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Abstract: In this study, two novel ester derivatives of simvastatin were synthesized
via a convenient one-pot esterification method using acetic acid and propanoic acid.
The synthesized compounds were fully characterized by FTIR, 'H-NMR, *C-NMR, and
mass spectrometry. Their safety profiles were evaluated through acute toxicity (LDs,)
and cytotoxicity tests, affirming their biocompatibility. To assess their hypolipidemic
potential, both derivatives (Al and A2) were administered to a cholesterol-induced
hyperlipidemic rat model. Lipid profiles, including total cholesterol (TC), triglycerides
(TG), low-density lipoprotein (LDL), high-density lipoprotein (HDL), and very low-
density lipoprotein (VLDL), were measured post-treatment. The results revealed that
both compounds significantly improved lipid parameters, with the propanoate
derivative (A2) exhibiting the most potent lipid-lowering activity, surpassing even the
reference drug, simvastatin. Furthermore, biochemical assays demonstrated a
substantial reduction in hepatic HMG-CoA reductase activity, particularly in the A4-
treated group, suggesting a direct inhibitory effect on cholesterol biosynthesis. These
findings suggest that the synthesized derivatives may serve as promising candidates for
the development of safer and more effective lipid-lowering agents.
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m INTRODUCTION

Over the past few decades, dramatic shifts in global

Nevertheless, simvastatin and related agents suffer from
certain limitations, including poor aqueous solubility,
limited bioavailability, and potential for dose-dependent

dietary habits and physical activity have contributed to a
surge in hypercholesterolemia and dyslipidemia, two key
risk factors for cardiovascular disease (CVD), which
remains the leading cause of death worldwide [1].
Elevated
cholesterol (LDL-C) are particularly implicated in the

serum levels of low-density lipoprotein
progression of atherosclerosis, underscoring the need for
lipid-lowering therapies that are both effective and well-
tolerated over long-term use [2-3]. Statins, potent
inhibitors of HMG-CoA reductase, have emerged as the
cornerstone in the pharmacological management of
hyperlipidemia. Simvastatin, a widely prescribed semi-
synthetic statin, has been clinically proven to reduce LDL-
C and outcomes [4-5].

improve cardiovascular

side effects such as hepatotoxicity and myopathy [6].
To address these
modifications of the statin backbone, particularly

shortcomings, structural
through esterification, have been actively investigated.
The esterification of hydroxyl groups with small
aliphatic acids can enhance membrane permeability,
pharmacokinetics, and metabolic stability, potentially
better
Furthermore, esterification may lead to prodrug-like

resulting  in therapeutic ~ performance.
behavior, offering sustained drug release and targeted
hepatic activation [7]. While several esterification
strategies exist, traditional approaches often involve

harsh conditions such as strong acids or dehydrating
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which
pharmacophores and limit scalability. In contrast, the
Ph;P/I,/DMAP one-pot activation method provides a
mild, efficient, and environmentally friendly route to ester

agents, may compromise sensitive

formation [8]. This technique operates under ambient
conditions, minimizes by-product formation, and is well-
suited [9] for pharmaceutical synthesis [10]. This research
aims to investigate whether these small-molecule ester
derivatives can improve the solubility, stability, and lipid-
lowering efficacy of simvastatin. By combining rational
drug design with an efficient synthetic approach, novel
statin analogues were developed with enhanced
pharmacological properties and reduced side effects,

thereby advancing the treatment of dyslipidemia.
m EXPERIMENTAL SECTION

Materials

Simvastatin, acetic acid, and butanoic acid were
purchased from Sigma-Aldrich and CDH (USA) with a
purity of > 99%. Triphenylphosphine (PPhs), iodine (L),
and 4-dimethylaminopyridine (DMAP) were obtained
from Merck (Germany, >98% purity). Polyethylene
glycol 400 (PEG 400), used as the vehicle, was acquired
from CDH Chemicals (India). All
supporting reagents, including ethanol, chloroform,
methanol, dimethyl sulfoxide (DMSO), and sodium
chloride (NaCl), were of analytical or HPLC grade and
used without further purification. All animal and human
with
international ethical standards and were approved by the

solvents and

procedures were performed in accordance
Institutional Ethics Committee of The University of
Basrah, College of Pharmacy Research, under the ethical
approval of the institution (Approval Number EC81,

dated 1/9/2025).
Instrumentation

Melting points were determined using a Thermo
Fisher apparatus (UK) at the Chemistry Department,
College of Science, University of Basrah. Thin-layer
chromatography (TLC) was performed on Merck silica
gel plates (Germany) using ethyl acetate:n-hexane (7:3) as
eluent, with spot visualization under UV light and iodine
vapors. FTIR spectra were recorded in the range 4000-

