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Innovative Conjugation Strategies in 
Atherosclerosis: Charting New Pathways in 
Lipid-Lowering Therapies From a  
Pharmacological Perspective
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Abstract
Atherosclerosis, a leading cause of cardiovascular morbidity and mortality, is driven by lipid accumulation and inflammation within 
arterial walls. While statins have been pivotal in managing this condition by lowering low-density lipoprotein cholesterol, limitations 
such as statin intolerance and genetic variability highlight the need for innovative therapeutic strategies. Conjugation synthe-
sis, which involves the chemical linkage of statins with polymers, nanoparticles, or bioactive molecules, represents a promising 
strategy to enhance the pharmacokinetics and pharmacodynamics of these agents. This approach improves drug solubility, 
stability, bioavailability, and targeted delivery, resulting in superior low-density lipoprotein cholesterol reduction, enhanced plaque 
stabilization, and reduced systemic side effects compared to traditional statins therapies. Studies have shown that polymer-based 
and nanotechnology conjugations not only optimize drug delivery but also minimize adverse effects, potentially transforming the 
treatment landscape of atherosclerosis. As research advances, these next-generation therapies have the potential to provide more 
personalized and effective treatment options for patients.
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1. Introduction

Atherosclerosis, a chronic inflammatory disease characterized by 
the buildup of plaques within arterial walls, remains a leading 
cause of cardiovascular morbidity and mortality worldwide. 
Despite significant advances in medical treatment, including the 
widespread use of statin therapy, the global burden of atherosclerosis 
continues to pose severe public health challenges. According 
to the World Health Organization, cardiovascular diseases, 
primarily driven by atherosclerosis, account for approximately 
17.9 million deaths annually, making them the leading cause 
of death worldwide.[1–3] Given the persistent impact of athero-
sclerosis, there is a critical need for more effective prevention 
and treatment strategies. Statin therapy has long been the 
cornerstone of managing atherosclerosis due to its efficacy 
in lowering cholesterol levels, particularly low-density lipo-
protein cholesterol (LDL-C), a major contributor to plaque 
formation.[4] Statins function by inhibiting 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase, an enzyme involved in the 

biosynthesis of cholesterol in the liver, thereby reducing LDL-C 
levels and slowing the progression of atherosclerosis.[5–7] Figure 1  
illustrates the mechanism of action of statins in reducing choles-
terol and plaque formation.

Traditional statins often face challenges such as poor solu-
bility, rapid clearance from the bloodstream, and systemic 
side effects due to non-specific distribution necessitates the 
development of more advanced therapeutic approaches. This 
has led to the exploration of innovative strategies, such as con-
jugation synthesis, which aims to enhance the pharmacokinetics 
and pharmacodynamics of statins.[8,9] By linking statins with 
polymers, nanoparticles, or bioactive molecules, these next- 
generation therapies offer improved drug solubility, stability, 
bioavailability, and targeted delivery, potentially transforming 
the treatment landscape for atherosclerosis.[10,11] Figure 2 shows 
the chemical structures of various statins, highlighting their 
differences and similarities.

These conjugation therapies not only lower LDL-C more 
effectively but also reduce inflammation and stabilize plaques, 
making them superior to conventional approaches. This review 
will explore the advancements in drug conjugation strategies 
within statin therapy, focusing on their potential to enhance 
the efficacy and safety of these medications.[12–14] By analyzing  
various techniques, such as polymer-based and nanoparticle- 
based conjugations, this review aims to highlight how these 
innovations can optimize statin, offering improved outcomes 
for patients suffering from atherosclerosis while minimizing 
adverse effects.[15,16]

2. Conjugation synthesis of statins drug

Conjugation synthesis of statins involves the chemical attach-
ment of statins to carriers, such as polymers, lipids, or bioactive 
molecules, with the aim of enhancing drug performance. This 
approach not only improves the pharmacokinetic properties 
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of statins but also enables precise targeting and controlled 
release while minimizing adverse effects.[17,18] By increasing solubility, 
stability, and selective accumulation in atherosclerotic plaques, 
conjugated statins provide an advanced approach for cardiovas-
cular treatment [Figure 3]. Various strategies, including chemical 
and biological conjugates, are being explored to optimize the 
therapeutic potential and delivery of statins, thereby improving 
their efficiency in clinical applications. Conjugation synthesis 
offers distinct advantages over traditional oral or intravenous 
statins delivery methods by enabling targeted and sustained 
drug release.[19–21] For instance, nanoparticle-based conjugates can 
bypass rapid clearance mechanisms and deliver statins directly to 
atherosclerotic plaques, thereby reducing off-target effects and 
improving therapeutic outcomes.[22]

