bile salts and lecithin
micelles within the FaSSIF pH 6.5 increase the solubility of lipophilic
drugs as AT by micellar solubilization (Aldosari et al., 2021; Lakshman
et al., 2020).

PM-AT:CCS:K (1:1:0.3) physical mixture showed slow wetting times
(>15 min) and only slightly improved AT solubility values (Table 2).
The presence of hydrophilic carriers in physical mixtures provide a par-
tial improvement on AT solubility (da Silva et al., 2019; Iqbal et al.,
2020; Kwon et al., 2019).

The degree of AT solubility for the solid dispersions showed a signif-
icant increase (p < 0.05) compared to AT-RM (see Table 2). The slight
increases observed between the solid dispersions in phosphate buffer
pH 6.5, presented the following order: SD-AT:CP (1:1) < SD-AT:SSG
(1:1) < SD-AT:CCS (1:1) < SD-AT:l-HPC (1:1) at pH 6.5. However, in
biorelevant FaSSIF medium, a significant increase in partial solubility
was observed (Table 2), presenting slight changes in the following or-
der: SD-AT:l-HPC (1:1) < SD-AT:SSG (1:1) < SD-AT:CCS (1:1) ≤ SD-
AT:CP (1:1). Solid dispersions showed a significant increase (p < 0.05)
in solubility values in FaSSIF medium pH 6.5 compared to phosphate
buffer pH 6.5. The presence of bile salts and lecithin micelles within
FaSSIF pH 6.5 increase the solubility of lipophilic drugs in biorelevant
media such as FaSSIF pH 6.5 (Lakshman et al., 2020; Krollik et al.,
2022). The great increase in AT solubility values for solid dispersions
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with hydrophilic carries CCS and SSG showed high medium uptake val-
ues of 468.00 ± 12.00 and 420.67 ± 10.89 for SD-AT:CCS (1:1) and
SD-AT:SSG (1:1) respectively, which are related to important decreases
in wetting times. These changes indicate that the dynamic immersion
process of hydrophilic ionic chains of CCS and SSG plays a central role
to increase the ability on the surface of AT powder to enter the FaSSIF
solution from the air–water interface. However, a relevant decrease in
the medium uptake values for SD-AT:CP (1:1) and SD-AT:l-HPC (1:1),
was attributed to the higher viscosity of these systems, which was con-
firmed by high delays in the wetting time results (>15 min). In FaSSIF
pH 6.5 medium, the high separation of hydrophilic chains accelerates
the wetting times, improving the micellar solubilization effect by bile
salts and providing an inhibition of hydrophobic drugs precipitation
(Yin et al., 2019; Zarmpi et al., 2020).

The presence of low proportions of surfactant in the micellar solid
dispersions MSD-AT:CCS:K (1:1:0.1) and MSD-AT:CCS:K (1:1:0.3)
showed a clear change for AT apparent solubility (see Table 2). The
MSD-AT:CCS:K (1:1:0.1) formulation showed a decrease in AT solubil-
ity compared to SD-AT:CCS (1:1) at both media (phosphate buffer of pH
6.5 and FaSSIF pH 6.5 respectively), indicating a negative effect of Kol-
liphor® RH40 surfactant on AT solubility for MSD-AT:CCS:K (1:1:0.1).
Moreover, MSD-AT:CCS:K (1:1:0.3) in phosphate buffer at pH 6.5, pro-
duced a slight increase in AT solubility compared to SD-AT:CCS: (1:1).
Whereas, in FaSSIF pH 6.5 medium, this micellar system exhibited a
significant (p < 0.05) decrease in solubility values compared to SD-
AT:CCS (1:1). System with high surfactant ratio, MSD-AT:CCS:K
(1:1:0.3), showed a slighter increment for AT solubility compared to
SD-AT:CCS: (1:1) in phosphate buffer at pH 6.5. In these systems, the
surfactant favors the presence of hydrophilic chains particles on the sur-
face of AT particles (Kwon et al., 2019; Sarabu et al., 2022). Meanwhile,
in FaSSIF pH 6.5 biorelevant medium (see Table 2) after 5 days, the
slight decrease in solubility observed was attributed to a depletion of
supersaturation, which was related to a partial recrystallization of the
drug in MSD-AT:CCS.:K (1: 1:0.3) (Lakshman et al., 2020). Previous
studies have indicated that the presence of surfactants in the formula-
tions produces high supersaturation values in dissolution studies but
also produces slight decreases in solubility in different poorly soluble
drugs such as ritonavir or posaconazole (Pas et al., 2020).