203

400 cm™ using a Bruker ALPHA II spectrometer
(Germany) at the same department. The 'H- and "C-
NMR spectra were obtained using a Bruker 400 MHz
(Advance UltraShield) NMR spectrometer with DMSO-
ds as the solvent and trimethylsilane (TMS) as the
internal standard, at the College of Education,
University of Basrah. Mass spectra (MS) were recorded
using an Agilent Technologies (HP 5973C) EI mass
spectrometer at an ionization energy of 70 eV, Faculty of

Chemistry, Tarbiat Modares University, Tehran, Iran.
Procedure

Synthesis of simvastatin acetate ester (A1)

In a 25mL round-bottom flask, PhsP (0.39 g,
1.5 mmol) and L, (0.38 g, 1.5 mmol) were dissolved in
5mL of dry dichloromethane (DCM) under ambient
conditions. Acetic acid (0.09 g, 1.5 mmol) and DMAP
(0.45g, 3.7mmol) were added sequentially to the
solution. The reaction mixture was stirred for 5 min at
room temperature. Subsequently, simvastatin (0.627 g,
1.5 mmol), containing a free hydroxyl group, was used
as the starting alcohol for the esterification reaction and
was added dropwise. The progress of the reaction was
monitored by TLC using aluminum-backed silica gel
plates (Scheme 1). Complete consumption of the
starting materials was observed within 15 min. The
crude product was then purified by column
chromatography on silica gel using a mixture of ethyl
acetate and n-hexane (7:3, v/v) as the eluent, yielding a

yellow-brown solid in an 88% yield.

Synthesis of simvastatin propanoate ester (A2)

In a 25mL round-bottom flask, Ph;P (0.39g,
1.5 mmol) and I, (0.38 g, 1.5 mmol) were dissolved in
5mL of dry DCM under ambient conditions. To the
resulting solution, propanoic acid (0.111 g, 1.5 mmol)
and DMAP (0.45 g, 3.7 mmol) were added sequentially.
The reaction mixture was stirred for 5 min at room
temperature. Then, simvastatin (0.627 g, 1.5 mmol) was
added dropwise, and the progress of the reaction was
monitored by TLC using aluminum-backed silica gel
plates (Scheme 1). Complete consumption of the
starting materials was observed within 15 min. The
crude column

product was then purified by
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chromatography on silica gel using a mixture of ethyl
acetate and n-hexane (7:3, v/v) as the eluent, yielding a
yellow solid in 80% yield. The FTIR, '"H-NMR, "C-NMR,
and MS spectra of compound Al and A2 were provided
in Fig. S1-S8.

A1. M.p. 82-84 °C. R;0.63. 'H-NMR (8, ppm): 1.94-2.05
(m, 1H, H-1, overlapping with H-28), 2.17-2.35 (m, 1H,
H-2), 5.89-5.94 (d, 1H, H-3), 2.23-2.30 (dd, 1H, H-5),
4.76-4.81 (m, 1H, H-6), 5.89-5.94 (d, 1H, H-7), 5.69-5.75
(dd, 1H, H-8), 2.16-2.38 (m, 1H, H-9), 1.59-1.68 (m, 1H,
H-10),1.17-1.28 (d, 3H, H-11, overlapping with H-18 and
H-19), 0.77-0.88 (d, 3H, H-12), 0.92-0.93 (d, 3H, H-13),
1.47-1.58 (m, 2H, H-16), 1.62-1.72 (¢, 3H, H-17), 0.72-
0.73 (t, 3H, H-18), 1.10 (s, 3H, H-20), 1.32-1.47 (m, 2H,
H-21), 4.44-4.48 (m, 1H, H-22), 2.61-2.67 (m, 2H, H-25),
5.05-5.12 (m, 2H, H-27), and 1.84-1.95 (m, 2H, H-28,
overlapping with H-1). "C-NMR (8, ppm): 34.92 (C-1),
27.15(C-2),131.86 (C-3), 133.68 (C-4), 40.82 (C-5), 78.35
(C-6), 129.18 (C-7), 141.76 (C-8), 30.54 (C-9), 40.69 (C-
10), 23.16 (C-11), 14.05 (C-12), 177.02 (C-14), 44.89 (C-
15), 31.81 (C-16), 9.62 (C-17), 24.87 (C-18), 24.13 (C-20),
31.81 (C-21), 79.92 (C-22), 172.63 (C-24), 36.58 (C-25),
62.76 (C-26), 35.73 (C-27), 170.69 (C-30), 21.71 (C-32),
and 24.93 (C-33). FTIR (cm™): 1246 (medium), 1714
(strong, C=0 stretch), 2928 (weak, C-H stretch), 2879
(weak, C-H stretch), 1156 (strong, C-O stretch), and 720
(strong, C-H bending). MS (m/z): 462.29, 401.1, 279.1,
191.2,173.8,122.7, and 43.02.