3. Clinical relevance of conjugation strategies in 
statin therapy

The novel conjugation strategies for statin delivery hold sub-
stantial promise in addressing the limitations of conventional 
therapies for atherosclerosis. Although traditional statins thera-
pies are effective in lowering LDL-C, they face challenges such 
as poor solubility, rapid clearance, and nonspecific systemic 
distribution, often resulting in adverse effects such as myopathy 
and hepatotoxicity. Randomized clinical trials and preclinical 
studies have highlighted the advantages of these advanced con-
jugation strategies. To illustrate these findings, Table 1 provides 
a summary of the clinical utility and benefits of various conju-
gation strategies.[23–37]

4. Chemical conjugation

Chemical conjugation refers to the covalent bonding of 2 or 
more molecules to form a single complex. This process typically 
involves attaching a bioactive molecule (eg, a drug) to a carrier 
molecule (eg, a polymer, protein, or antibody) using chemical 
linkers. The aim is to enhance the stability, solubility, or targeting 
capabilities of the active molecule, allowing for improved thera-
peutic efficacy and reduced off-target effects [Figure 4].[16–18]

5. Biological conjugation

Biological conjugation refers to modern techniques that exploit 
the inherent specificity of biological molecules such as proteins, 
peptides, or antibodies. By leveraging these receptor-targeting 
properties, biologically active substances can be directed with 
higher precision to specific tissues or disease sites.[34,37] For 
example, in cardiovascular therapy, biological conjugation tech-
niques can direct statins towards atherosclerotic plaques. This 
targeted approach increases the concentration of the drug in 
areas of plaque buildup, thus improving efficacy while minimiz-
ing potential side effects elsewhere in the body [Figure 5].[22,35]

Figure 1: The role of statins in inhibiting cholesterol synthesis and reducing atherosclerosis plaque. HMG-CoA: 3-hydroxy-3-methylglutaryl-coenzyme A; LDL: 
Low-density lipoprotein; WBCs: White blood cells.

Figure 2: Chemical structures of different statins used in the treatment of 
cardiovascular diseases.
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Figure 3: Conjugation strategies of statin molecules for atherosclerosis therapy. NDDS: Novel drug delivery systems; PEGylation: Polyethylene glycolylation.

Table 1

Clinical relevance of conjugation strategies in statins therapy.

Therapy type Mechanism and supporting evidence Benefits

Polymer-based conjugation[23–25] Sustained drug release and improved bioavailability studies Reduced dosing frequency and enhanced stability

Nanoparticle-based conjugation[26–28] Targeted delivery to atherosclerosis plaques reduced plaque 
size and inflammation in vivo

Site-specific delivery minimized systemic exposure

Peptide- and protein-based conjugation[29–31] Effective in reducing plaque formation and improving cardio-
vascular outcomes in preclinical studies

Enhanced efficacy potential for personalized therapy

Liposome-based conjugation[32,33] Enabled effective encapsulation of statins, enhancing delivery 
to vascular tissues in clinical settings

Provided superior stability and prolonged circulation time compared 
to non-liposomal delivery methods

Antibody-drug conjugation[34,35] Targeted immunotherapy approaches reduced LDL-C levels 
significantly in phase Ⅱ clinical trials

Higher specificity and fewer off-target effects compared to 
conventional therapies

Micelle-based conjugation[36,37] Enhanced solubility of poorly water-soluble statins as demon-
strated in early clinical studies

Improved bioavailability and tunable release rates, offering flexibility 
in dose adjustments compared to standard statin medications

LDL-C: Low-density lipoprotein cholesterol.

Figure 4: Schematic representation of a chemical conjugate. Figure 5: Schematic representation of a biological conjugate.
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6. Current strategies in conjugation synthesis

Current strategies in conjugation synthesis focus on enhancing 
the therapeutic potential of statins by improving their delivery 
and effectiveness. Key approaches include polymer-based 
conjugates, nanoparticle-based conjugation, and protein- and 
peptide-based conjugation.