3.2. Characterization at the solid state

In FTIR spectrum data (Fig. 1), AT-RM exhibited the following
peaks: broad absorption bands at 3403.57, 3241.51 and 3060.06 cm−1,
all of them due to N H bending and asymmetric and symmetric O H
stretching; at 2962.44 cm−1 due to CH–stretching; two bands at
1667.71 and 1563.96 cm−1, both of them due to asymmetric and sym-
metric C O stretching of carbonyl group; 1436.73 cm−1 and
1313.01 cm−1 both due to O H bending and C O stretching of car-
boxylic acid; at 1224.05 and 1051.6 cm−1 both of them due to aromatic
C N and O H stretching. These broad and strong absorption bands
for the N H and C O groups could act as hydrogen bond acceptor
and donor, respectively (Kumar et al., 2017; Li et al., 2021).

The FTIR spectrum of CCS (Fig. 1) showed absorption bands: at
3273.07 cm−1 due to symmetric O H stretching; at 2927.61 cm−1 due
to CH-stretching; two bands at 1619.98 and 1329.19 cm−1 both due to
asymmetric and symmetric C O stretching of carboxylic acid group
and at 1058.37 cm−1 involving the C O ether bond stretching (Li et
al., 2021).

In comparison with the AT spectrum, PM-AT:CCS:K 1:1:0.3 formula-
tion (Fig. 1), exhibited an intensity decrease on the resulting AT broad
absorption bands: at 3410.90 cm−1 due to N H bending; both at
3221.89 and 3060.44 cm−1 which were attributed to asymmetric and
symmetric O H stretching and at 2930.48 cm−1 attributed to symmet-
ric C H stretching characteristics. Moreover, no remarkable differ-
ence in peak positions for AT confirmed the compatibility of drug with

Fig. 1. FTIR spectra of Atorvastatin raw material (AT-RM); Croscarmellose
(CCS); Physical mixture PM-AT:CCS:K (1:1:0.3); SD-AT:CCS (1:1); MSD-
AT:CCS:K (1:1:0.1) and MSD-AT:CCS:K (1:1:0.3).

excipients in the formulation, showing the following peaks: at 1664.13
and at 1563.96 cm−1 due to asymmetric and symmetric C O stretch-
ing region of carbonyl group; both at 1436.51 and 1313.15 cm−1 due to
O H and C O stretching of carboxylic acid and at 1223.87 cm−1 due
to aromatic C N stretching. The decline observed in the intensity val-
ues for AT and CCS respective peaks were due to the dilution effect of
CCS carrier in the formulation. The absence of interactions shown in the
TFIR studies among hydrophilic CCS chains and AT molecules con-
firmed the compatibility of drug with excipients in formulation, (Li et
al., 2021; Lakshman et al., 2020). Moreover, PM-AT:CCS:K 1:1:0.3 ex-
hibited changes for the peaks at 3410.90 cm−1 and 2930.48 cm−1, both
of them assigned to N H and the aliphatic chains, respectively, which
were attributed to the presence of Kolliphor® RH40. These increases on
FTIR peaks intensity corresponding to aliphatic chains, were also ob-
served in formulations with different surfactants such as sodium dode-
cyl sulfate and sodium dodecyl sulphonate (Xu et al., 2019; Yang et al.,
2019). In addition, in this diffractogram (Fig. 1), the reduction in mag-
nitude of peaks due to the dilution effect of the hydrophilic carrier was
observed (Li et al., 2021; Han et al., 2020).

SD-AT:CCS (1:1) solid dispersion showed a slight displacement,
compared to AT-RM, for the following bands: at 3406.54, 3223.08 and
3061.18 cm−1, which were assigned to N H and asymmetric and sym-
metric O H groups stretching vibrations and the band at
2931.31 cm−1, all of them were due to C H stretching of the AT and
CCS chains. Important bands were observed at 1655.07 and at
1561.24 cm−1, both due to asymmetric and symmetric C O stretching
of carbonyl group; two bands at 1436.81 and 1314.01 cm−1 which were
attributed to O H bending and C O stretching of carboxylic acid
and at 1224.18 cm−1 that was due to aromatic C N stretching. This
shift for the vibration peaks was attributed to the formation of hydro-
gen bonds between the AT and CCS chains (Fig. 1). In addition, the
C O stretching vibration peak showed a gradual change from 1667.71
to 1655.07 cm−1 (blue shift) indicating the possibility of interaction be-
tween AT-RM and CCS. Possibly, these results are related to ionic inter-
actions between ionic superdisintegrants, such as SSG and CCS, and the
surface of weak acidic drugs such as AT, previously observed in FTIR
studies (Shaker et al., 2020; Zarmpi et al., 2020).