A2. M.p. 82-84 °C. R; 0.67. '"H-NMR (8, ppm): 1.91-2.07
(m, 2H, H-1, overlapping with H-27), 2.16-2.33 (m, 1H,

C=0
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H-2), 5.85-5.91 (d, 1H, H-3), 2.51 (d, 1H, H-5), 5.01-
5.04 (m, 1H, H-6), 5.90-5.92 (m, 1H, H-7), 5.02-5.14
(dd, 1H,H-8),2.15-2.22 (m, 1H, H-9), 1.54-1.66 (m, 1H,
H-10), 1.21-1.25 (d, 3H, H-11, overlapping with H-18),
0.75-0.77 (d, 3H, H-12), 1.54-1.66 (m, 1H, H-16), 0.88-
0.91 (t, 3H, H-17), 1.14 (s, 3H, H-18, overlapping with
H-33), 1.41-1.43 (m, 2H, H-20, overlapping with H-21),
1.43-1.54 (m, 2H, H-21, overlapping with H-20), 4.79-
4.83 (m, 1H, H-22), 2.73-2.93 (m, 2H, H-25), 5.14 (m,
1H, H-26), 5.05-5.14 (m, 2H, H-27), 2.28-2.51 (m, 2H,
H-32, overlapping with H-2), 1.10-1.20 (m, 3H, H-33),
and 1.20 (s, 3H, H-34, overlapping with H-18). ?C NMR
(8, ppm): 35.22 (C-1), 29.30 (C-2), 132.35 (C-3), 133.42
(C-4), 41.99 (C-5), 68.28 (C-6), 131.82 (C-7), 140.79 (C-
8), 30.50 (C-9), 41.99 (C-10), 23.72 (C-11), 14.05 (C-12),
177.02 (C-14), 45.94 (C-15), 32.89 (C-16), 14.05 (C-17),
27.46 (C-18), 26.98 (C-20), 32.89 (C-21), 80.06 (C-22),
164.23 (C-24), 37.21 (C-25), 77.91 (C-26), 36.57 (C-27),
29.30 (C-32), 9.61 (C-33), and 27.46 (C-34). FTIR
(cm™): 1245 (weak, C-O stretch), 1714 (strong, C=0
stretch), 2931 (weak, C-H stretch), 2878 (weak, C-H
stretch), 1156 (strong, C-O stretch), and 720 (strong, C-
H bending). MS (m/z): 462.29,401.1,279.1,191.2,173.8,
122.7, and 43.02.

Acute toxicity (LDso)

An acute oral toxicity test was conducted to evaluate
the safety profile of the two newly synthesized simvastatin-
derived compounds. The study was conducted on
healthy adult albino mice of both sexes (3 females and 3
males), aged 6-7 weeks, weighing 25-30 g [11]. Both male
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Scheme 1. Synthesis of compounds Al and A2
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and female, according to OECD Guideline 423 for fixed-
dose procedures. Animals were housed under standard
laboratory conditions (12-h light/dark cycle, 22 +2°C
temperature, and 55% relative humidity), with food and
water available ad libitum. The animals were divided into
groups, and each group received one of the synthetic
compounds via oral gavage. The initial dose administered
was 50 mg/kg body weight, followed by 75 mg/kg, and a
final dose of 100 mg/kg. Following each dose, the animals
were closely monitored for 24 h and then for 72 h for any
signs of acute toxicity, behavioral changes, or mortality.
The interval between doses was one week [12].

Cytotoxicity on human blood (hemocompatibility)
Cytotoxicity was evaluated using a hemolysis assay
on diluted human whole blood. Fresh human whole blood
was incubated with 3 concentrations (50, 100, and
200 mg/mL) of each compound at 37 °C for 4 h. PEG and
SIM were included as controls. After incubation, samples
were centrifuged and examined for hemolysis, clotting, or
color changes. No visible signs of hemolysis or red cell
aggregation were observed at any concentration. Blood
was mixed with normal saline (1:10), treated with
compound dilutions, and incubated at 37 °C [13].

Experimental animals

Adult male albino rats were used in this study to
conduct biological evaluations of synthetic compounds
derived from simvastatin. These rats were obtained from
a specially equipped animal vivarium and allowed to
acclimatize for 2 weeks before the experiment. The rats
weighed between 200-250 g and were housed under
controlled  environmental conditions, including
temperature (22 * 2 °C), relative humidity (55-65%), and
a 12-h light/dark cycle [14].