6.1. Polymer-based conjugation

Polymer-drug conjugates are an innovative strategy in drug 
delivery, utilizing a biocompatible outer shell that encapsulates 
the drug within an inner core. These systems enhance the 
stability and efficacy of drugs administered via both oral and 
non-oral administration. In oral delivery, the dense outer shell 
limits gastrointestinal absorption, prolongs systemic circulation 
and enables controlled, sustained release.[15,33] For non-oral 
routes, the shell protects the drug from enzymatic degradation, 
ensuring its stability until it reaches the target site. This approach 
is particularly effective in delivering statins in the treatment of 
coronary artery disease, improving bioavailability, and reducing 
side effects [Figure 6].

In a 2013 study, Zhou et al[23] explored the synthesis and 
characterization of dextran-rosuvastatin conjugates for drug 
delivery. Rosuvastatin’s low oral bioavailability prompted this 
approach, where dextran was conjugated using N,N-carbonyl-
diimidazole, forming self-assembling microparticles. Particle size 
and morphology were controlled by solvent and pH conditions. 
Characterization by Fourier transform infrared spectroscopy, 
nuclear magnetic resonance spectroscopy, X-ray diffraction 
confirmed the synthesis, and in vitro studies showed sustained 
release with morphology-dependent kinetics, suggesting dextran- 
rosuvastatin conjugates’s potential for enhanced therapeutic 
efficacy [Figure 7].

In 2011, Anwar et al[24] developed a chitosan-atorvastatin 
nano-conjugate to improve atorvastatin’s bioavailability and sta-
bility [Figure 8]. The conjugate, synthesized via amide coupling 
and characterized by proton nuclear magnetic resonance and 
Fourier transform infrared spectroscopy, produced nano-sized 
particles ((215.3 ± 14.2) nm) via high-pressure homogenization. 
In vitro release studies revealed sustained release, while phar-
macokinetic studies showed a 5-fold bioavailability increase 
compared to pure atorvastatin, indicating the potential of chi-
tosan conjugates to oral drug delivery.

Recently, Hossaini Nasr et al[25] synthesized hyaluronic 
acid-atorvastatin conjugate nanoparticles to target inflam-
mation in atherosclerotic plaques. These nanoparticles with 
hydrophobic cores of atorvastatin surrounded by hydrophilic 

Figure 6: Anti-inflammatory effects, plaque stabilization, bioavailability improvement, and target-specific affinity in vascular systems, facilitated by polymer-based 
conjugation strategies.

Figure 7: Synthesis and self-assembly of dextran-rosuvastatin conjugate 
microparticles.
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hyaluronic acid, showed superior drug loading, stability, and 
CD44 receptor-mediated targeting. In vitro, the nanoparticles 
inhibited inflammatory responses in macrophages, and in vivo,  
they reduced plaque size and inflammation in mice more 
effectively than free atorvastatin, suggesting a promising anti- 
inflammatory approach for atherosclerosis [Figure 9].

6.2. Nanoparticle-based conjugation

Nanoparticle-based therapies have shown sustained effectiveness 
over time, they offer a promising strategy for selectively inhibit-
ing macrophage activity, which serve as a potential therapeutic 
target for treating inflammation in atherosclerosis. By targeting 
the cellular and molecular mechanisms that contribute to plaque 
formation and instability, these advanced nanotherapies may 

provide a more localized and effective treatment option, poten-
tially improving clinical outcomes for patients with advanced 
atherosclerosis [Figure 10].[26–27]

A study conducted by Gao et al[28] introduced macrophage 
membrane-coated, reactive oxygen species-responsive nanopar-
ticles for targeted atorvastatin delivery in atherosclerosis. These 
nanoparticles selectively target activated macrophages at plaque 
sites, evading the reticuloendothelial system. The therapeutic 
benefits include reduced plaque vulnerability, increased colla-
genand deposition, decreased matrix metalloproteinase activity, 
and improved lipid profiles. Also, the microphage membrane 
coating sequesters pro-inflammatory cytokines, reducing local 
inflammation and enhancing therapeutic efficacy [Figure 11].