For the micellar solid dispersion MSD-AT:CCS:K (1:1:0.3), it was
possible to observe an important shift at both 3388.13 and
2928.26 cm−1 bands, which were assigned to N H vibrations
(Kobayashi et al., 2017; da Silva et al., 2019) and a high C H symmet-
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ric stretching (Xu et al., 2019). Moreover, important changes were also
observed for the intensity bands at 1655.13 and 1564.10 cm−1, due to
asymmetric and symmetric C O stretching of carbonyl group. Previ-
ous studies showed how the increment of vibration for the aliphatic
chain was related to an increase of surfactants on the surface of drug
particles (Yang et al., 2019). Finally, there were observed bands at
1436.53 and 1314.85 cm−1 both of them due to O H bending and
C O stretching. These slight displacement of C O stretching from
carbonyl group and C N H group, showed a gradual broadening,
related to the SDS content (Fig. 1). The presence of Kolliphor® RH40 in
MSD-AT:CCS:K (1:1:0.3) produced an important increase for the result-
ing bands at 2920.31, 1655.13, and 1060.95 cm−1 compared to SD-
AT:CCS (1:1) formulation. This result indicated that the presence of the
surfactant aliphatic C H chains increased the intermolecular hydro-
gen bonding between AT and CCS chains. For MS-AT:CCS:K (1:1:0.3),
the increase in the intensity of the absorption band for asymmetric and
symmetric vibrations for carbonyl groups, compared to solid dispersion
without surfactant, indicated that the surfactant is involved in an im-
portant raise of intermolecular hydrogen bonding between drug and
polymer in AT solid dispersions (Sarabu et al., 2022; Yang et al., 2019).
In addition, the improved wetting properties on the surface of the dif-
ferent solid dispersions, due to the presence of the surfactant, have been
related to the presence of hydrogen bonds in the FTIR studies and
would explain the improvement in the solubility results compared to
SD-AT:CCS (1:1) (Sarabu et al., 2022).

Figs. 2 and 3 showed the XRPD and DSC diffractograms of the fol-
lowing samples: AT-RM, CCS, PM-AT:CCS:K 1:1:0.3, SD-AT:CCS (1:1)
and MSD-AT:CCS:K (1:1:0.3). The AT-RM diffractogram exhibited two
amorphous halos, between 6.5 and 13.0° 2θ and 15 − 25° 2θ, both char-
acteristic of an amorphous structure. The absence of characteristic dif-

Fig. 2. XRPD diffraction patterns of Atorvastatin raw material (AT-RM);
Croscarmellose (CCS); Physical mixture PM-AT:CCS:K (1:1:0.3); SD-AT:CCS
(1:1); MSD-AT:CCS:K (1:1:0.1) and MSD-AT:CCS:K (1:1:0.3).

Fig. 3. DSC thermograms of Atorvastatin raw material (AT-RM); Croscarmel-
lose (CCS); Physical mixture PM-AT:CCS:K (1:1:0.3); SD-AT:CCS (1:1); MSD-
AT:CCS:K (1:1:0.1) and MSD-AT:CCS:K (1:1:0.3).

fraction peaks confirms the presence of this amorphous form of AT. The
DSC studies showed for the AT raw material, the absence of the en-
dothermic peak at 156.9 °C, characteristic of a crystalline form of AT
and only a broad endothermic event was observed at 217.6 °C, which
could be attributed to the degradation product of AT (Faraji et al.,
2021; Tizaoui et al., 2020).

For hydrophilic CCS carrier, the XRPD data showed a broad halo be-
tween 15.0 and 25.0° 2θ (Sarabu et al., 2022) and a broad endothermic
peak at 181.6 °C, both of them characteristic of a semicrystalline form,
observed in different cellulosic polymers (Rashid et al., 2015).