Induction of hyperlipidemia

Hyperlipidemia was induced in rats by oral
administration of purified cholesterol dissolved in soybean
oil for 4 weeks. The diet was cholesterol-free, ensuring
that dyslipidemia resulted solely from the administered
cholesterol. Unlike the dietary induction method used,
direct dosing guarantees uniform exposure, eliminating
variability caused by differences in individual food intake
among the experimental rats [15]. After successful

induction of hyperlipidemia, the rats were randomly
divided into several groups, including a negative control
(NC), an untreated/positive control (PC), and a treatment
Each
compound was administered orally once daily for 30

group receiving the synthetic compounds.

consecutive days. The compounds were freshly prepared
prior to administration by dissolving them in a 10%
aqueous solution of PEG 400, which was used as a safe
and effective method to enhance dissolution and ensure
even dose distribution. The dosage of each compound
was calculated based on each rat's body weight, and the
total daily dose did not exceed 2 g/kg of body weight to
avoid stomach overload. The animals were monitored
throughout the treatment period to monitor their
general health, weight changes, and behavior [16].

Blood sample collection

After completing the 4-week treatment period and
following 12 h of fasting, the animals were anesthetized
using a cocktail of injections. Xylazine hydrochloride
(5 mg/kg) and Inj. Ketamine hydrochloride (50 mg/kg)
was given intraperitoneally. Blood samples were
collected directly from the heart (cardiac puncture)
under deep anesthesia using antiseptic syringes. This
method was chosen to confirm that sufficient blood
volume was collected for complete biochemical analysis.
The collected blood was allowed to clot at room
temperature for 30-60 min and then centrifuged at
3,000 rpm for 15min to separate the serum. The
obtained serum samples were used immediately for
biochemical analysis, without freezing or prolonged
storage, to preserve the integrity and activity of sensitive
markers, such as enzymes and lipids. All procedures
were performed under sterile conditions to prevent
contamination and ensure sample quality [17].

Treatment protocol

After inducing hyperlipidemia, animals in the
treatment groups (Al, A2, and SIM) received their
respective synthesized compounds via oral gavage once
daily for 30 days. The new compounds were dissolved in
10% PEG 400 as a carrier and administered at a dose of
50 mg/kg body weight [18]. The reference drug,
simvastatin (SIM), was administered at the same dose
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and route for comparison. All treatments were managed
without any diet or calorie control. Control groups
received an equivalent volume of carrier (10% PEG) only
[19]. The dose was adjusted according to each animal's
body weight, and all administrations were performed
using a gastric feeding needle under standardized
laboratory conditions. At the end of the 30-day treatment
period, rats were sacrificed for subsequent sample
collection and biochemical evaluations. The selected dose
of 50 mg/kg falls within the commonly used therapeutic
range for simvastatin (10-100 mg/kg), providing an
appropriate reference point to evaluate the efficacy and
safety of the synthesized derivatives [20].

Biochemical parameters estimation

Serum lipid profile parameters, including total
cholesterol (TC), triglycerides (TG), high-density
lipoprotein cholesterol (HDL-C), and LDL-C, were
measured using the enzymatic colorimetric method on a
Cobas ¢ system (Roche Diagnostics, Germany). The kits
used were Cholesterol Gen.2 (Catalog No. 08057443500),
Triglycerides (Catalog No. 05171407190), HDL-
Cholesterol Gen.4 (Catalog No. 08057877190), and LDL-
Cholesterol Gen.3 (Catalog No. 07005717190). Very low-
density lipoprotein cholesterol (VLDL-C) was calculated
using Friedewald's formula [21]. The concentration of
HMG-CoA reductase was determined using a competitive
ELISA kit (Elabscience, USA; Catalog No. RE3142R), and
absorbance was read using an automated ELISA
microplate reader [22].

Statistical analysis

All data were expressed as mean + standard deviation
(SD). Statistical analysis was performed using the
Statistical Package for the Social Sciences (SPSS) software
version 26. One-way analysis of variance (ANOVA)
followed by Tukey's post hoc test was applied to assess the
statistical significance among groups. A p-value less than
0.05 was considered statistically significant.

m RESULTS AND DISCUSSION
Structural Clarification of Synthesized Compounds

The synthesized ester derivatives of simvastatin (A1l
and A2) were characterized using a combination of FTIR,
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'"H-NMR, ®C-NMR, and MS to confirm their molecular
structures and chemical modifications.