In 2013, Dash et al[32] developed atorvastatin-curcumin 
nanocrystals with synergistic anti-inflammatory effects. In-silico 

Figure 8: Synthesis of chitosan-atorvastatinnano-conjugate via amide coupling reaction.
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analysis showed a high affinity for COX-1 and COX-2 enzymes. 
The nanocrystals characterized by zeta potential of –35 mV, 
exhibited improved solubility and stability. Formulated as an 
emulgel, they provided sustained release for 28 h and showed 
strong anti-inflammatory responses in vivo. The study high-
lights atorvastatin-curcumin nanogel as a potential alternative 
to nonsteroidal anti-inflammatory drugs [Figure 12].

6.3. Peptide- and protein-based conjugation

Recent research has highlighted the potential of conju-
gating peptide with statins as a targeted strategy against 
atherosclerosis, demonstrating promising results in reducing 
plaque formation and improving cardiovascular health. Pep-
tides, especially those mimicking apolipoprotein A-I (ApoA-I), 
have been shown to effectively reduce inflammation and 
improve lipid profiles when used in statinconjugates. This 

combination leverages the anti-inflammatory properties of 
peptides and the cholesterol-lowering effects of statins, poten-
tially offering a synergistic approach to treat atherosclerosis.[33] 
For example, Duivenvoorden et al[30] developed reconstituted 
high-density lipoprotein (HDL) nanoparticles for simvastatin 
delivery in atherosclerosis. By using ApoA-I and phospholipids, 
lipophilic simvastatin was encapsulated in discoid nanoparti-
cles (25–30 nm), which were stabilized to resist degradation 
in serum. Magnetic resonance imaging contrast agents and 
dyes were added for imaging, forming a stable system tar-
geting atherosclerotic plaques. Another conducted in 2015,  
Tang et al[31] developed simvastatin-loaded HDL nanoparticles 
for targeting atherosclerotic plaques. By integrating simvasta-
tin with phospholipids and ApoA-I, simvastatin-loaded HDL 
mimicked natural HDL, stabilizing the drug and enabling 
penetration into plaques. This system reduced macrophage 
proliferation and inflammation, enhancing plaque targeting 
and therapeutic outcomes [Figure 13].

Figure 9: Hyaluronic acid-atorvastatin conjugate nanoparticles.
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7. Application of conjugation strategies in statins 
therapy

Conjugation strategies have emerged as a promising method 
to enhance the therapeutic potential of statins by addressing 

several limitations of traditional treatments. By chemically 
conjugating statins with polymers, nanoparticles, or bioactive 
molecules, their bioavailability can be greatly improved, leading 
to better drug absorption and enhanced therapeutic effects.[35] 

Figure 10: Nanoparticle-mediated macrophage inhibition, plaque formation, and improved heart health outcomes.

Figure 11: Macrophage membrane-coated reactive oxygen species-responsive nanoparticles for targeted delivery of atorvastatin.
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One significant advantage of conjugation is its ability to 
facilitate targeted drug delivery, allowing statins to be directed 
specifically to atherosclerotic plaques. This targeted approach 
reduces systemic exposure and minimizes undesirable side 
effects. Additionally, conjugation improves cellular uptake, ena-
bling statins to more effectively penetrate target tissues, thereby 
boosting their therapeutic efficacy.[38] Conjugated systems 
also extend the circulation time of statins in the bloodstream, 
ensuring sustained drug levels, reducing the frequency of dosing, 
and promoting longer-lasting therapeutic benefits. Collectively, 
these conjugation techniques represent a powerful strategy 
for optimizing statin therapies and overcoming the challenges 
associated with conventional treatments for atherosclerosis.[39]

8. Challenges and limitations of conjugation 
method

In the conjugation strategies for atherosclerosis therapies, several 
challenges and limitations need to be addressed to ensure the 
efficacy and safety of these next-generation treatments. One of 
the key challenges lies in maintaining the stability of conjugated 
drug systems under physiological conditions.[40] Factors such as 
enzymatic activity, fluctuating pH levels, and interactions with 
proteins in the bloodstream can lead to premature degradation 
or destabilization of the conjugated molecules, thereby reducing 
their therapeutic effectiveness.[41,42] Additionally, the potential 
immunogenicity of foreign polymers, nanoparticles, or bioactive 