The PM-AT:CCS:K (1:1:0.3) showed a slight decrease in the amor-
phous halo between 15.0 and 25.0° 2θ, which was attributed to an in-
crease in the CCS chains motility, which enhances the interpenetration
of AT molecules within the CCS chains (Ha et al., 2014; Yang et al.,
2019). Similar amorphous halos were observed for both physical mix-
tures: PM-AT:CCS:K (1:1:0.1) and PM-AT:CCS:K (1:1:0.3). The surfac-
tant effect on the CCS chain's mobility was confirmed in the DSC studies
by an important displacement of the endothermic peak (197.9 °C), to
intermediate values between CCS and AT-RM. This result was related to
a high interaction between CCS and AT due to the presence of surfac-
tant in PM-AT:CCS:K (1:1:0.3). The possible location of Kolliphor®
RH40 on the surface of the PM-AT:CCS:K (1:1:0.3) could be due to the
slight electrostatic attraction between the hydrophilic groups of the sur-
factant and the polar groups of the CCS polymer (Yang et al., 2019).

SD-AT:CCS (1:1) showed a slight decrease in the amorphous halo
between 15.0 and 25.0° 2θ compared to PM-AT:CCS:K (1:1:0.3). In ad-
dition, the DSC study of SD-AT:CCS (1:1) also showed a slight endother-
mic peak shift at 195.6 °C. These results indicated that the elaboration
of the solid dispersions increases the mobility of the CCS chains com-
pared to PM-AT:CCS:K (1:1:0.3). Similar increases in the amorphous
state of drugs have been previously observed in solid dispersion systems
with low semicrystalline carrier ratios (Sarabu et al., 2022; Skotnicki et
al., 2021).

The XRPD studies for MSD-AT:CCS:K (1:1:0.3) indicated that the
presence of Kolliphor® RH40 surfactant was related to significant de-
creases in both amorphous halos between 6.5 and 13.0° and 16.0–25.0°
2θ. These decreases were related to an amorphous form of AT and a sig-
nificant decrease in the semicrystalline character of CCS polymer
chains. (Ha et al., 2014; Li et al., 2021). DSC results revealed a slight de-
crease in enthalpy values for the endothermic peak at 193.9 °C attrib-
uted to the high mobility of the CCS polymer chains due to the presence
of the surfactant in these micellar systems (Rashid et al., 2015).

3.3. Dissolution studies

Dissolution profiles in biorelevant FaSSIF pH 6.5 medium of SD-
AT:CCS (1:1) solid dispersion and both micellar solid dispersions MSD-
AT:CCS:K (1:1:0.1) and MSD-AT:CCS:K (1:1:0.3), compared to AT-RM
and PM-AT:CCS:K (1:1:0.3) physical mixture are observed in Fig. 4.

AT-RM showed an initial behaviour of slow dissolution releasing AT
concentrations of 0.263 ± 0.006 mg/mL at 5 min. Afterwards, the sol-
ubility of AT exhibited concentrations of 0.409 ± 0.004 mg/mL at 2 h.
Previous studies indicated that the presence of bile salts and lecithin
micelles within FaSSIF biorelevant medium allowed to increase the sol-
ubility of certain lipophilic drugs by micellar solubilization (Lakshman
et al., 2020).

PM-AT:CCS:K (1:1:0.3) showed increases in the initial dissolution
profile with supersaturation concentrations of 0.428 ± 0.023 mg/mL
at 10 min. After 10 min, aggregation and precipitation process were ob-
served until 2 h with decreased concentration values
(0.379 ± 0.011 mg/mL) (Elkhabaz et al., 2018; Skotnicki et al. 2021).

Solid dispersion SD-AT:CCS (1:1) exhibited a significant increase
(p < 0.05) for concentration values at 15 min (0.542 ± 0.039 mg/
mL). After the supersaturation peak, a decrease in AT concentration
was observed, reaching values similar to PM-AT:CCS:K (1:1:0.3), which
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Fig. 4. Dissolution profiles of Atorvastatin raw material (AT-RM); Croscarmel-
lose (CCS); Physical mixture PM-AT:CCS:K (1:1:0.3); SD-AT:CCS (1:1); MSD-
AT:CCS:K (1:1:0.1) and MSD-AT:CCS:K (1:1:0.3).

indicates that a precipitation process occurred in this biorelevant
medium (FaSSIF pH 6.5). The slow decrease in AT concentration could
be related to a recrystallization of partially amorphous drug in the pres-
ence of crystal nucleus forming within the FaSSIF medium (Lakshman
et al., 2020; Elkhabaz et al., 2018).