FTIR

The FTIR spectra of compounds Al and A2
exhibited distinct absorption bands, confirming the
successful esterification process. In both derivatives,
strong bands appeared at approximately 1713 cm™,
(C=0)
stretching vibration [23], which was absent in the

corresponding to the esterified carbonyl

spectrum of the original simvastatin. In addition, a
marked shift in the hydroxyl band was observed: the
broad O—H stretch of simvastatin (approximately 3550—
3450 cm™) significantly disappeared, confirming the
formation of an ester at the hydroxyl site [24]. We also
observed C-H stretching vibrations of the methyl and
methylene groups at approximately 2920-2960 cm™,
while C-O-C stretches appeared at approximately
1170-1200 cm™'. Together, these spectral changes
provide evidence for the formation of an ester linkage in
both A1 (acetate) and A2 (propanoate) derivatives.

TH-NMR

The 'H-NMR spectra of compounds Al and A2
(recorded in DMSO-ds). The chemical shifts and
integration values were consistent with the proton
environments predicted in the esterified structures. The
methyl protons of the acetate group (A1) appeared as a
single group at ~2.08 ppm, confirming successful
acetylation. In A1, the acetate chain exhibited triplet and
multiplet signals in the aliphatic region between 0.88 and
2.30 ppm, attributed to the terminal methyl and
both
characteristic signals of the decalin ring and the lactone

methylene groups. In compounds, the
molecule of simvastatin remained intact, indicating that
esterification occurred selectively at the hydroxyl group
of the side chain without disrupting the primary

structure [25].

3C-NMR

The P“C-NMR spectra further confirmed the
structural integrity and ester formation. A1 showed a
distinct ester C=0 carbon signal at ~170-172 ppm. The
methyl carbon of the acetate appeared at § ~21 ppm.
Additional aliphatic carbon signals related to the
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propanoate chain in A2 were evident, with the ester C=0O
around ~173 ppm and aliphatic carbons between 13-
35 ppm. The consistent presence of characteristic carbon
signals of the simvastatin backbone (e.g., ~74-80 ppm for
C-0 and ~35-50 ppm for methylene bridges) supports
the successful modification while retaining the original
scaffold [26].

Ms

The MS of Al and A2 confirmed their molecular
weights and fragmentation patterns. Compound Al
exhibited a molecular ion peak [M*] at m/z = 462.29, while
A2 displayed [M"] at m/z = 476.3. Aligning with their
calculated molecular weights, both compounds showed a
base peak at m/z = 122.7, indicative of a common fragment
ion derived from the simvastatin core structure after side-
chain cleavage. Other key fragments appeared at m/z =
291, 401.1, and 279.1, consistent with loss of ester groups
and sequential cleavage of the aliphatic chain [27-28].

Acute Toxicity (LDso) Evaluation

No mortality or observable toxic effects were
detected in any of the animals treated with compounds A1
and A2 across all tested doses. Throughout the 14-day
observation period, all mice remained clinically normal,
with no signs of behavioral changes, altered locomotor
activity, or feeding abnormalities. The absence of
mortality or significant toxicity indicates that both
compounds exhibit a high safety margin at dose up to
100 mg/kg (Table 1). Accordingly, the LDs, for both Al
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and A2 was estimated to be greater than 100 mg/kg,
suggesting low acute toxicity under the tested conditions
[12].

Cytotoxicity on Human Blood (Hemocompatibility)

An ex vivo cytotoxicity assay was performed using
freshly collected human whole blood to evaluate the
hemocompatibility of the synthesized compounds. Blood
samples were mixed with 3 concentrations (50, 100, and
200 mg/mL) of each compound and incubated at 37 °C
for 4 h. After incubation, the tubes were centrifuged, and
the plasma supernatant was visually inspected for
hemolysis, discoloration, clot formation, or red cell
aggregation. PEG was used as a negative control, and
SIM served as the reference drug. No visible hemolysis
or other abnormalities were detected in any of the tested
samples, even at the highest concentration (200 mg/mL),
as shown in Table 2 and Fig. 1. These findings confirm
that compounds Al and A2 are non-cytotoxic and
highly hemocompatible. The absence of hemolytic
activity, in agreement with the LDs, results, highlights
the excellent systemic and hematological properties.