Figure 12: Conjugation of atorvastatin with curcumin by estrification method.
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molecules used in conjugation poses a risk of eliciting immune 
responses, which may result in adverse reactions and compro-
mise the overall safety of the treatment.[43] Another significant 
limitation is the complexity of pharmacokinetics in conjugated 
systems. The chemical modifications introduced during con-
jugation can alter the absorption, distribution, metabolism, 
and excretion of statins, leading to variability in therapeutic 
outcomes. This unpredictability in pharmacokinetics makes it 
challenging to optimize dosing regimens and predict patient 
responses. Addressing these challenges is crucial to advancing 
conjugation strategies and ensuring their successful application 
in atherosclerosis treatment.[44,45]

9. Conclusion

The advancements in conjugation synthesis of statins present 
significant preclinical benefits, their potential impact in clinical 
settings should not be overlooked. Conjugated statins are poised 
to offer several key advantages over traditional statin therapies. 
Enhanced drug delivery mechanisms improve solubility, stability, 
and bioavailability, ensuring that the drug is more effectively 
targeted to atherosclerotic plaques. This targeted approach not 
only amplifies the therapeutic benefits, such as LDL reduction 
and plaque stabilization, but also significantly reduces systemic 
side effects, which remain a major concern with conventional 
statins use. Moreover, these advancements pave the way for 
more personalized treatment regimens, allowing therapy to be 
tailored to the specific needs of individual patients, particularly 
those who are statin-intolerant or exhibit genetic variability in 
response to treatment. While these promising outcomes have 
been demonstrated in preclinical studies, further research, 
including clinical trials, is necessary to validate these benefits 
in human populations and to fully understand the long-term 

implications of conjugated statin therapies. Despite these chal-
lenges, conjugated statins represent a significant leap forward 
in the management of atherosclerosis, offering improved drug 
delivery and reduced systemic side effects. The potential for 
these therapies to deliver personalized treatment solutions, par-
ticularly in patients with statin intolerance or genetic variability, 
underscores their importance in the future of cardiovascular 
disease management. As research progresses, the translation of 
these preclinical advantages into clinical success will be a key 
area of focus.

Funding

None.

Author contributions

Varsha Rawat conceptualized the study, conducted the literature 
review, and drafted the manuscript. Smriti Dewangan, Khomen-
dra Kumar Sarwa, and Tripti Sharma contributed to the review, 
editing, and refinement of the manuscript. All authors approved 
the final version and are accountable for the content.

Conflicts of interest

None.

References
 [1] Esmaeili P, Roshanravan N, Ghaffari S, et al. Unraveling atherosclerotic 

cardiovascular disease risk factors through conditional probability 
analysis with Bayesian networks: insights from the AZAR cohort 
study. Sci Rep 2024;14(1):4361. doi:10.1038/s41598-024-55141-2.

Figure 13: sHDL nanoparticles is constructed by integrating simvastatin with phospholipids and ApoA-I. ApoA-I: Apolipoprotein A-I; sHDL: Simvastatin loaded 
high-density lipoprotein.



www.cardio-discovery.org

224

Cardiology Discovery (2025) 5  •  3

 [2] King MW, Bambharoliya T, Ramakrishna H, et al. Coronary artery 
disease and the evolution of angioplasty devices. Berlin, Germany: 
Springer; 2020.

 [3] Kumric M, Urlic H, Bozic J, et al. Emerging Therapies for the Treatment 
of Atherosclerotic Cardiovascular Disease: From Bench to Bedside. Int 
J Mol Sci 2023;24(9):8062. doi:10.3390/ijms24098062.

 [4] Trub AG, Wagner GR, Anderson KA, et al. Statin therapy inhibits 
fatty acid synthase via dynamic protein modifications. Nat Commun 
2022;13(1):2542. doi:10.1038/s41467-022-30060-w.

 [5] Bejarano J, Navarro-Marquez M, Morales-Zavala F, et al. Nanopar-
ticles for diagnosis and therapy of atherosclerosis and myocardial 
infarction: evolution toward prospective theranostic approaches. 
Theranostics 2018;8(17):4710–4732. doi:10.7150/thno.26284.