MSD-AT:CCS:K (1:1:0.1) micellar solid dispersion showed a fast dis-
solution profile with concentration values of 0.519 ± 0.006 mg/mL at
15 min. This low proportion of surfactant improves surface wettability
and the formation of AT micelles. After the supersaturation peak, a
rapid decrease was observed at 30 min, which was attributed to an ag-
gregation of AT molecules. This recrystallization process was main-
tained until 2 h (0.463 ± 0.011 mg/mL). Possibly, the low proportion
of surfactant in the solid dispersion moderated an earlier supersatura-
tion depletion, which was related to a recrystallization of partially
amorphous drug within the FaSSIF pH 6.5 medium. (Lakshman et al.,
2020).

MSD-AT:CCS:K (1:1:0.3) micellar solid dispersion showed fast disso-
lution initial profiles with a high supersaturation concentration of
0.551 ± 0.006 mg/mL at 5 min. AT concentration in the dissolution
medium achieved a relatively supersaturation concentration of
0.522 ± 0.006 mg/mL at 90 min and maintains the supersaturation
conditions until 2 h (0.491 ± 0.012 mg/mL).The high proportion of
surfactant in MSD-AT:CCS:K (1:1:0.3) could promote the presence of
micelles that maintains AT supersaturating concentrations and there-
fore increases the maximum solubility advantage of amorphous AT for
a longer time. Different studies indicate that the presence of surfactants
produces a more delayed recrystallization and maintains concentra-
tions above the AT solubility coefficient for a longer time (Rahman et
al., 2020; Kwon et al., 2019; Aldosari et al., 2021).

3.4. Biochemical studies

In this study, rats were fed during eight weeks with a high-fat diet
(HFD) composed of cholesterol and colic acid to induce hyperlipi-
daemia. After these eight weeks, animals were separated in three
groups; one HFD group without treatment and two treatment groups:
AT-RM and MSD-AT:CCS:K (1:1:0.3). These groups were compared
with a Control group fed with a normal diet without cholesterol and
colic acid addition.

Fig. 5 shows levels of TC, TG, LDL, HDL, AST and ALT for each
group after eight weeks of atorvastatin treatment. At the end of the
study, the TC level for HFD group showed a significant increase
(p < 0.05) of 254.33 ± 19.09 mg/dL compared to Control group.
The elevated TC, TG and LDL levels confirmed severe hypercholes-
terolemia after eight weeks of HFD feeding (Van den Hoek et al.,
2021; Jahangiri et al., 2015; Zhou et al., 2014).

The AT-RM group, after eight weeks of treatment, did not present a
significantly decrease (p > 0.05) for the TC values compared to HFD
group. However, a significant decrease (p < 0.05) in TC
(161.00 ± 12.39 mg/dL) was observed at the end of treatment with
MSD-AT:CCS:K (1:1:0.3) compared to both HFD group and the group
treated with AT-RM, respectively. The high TG value in the HFD group
showed a significant increase (p < 0.05) of 166.25 ± 10.75 mg/dL
compared to the level of the normal diet Control group. After eight
weeks of treatment, the TG levels of both AT-RM and MSD-AT:CCS:K
(1:1:0.3) groups showed significant reductions (p < 0.05) with
127.40 ± 15.18 and 88.00 ± 16.69 mg/dL levels, respectively, com-
pared to HFD group (Fig. 5). The TG values of the MSD-AT:CCS:K
(1:1:0.3) group also showed a significant decrease (p < 0.05) com-
pared to the AT-RM group, showing similar TG levels to the Control
group with a normal diet. The reduction of TC and TG values induces
downregulation of lipogenesis genes to inhibit accumulation of hepatic
lipid, decreasing TC and TG synthesis and allowing the microsomal TG
transfer protein (MTTP) contribution to improve the lipid metabolism
(Tzeng et al., 2015; Liu et al., 2018).