Hyperlipidemia Induction Protocol

As shown in Table 3, the inducted group
(PC) exhibited
elevations (p < 0.0001) in all atherogenic lipid parameters

cholesterol statistically significant
compared to the untreated normal control (NC). Serum
TC increased markedly from 51.68 + 7.75 mg/dL in the
NCto 87.11 + 8.98 mg/dL in the PC. Likewise, TG rose

Table 1. LDs, evaluation for the newly synthesized compounds A1 and A2

Mortality observed N = 6 animals Observed
Dose 50 (mg/kg) Dose 75 (mg/kg) Dose 100 (mg/kg) toxicity signs
Al 0 0 0 None
A2 0 0 0 None
SIM 0 0 0 None

Table 2. Cytotoxicity of synthesized compounds

on human blood at various concentrations

Visual change of different doses at various concentrations (mg/mL)

Compounds Cytotoxicity result
50 100 200

SIM No changes No changes No changes Non-cytotoxic

Al No changes No changes No changes Non-cytotoxic

A2 No changes No changes No changes Non-cytotoxic

PEG - - - Non-cytotoxic
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Fig 1. Visual evaluation of hemolytic activity of the synthesized simvastatin derivatives compared to controls (SIM,

PEG). No visible hemolysis, clotting, or color change was observed at any concentration tested (50, 100, or 200 mg/mL)

Table 3. Comparison of lipid profile parameters between NC and PC

Groups Parameters (mean +SD)

No.6 TC(mg/dL) TG (mg/dL) LDL-C (mg/dL) HDL-C (mg/dL) VLDL-C (mg/dL)
NC 51.68 £7.75 26.10 £5.21 17.68 £ 5.13 3140 £7.19 5.22 £ 1.07
PC 87.11 £8.98 54.66 £6.25 42.67 £ 3.62 26.59 £7.29 10.60 = 1.09
p-value 0.0001 0.0001 0.0001 0.0012 0.0001

Data are expressed as mean +S D. Statistical analysis was performed using an independent sample t-test. A p-

value less than 0.05 was considered statistically significant

from 26.10+£521 to 54.66+6.25mg/dL; LDL-C
increased from 17.68 £ 5.13 to 42.67 + 3.62 mg/dL; and
VLDL-C levels doubled 522+1.07 to
10.60 + 1.09 mg/dL. Interestingly, HDL-C, typically
considered a protective marker, exhibited an inconsistent
yet significant decline from 31.40+7.19 to
26.59 £ 7.29 mg/dL in the PC. This reduction likely
reflects a dysregulation of reverse cholesterol transport
(RCT) lipid
homeostasis, contributing to the improvement of an

from

mechanisms and impaired hepatic
atherogenic lipid profile. These observations collectively
confirm the successful establishment of a chemically
induced hypercholesterolemic state that is marked by
elevated TC, LDL-C, VLDL-C, and TG, alongside reduced
HDL-C. The pathological condition produced closely
thus
providing a robust and reliable preclinical model [29].

mirrors early-stage human hyperlipidemia,

This model served as a consistent platform to
evaluate the lipid-lowering potential of newly synthesized
simvastatin derivatives (Al and A2), in comparison to the
standard reference drug simvastatin. The reproducibility
and specificity of this induction approach further
underscore its value in pharmacological screening of
therapeutic agents targeting cholesterol biosynthesis,

lipoprotein metabolism, and lipid transport mechanisms.

Biochemical
Interpretation

Evaluation and Pharmacological

The new synthesized derivatives A1 and A2 were
evaluated in vivo for their potential antihyperlipidemic
efficiency using a cholesterol-induced hyperlipidemia
model in rats. The therapeutic activities of these
compounds were compared to those of the parent drug,
simvastatin, across key biochemical parameters related
to lipid metabolism.

Lipid-lowering effect

Table 4 and Fig. 2 show the therapeutic influence
of compounds Al and A2, derived from structural
modifications of simvastatin, on serum lipid profiles in
hypercholesterolemic rats. The results were benchmarked
against untreated dyslipidemic controls (PC), simvastatin
(SIM), and healthy controls (NC). Statistical analysis via
one-way ANOVA followed by LSD post hoc testing
showed highly significant differences (p <0.0001)
among the groups across all lipid parameters, including
TC, TG, LDL-C, HDL-C, and VLDL-C.

Al exerted a pronounced therapeutic effect,
significantly reducing TC (49.19 +2.71 mg/dL) and
LDL-C (7.64 £ 0.87 mg/dL), while HDL-C levels were
elevated to 35.54 + 3.40 mg/dL, surpassing even the NC.
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Table 4. Effect of simvastatin-derived compounds on lipid profile in induced hypercholesterolemic male rats

[
o

TC (mg/dL)
w & O

- N 238
oo o &oc oo o
P S S

45 -
40 A
35 -
30 1
25 -
20 1
15 1
10 1

LDL (mg/dL)

1(@)

Groups Parameters (mean + SD, mg/dL)