 [6] Montelione N, Loreni F, Nenna A, et al. Tissue Engineering and 
Targeted Drug Delivery in Cardiovascular Disease: The Role of Pol-
ymer Nanocarrier for Statin Therapy. Biomedicines 2023;11(3):798. 
doi:10.3390/biomedicines11030798.

 [7] Khatiwada N, Hong Z. Potential Benefits and Risks Associated with 
the Use of Statins. Pharmaceutics 2024;16(2):214. doi:10.3390/phar-
maceutics16020214.

 [8] Pala R, Anju VT, Dyavaiah M, et al. Nanoparticle-Mediated Drug 
Delivery for the Treatment of Cardiovascular Diseases. Int J Nano-
medicine 2020;15:3741–3769. doi:10.2147/IJN.S250872.

 [9] Wojtasińska A, Frąk W, Lisińska W, et al. Novel Insights into the Molec-
ular Mechanisms of Atherosclerosis. Int J Mol Sci 2023;24(17):13434. 
doi:10.3390/ijms241713434.

 [10] Zeiser R. Immune modulatory effects of statins. Immunology 
2018;154(1):69–75. doi:10.1111/imm.12902.

 [11] Markowska A, Antoszczak M, Markowska J, et al. Statins: HMG-CoA 
Reductase Inhibitors as Potential Anticancer Agents against Malignant 
Neoplasms in Women. Pharmaceuticals (Basel) 2020;13(12):422. 
doi:10.3390/ph13120422.

 [12] Irby D, Du C, Li F. Lipid-Drug Conjugate for Enhancing Drug Delivery. 
Mol Pharm 2017;14(5):1325–1338. doi:10.1021/acs.molpharma-
ceut.6b01027.

 [13] Jamialahmadi T, Reiner Ž, Simental-Mendia LE, et al. Effect of statins  
on arterial wall inflammation as assessed by 18F-FDG PET CT: an 
updated systematic review and meta-analysis. J Inflamm (Lond) 
2024;21(1):52. doi:10.1186/s12950-024-00421-x.

 [14] Liu S, Hou J, Wan J, et al. Effect of Intensive Lipid-Lowering Therapy 
on Coronary Plaque Stabilization Derived from Optical Coherence 
Tomography: a Meta-analysis and Meta-regression. Cardiovasc Drugs 
Ther 2025;39(1):119–132. doi:10.1007/s10557-023-07511-7.

 [15] Nenna A, Nappi F, Larobina D, et al. Polymers and Nanoparticles 
for Statin Delivery: Current Use and Future Perspectives in Cardio-
vascular Disease. Polymers (Basel) 2021;13(5):711. doi:10.3390/
polym13050711.

 [16] Parashar AK, Saraogi GK, Jain PK, et al. Polymer-drug conjugates: revo-
lutionizing nanotheranostic agents for diagnosis and therapy. Discov 
Oncol 2024;15(1):641. doi:10.1007/s12672-024-01509-9.

 [17] Pasut G, Veronese FM. Polymer–drug conjugation, recent achieve-
ments and general strategies. ProgPolymSci 2007;32(8-9):933–961. 
doi:10.1016/j.progpolymsci.2007.05.008.

 [18] Rawat V, Jain V. Formulation, optimization and characterization of 
ellagic acid phyto-vesicular system for bioavailability enhancement. 
Indian Drugs 2023;60(7):42–49. doi:10.53879/id.60.07.13552.

 [19] Liu H, Pietersz G, Peter K, et al. Nanobiotechnology approaches for 
cardiovascular diseases: site-specific targeting of drugs and nanopar-
ticles for atherothrombosis. J Nanobiotechnology 2022;20(1):75. 
doi:10.1186/s12951-022-01279-y.

 [20] Seo Y, Lim H, Park H, et al. Recent Progress of Lipid Nanoparti-
cles-Based Lipophilic Drug Delivery: Focus on Surface Modifications. 
Pharmaceutics 2023;15(3):772. doi:10.3390/pharmaceutics15030772.

 [21] Zong Q, He C, Long B, et al. Targeted Delivery of Nanoparticles 
to Blood Vessels for the Treatment of Atherosclerosis. Biomedicines 
2024;12(7):1504. doi:10.3390/biomedicines12071504.