Previous studies have shown that long-term treatments improve the
efficacy to obtain normal LDL and HDL levels (Zhou et al., 2014; Jahn
et al., 2019). The LDL and HDL levels in the HFD group showed signifi-
cant (p < 0.05) changes in comparison with the normal diet Control
group, with increased LDL values (189.8 7 ± 19.23 mg/dL) and a de-
crease of 32.00 ± 2.65 mg/dL for HDL values, respectively (Fig. 5). At
the end of the treatment, the AT-RM group presented non-significant
(p > 0.05) differences in LDL and HDL levels compared to HFD group.
However, the LDL levels in MSD-AT:CCS:K (1:1:0.3) group showed a
significant decrease (p < 0.05) of 106.55 ± 13.21 mg/dL compared to
the HFD group, also showing an important reduction of 37.19 % com-
pared to AT-RM treatment group. In addition, after the treatment with
MSD-AT:CCS:K (1:1:0.3), the HDL levels presented non-significant dif-
ferences (p > 0.05) compared to the Control group. The addition of
surfactant in MSD-AT:CCS:K (1:1:0.3) improves the membrane perme-
ability transition of the active ingredient in rat hepatocytes. Further-
more, Kolliphor® RH40 could inhibit P-glycoprotein activity and in-
crease the accumulation of substrate drugs such as AT (Torrado-
Salmerón et al., 2019; Sayeed et al., 2017). These results indicated that
this in vivo model of hyperlipidemia was especially suitable for evaluat-
ing the efficacy of AT treatment for micellar systems with different sur-
factants such as Poloxamer® 188, SDS and Kolliphor® RH40 (Torrado-
Salmerón et al., 2019; Sharma et al., 2019; Salama et al., 2018).

Transaminase levels in the HFD group at the end of the study,
showed a significant increase (p < 0.05) of 236.67 ± 15.36 mg/dL
and 87.75 ± 5.68 mg/dL for AST and ALT values, respectively, com-
pared to normal diet Control group (Fig. 5). After 8 weeks of treatment,
the AT-RM group presented a significant decrease (p < 0.05) of AST
levels (154.50 ± 17.62 mg/dL) but showed non-significant changes
(p > 0.05) of ALT values in comparison with the HFD group. However,
MSD-AT:CCS:K (1:1:0.3) treatment group presented significant de-
creases (p < 0.05) of AST (120.33 ± 9.50 mg/dL) and ALT
(60.00 ± 7.07 mg/dL) values compared to the HFD group, showing
AST and ALT levels similar to the Control group. These decreases for
ALT values were related to a high fat clearance within hepatocytes
(Mohamed et al., 2019; Klaebel et al., 2019).

3.5. Histopathological studies

At the end of the in vivo studies, liver tissue sections, stained with
haematoxylin-eosin, were examined histologically (Fig. 6).

The histopathological study of the normal diet Control group exhib-
ited regular liver tissue without steatosis, lobular inflammation or bal-
looning, these tissue sections were categorized as NAS = 0. However,
the HFD group showed fat adipocytes and microvesicular steatosis, but
also microgranulomas with lipid droplets and ballooned hepatocytes.
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Fig. 5. Serum levels of (A) Total Cholesterol (TC); (B) Triglyceride (TG); (C) Low-Density Lipoprotein (LDL); (D) High-Density Lipoprotein (HDL), (E) Aspartate
transaminase (AST) and (F) Alanine transaminase (ALT) after 4 weeks of treatment. Mean and standard error (n = 6) of the following Wistar rats groups: Control
group; High fat diet (HFD) group; AT raw material (AT-RM) group and Micellar Solid dispersion (MSD-AT:CCS:K (1:1:0.3)) group. ANOVA was used for multiple
comparison. (#) significant (p < 0.05) compared with Control group; (*) significant (p < 0.05) compared with HFD group.

The histological results of this HFD group have been categorized as
NAS = 7 (Fig. 6). These findings are consistent with the high levels of
TC and lipids observed in biochemical studies and the increase in AST
and ALT values, therefore all of them are related to the liver damage.
(Klaebel et al., 2019; Tzeng et al., 2015).

The AT-RM group showed a decrease in liver damage compared to
HFD, but despite everything, this treatment group maintains a high
steatosis level. The AT-RM group showed a similar microvesicular
steatosis with small lipid droplets inside the hepatocytes, but less clus-
ters of inflammatory cells and ballooning injury were observed on liver
histopathological examination compared to normal diet Control group.
As a result, the histopathological study of AT-RM presented a high NAS
level of 5.5. Similar decreases in inflammation and ballooning injury
scores were observed in previous studies with AT treatments (Mohamed
et al., 2019; Klaebel et al., 2019).