No. 6 TC TG LDL-C HDL-C VLDL
NC 50.76 £3.99C  25.09+6.85C 13.12+0.59C 3276 +2.55A  5.02+1.37C
PC 80.61 £ 8.98A 72.89 £19.34A 37.29+335A 2491+497B 14.37 £452A
Al 49.19+271B 2554+649B 7.64+0.87B 3554+ 3.40AB 5.51+1.29B
A2 40.78 £5.64B  23.05+6.01B  4.93+281B 31.94+584AB 4.61+1.20B

SIM 43.06 + 4.02B
p-value < 0.0001

40.63+11.43B 7.07+1.21B 30.00£5.17AB 8.13 +2.09B
< 0.0001 <0.0001 <0.0023 <0.0001

Data are presented as mean + SD (n = 6 rats/group). Statistical significance was evaluated using one-way
ANOVA followed by Tukey's post hoc test. Different superscript letters indicate significant differences at
P < 0.05. Values expressed in letters (A, B, C, D, and E) within a row represent mean significant differences
at the (p < 0.05) level among the groups. The different letters between the groups represent significant

differences (p < 0.05)
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Fig 2. (a) Serum TC; (b) TG; (c) LDL; (d) HDL; and (e) VLDL levels in hyperlipidemic rats treated with compounds

Al, A2, SIM, and controls (PC and NC)
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The increase in HDL-C suggests an enhancement of RCT
mechanisms, potentially through the modulation of
ApoAl and ATP-binding cassette transporters, such as
ABCA1 and ABCG1. This dual modulation of atherogenic
(LDL-C) and anti-atherogenic (HDL-C) pathways
underlines Al's potential as a cardioprotective agent.
Additionally, VLDL-C and TG levels showed
improvement, registering 9.84+2.13 and
49.21 + 10.64 mg/dL, respectively. Although not as low as
those achieved by A1, these values demonstrate a significant
reduction. Further confirming the multifactorial activity
of Al from a structure-activity relationship perspective,
Al's modification may enhance interactions with lipid-
sensing nuclear receptors such as PPAR-d or LXR,
boosting HDL biosynthesis and RCT pathways [30-32].
A2 showed a selective reduction in LDL-C with a
moderate effect on TG. A2 demonstrated selective

efficacy, particularly in lowering LDL-C
(4.93 +2.81 mg/dL), the lowest among all groups,
including SIM. However, its HDL-C

(25.65 +5.21 mg/dL) was modestly elevated, and TG
(23.05 + 6.01 mg/dL) and VLDL-C (4.61 + 1.20 mg/dL)
levels, although improved, were not the lowest across the
treated groups. These findings suggest that A2 primarily
targets LDL-C metabolism, likely via upregulation of
LDL-C receptors or increased hepatic clearance of apoB-
containing lipoproteins. However, its limited action on
TG and HDL-C that further
optimization-perhaps through altering ester side chains

suggests structural
or increasing hydrophilicity-could enhance its efficacy
and therapeutic profile. The observed differences between
Al and A2 are rooted in their respective structural
features and pharmacokinetic behaviors [33].

Structural rationale

The enhanced lipid-lowering activity observed in
the new compounds Al and A2 can be attributed to
structural esterification at the C-8 position of the
simvastatin core, where small alkyl carboxylate groups
(acetate in Al and butanoate in A2 were presented. These
modifications likely increased the lipophilicity and
membrane absorptivity of the compounds, facilitating
more efficient hepatic uptake and improving their

Indones. J. Chem., 2026, 26 (1), 202 - 214

interaction with HMG-CoA reductase. Furthermore,
the steric and electronic effects of the ester substituents
may enhance binding affinity within the enzyme's active
site, enhancing LDL receptor expression and,
consequently, LDL-C clearance in plasma. These
findings are consistent with known SAR tendencies
reported for statin derivatives bearing short-chain ester
moieties [9,13,34].

The esterification of simvastatin with short-chain
carboxylic acids is expected to alter its pharmacokinetic
profile by increasing lipophilicity and enhancing
membrane permeability. These modifications may
improve gastrointestinal absorption, metabolic stability,
and overall bioavailability. Increased solubility in lipid-
rich environments can also facilitate hepatic uptake,
potentially prolonging circulation time and optimizing
pharmacodynamic response [1,35-36]. Esterification
not only improves membrane permeability and hepatic
uptake but also enhances formulation stability by
increasing lipophilicity and reducing susceptibility to
premature degradation. In pharmaceutical development,
such derivatives are known to favor incorporation into
lipid-based delivery systems, improving bioavailability.
Additionally, ester bonds undergo gradual enzymatic
hydrolysis, enabling sustained or targeted drug release,
which is particularly beneficial in chronic lipid disorders

requiring prolonged statin exposure [25,35].

Comparative assessment with simvastatin
While simvastatin  retained its

hypolipidemic effect, its efficacy was notably lower than

classical

that of Al in several lipid parameters. This suggests that
the newly synthesized derivatives are not only bioactive
but may offer superior therapeutic outcomes, especially
in models of drug resistance or statin intolerance.
Compared to simvastatin, Al displayed superior HDL-
elevating capacity, while A2 surpassed SIM in LDL-C
reduction. Both compounds showed substantial potential
in reversing lipid abnormalities induced by cholesterol
feeding. These outcomes highlight the promise of
structure-guided drug design in developing next-
generation statin analogs with tailored hypolipidemic
profiles.

Amaal Hussein Sheaa et al.



Indones. J. Chem., 2026, 26 (1), 202 - 214 211

Table 5. Serum HMG-CoA reductase levels in different treatment groups and control groups

Parameter NC PC

Al A2 SIM p-value

HMG-CoA (ng/mL) 3.21+0.47C 5.54+1.88A

1.53 £ 1.04B 2.13+£0.39B

1.57£1.21B < 0.001

Values are expressed as mean + SD (n = 6). Different superscript letters within the same row indicate statistically significant

differences between groups (p < 0.001)

HMG-CoA reductase activity

Table 5 and Fig. 3 show that serum HMG-CoA
reductase activity was markedly elevated in the
cholesterol-induced group (PC), consistent with increased
endogenous cholesterol biosynthesis. Treatment with
simvastatin significantly suppressed enzyme activity to
near-normal levels (p < 0.01). Notably, A1 and A2 also
exhibited substantial inhibitory effects, with Al reducing
enzyme activity to 1.53+1.04ng/mL and A2 to
2.13 £ 0.39 ng/mL, indicating an efficient blockade of the
mevalonate pathway. This supports the hypothesis that
structural modifications in these derivatives enhance their
interaction with the enzyme's active site, reinforcing their
mechanism-based hypolipidemic action. The results are
in agreement with previous studies reporting that
esterification of statins can improve bioavailability and
target affinity, thereby augmenting inhibition of HMG-
CoA reductase [37].

The results of the HMG-CoA reductase assay
revealed a precise biochemical modulation of enzyme
levels between the treated and control groups. The PC
group, representing hypercholesterolemic rats without
any treatment, exhibited the highest levels of HMG-CoA
reductase, affirming the upregulation of cholesterol
biosynthesis in response to dietary induction. Conversely,
with
significantly suppressed HMG-CoA reductase activity.

treatment simvastatin and its derivatives

Among the tested compounds, Al and A2 showed
promising inhibitory effects on HMG-CoA reductase levels,
with Al demonstrating a more pronounced reduction,
which aligns with its notable effects on serum LDL-C and
HDL-C levels. This suggests a strong correlation between
enzyme inhibition and improvement in lipid profile. The
ability of A1 to elevate HDL-C while lowering HMG-CoA
reductase implies that it may interact with regulatory
pathways beyond direct enzyme inhibition—possibly
involving transcriptional regulators like SREBP-2 or
PPAR-a, which govern lipid homeostasis [38].

>

HMG-CoA (ng/mL)
w
H

NC PC A1 A2 SIM
Groups
Fig 3. The serum concentrations of HMG-CoA

reductase in treated groups with A1, A2, SIM, PC, and
NC

These results are consistent with previous findings,
which indicate that structural modifications, such as the
esterification of statins, can enhance enzyme binding
affinity and bioavailability,
hypolipidemic efficacy. A2, while less potent than Al,

thereby improving
also significantly lowered enzyme activity compared to
PC, reinforcing its potential as a selective inhibitor of
endogenous cholesterol biosynthesis [39]. The inclusion

of this enzymatic biomarker substantiates the
mechanism of action proposed for the statin analogs and
strengthens their candidacy for further

pharmacodynamic exploration.

m CONCLUSION

The newly synthesized simvastatin derivatives A1l
and A2 demonstrated significant pharmacological
benefits, including lipid-lowering activity and excellent
safety in both acute toxicity and hemocompatibility
tests. Structural modification via esterification with
acetic and propanoic acids did not alter the basic
pharmacological structure of simvastatin but rather
improved its biological performance. A1 demonstrated
superior lipid-lowering efficacy, suggesting that subtle
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modifications to the ester group can significantly impact
pharmacokinetic and pharmacodynamic behavior. The
simplicity of the synthesis protocol, mild conditions, high
yield, and positive biological results highlight the
potential of these derivatives as next-generation statin-
based therapeutics. Further studies on their metabolic
behavior and long-term efficacy are necessary to fully
establish their clinical relevance.
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