On the other hand, the histology studies of liver tissue in MSD-
AT:CCS:K (1:1:0.3) group presented an important reduction of the liver
damage compared to HFD and AT-RM groups. The MSD-AT:CCS:K
(1:1:0.3) group showed a moderate level of microvesicular steatosis and
a decrease in inflammatory cell infiltration. However, this treatment
group presented similar levels of hepatocellular ballooning in compari-
son with AT-RM group (Fig. 6). These results of liver damage presented
a NAS value of 4. This score is under the threshold value of ≥ 5 in the

diagnosis of NASH. The significant decrease (p < 0.05) in the NAS
score of MSD-AT:CCS:K (1:1:0.3) group compared to AT-RM group, in-
dicated that treatment with AT micellar systems could reduce lipid and
transaminase levels and achieve a diminished steatosis levels (Torrado-
Salmerón et al., 2021; Klaebel et al., 2019). Previous studies indicate
that the significant decrease in AST and ALT values, have been related
to a significant improvement in NASH diseases (Tzeng et al., 2015; Jahn
et al., 2019).

4. Conclusions

In this study, the addition of Kolliphor® RH40, as a potent surfac-
tant, to AT:CCS solid dispersions was successfully developed, improving
the AT dissolution profile and increasing its efficacy. Solubility and
wettability studies showed that the CCS cellulose polymer is a highly
hydrophilic carrier which allows the development of solid dispersions
with low drug/carrier ratios. FTIR studies indicated that the Kolliphor®
RH40 presence in MSD-AT:CCS:K (1:1:0.3) produced important in-
creases on vibration for either the aliphatic chain, amidogen, hydroxyl
and carbonyl groups. These results indicated that surfactant is involved
in an important raise of intermolecular hydrogen bonding between
drug and polymer chains. Both DSC and FTIR data have shown that the
Kolliphor® RH40 surfactant addition enhanced CCS chains mobility,
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Fig. 6. Histological representation (hematoxylin and eosin 20 × ) of liver tissues in Wistar rats after 4 weeks of treatment. (A) Control group; (B) High fat diet
(HFD) group; (C) AT raw material (AT-RM) group and (D) Micellar Solid dispersion (MSD-AT:CCS:K (1:1:0.3)) group. Histological evaluation of the liver sections.
Results are expressed as the mean of NASH score ± SD (n = 6).

thus, increasing the AT molecules movement into the CCS polymer
structure, producing considerable decreases in crystallinity.

The dissolution in biorelevant FaSSIF medium pointed out that Kol-
liphor® RH40 surfactant presence in MSD-AT:CCS:K (1:1:0.1) pro-
duced unstable micelle systems that increased the supersaturation peak
during the first stage of dissolution studies, followed by a precipitation
process. However, only MSD-AT:CCS:K (1:1:0.3) achieved a delayed re-
crystallization, maintaining supersaturation concentrations which is
largely controlled either by drug-polymer interactions/micellar struc-
tures solubility for a longer time.

Efficacy studies showed that MSD-AT:CCS:K (1:1:0.3) micellar sys-
tem produced a significant (p < 0.05) decrease in serum levels of ei-
ther total cholesterol (TC), low-density lipoproteins (LDLs), and triglyc-
erides (TGs) compared to AT-RM groups. At the end of this treatment,
these micellar systems reached levels of total cholesterol (TC) and
triglycerides (TG) similar to the control group. However, these micellar
systems exhibited slightly higher levels of low-density lipoproteins
(LDL) than the control group. Micellar systems treatment achieved a
high improvement in the lipid profile compared to the AT-RM treat-
ment group, which could be attributed to micellar structures which in-
creased AT supersaturation peaks and improved their efficacy. The
histopathological study showed an important NAS score for the HFD
group. The AT-RM treatment group showed a significant decrease in in-
flammation and ballooning damage compared to HFD group. However,
the Kolliphor® RH40 surfactant presence in MSD-AT:CCS:K (1:1:0.3)
resulted in a significant (p < 0.05) decrease in hepatic steatosis and in-
flammatory injury compared to AT-RM group. These studies suggested
that micellar systems using Kolliphor® RH40 could enhance the AT an-
tihyperlipidemic efficacy and decrease nonalcoholic steatosis.
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