 [22] Soumya RS, Raghu KG. Recent advances on nanoparticle-based 
therapies for cardiovascular diseases. J Cardiol 2023;81(1):10–18. 
doi:10.1016/j.jjcc.2022.02.009.

 [23] Zhou C, Gao W, Lu G, et al. Preparation, characterization and 
in vitro release of microparticles based on dextran-rosuvastatin 
conjugate. Carbohydr Polym 2013;96(1):156–162. doi:10.1016/j.car-
bpol.2013.03.094.

 [24] Anwar M, Warsi MH, Mallick N, et al. Enhanced bioavailability of 
nano-sized chitosan-atorvastatin conjugate after oral administration to 
rats. Eur J Pharm Sci 2011;44(3):241–249. doi:10.1016/j.ejps.2011.08. 
001.

 [25] Hossaini Nasr S, Rashidijahanabad Z, Ramadan S, et al. Effective 
atherosclerotic plaque inflammation inhibition with targeted drug 
delivery by hyaluronan conjugated atorvastatin nanoparticles. Nanos-
cale 2020;12(17):9541–9556. doi:10.1039/d0nr00308e.

 [26] Prilepskii AY, Serov NS, Kladko DV, et al. Nanoparticle-Based 
Approaches towards the Treatment of Atherosclerosis. Pharmaceutics 
2020;12(11):1056. doi:10.3390/pharmaceutics12111056.

 [27] Yang F, Xue J, Wang G, et al. Nanoparticle-based drug delivery sys-
tems for the treatment of cardiovascular diseases. Front Pharmacol 
2022;13:999404. doi:10.3389/fphar.2022.999404.

 [28] Gao C, Huang Q, Liu C, et al. Treatment of atherosclerosis by mac-
rophage-biomimetic nanoparticles via targeted pharmacotherapy 
and sequestration of proinflammatory cytokines. Nat Commun 
2020;11(1):2622. doi:10.1038/s41467-020-16439-7.

 [29] White CR, Palgunachari M, Wolkowicz P, et al. Peptides as Therapeu-
tic Agents for Atherosclerosis. Methods Mol Biol 2022;2419:89–110. 
doi:10.1007/978-1-0716-1924-7_6.

 [30] Duivenvoorden R, Tang J, Cormode DP, et al. A statin-loaded recon-
stituted high-density lipoprotein nanoparticle inhibits atherosclerotic 
plaque inflammation. Nat Commun 2014;5:3065. doi:10.1038/ncomms 
4065.

 [31] Tang J, Lobatto ME, Hassing L, et al. Inhibiting macrophage pro-
liferation suppresses atherosclerotic plaque inflammation. Sci Adv 
2015;1(3):e1400223. doi:10.1126/sciadv.1400223.

 [32] Dash R, Yadav M, Biswal J, et al. Modeling of chitosan modified PLGA 
atorvastatin-curcumin conjugate (AT-CU) nanoparticles, overcoming 
the barriers associated with PLGA: An approach for better manage-
ment of atherosclerosis. Int J Pharm 2023;640:123009. doi:10.1016/j.
ijpharm.2023.123009.

 [33] Dunér P, Mattisson IY, Fogelstrand P, et al. Antibodies against 
apoB100 peptide 210 inhibit atherosclerosis in apoE(-/-) mice. Sci Rep 
2021;11(1):9022. doi:10.1038/s41598-021-88430-1.

 [34] Matsuda Y, Mendelsohn BA. An overview of process development for 
antibody-drug conjugates produced by chemical conjugation technology.  
Expert Opin Biol Ther 2021;21(7):963–975. doi:10.1080/14712598.
2021.1846714.

 [35] Korani S, Korani M, Bahrami S, et al. Application of nanotechnol-
ogy to improve the therapeutic benefits of statins. Drug Discov Today 
2019;24(2):567–574. doi:10.1016/j.drudis.2018.09.023.

 [36] Eras A, Castillo D, Suárez M, et al. Chemical Conjugation in Drug 
Delivery Systems. Front Chem 2022;10:889083. doi:10.3389/
fchem.2022.889083.

 [37] Pettinato MC. Introduction to Antibody-Drug Conjugates. Antibodies 
(Basel) 2021;10(4):42. doi:10.3390/antib10040042.

 [38] Mishra D, Hubenak JR, Mathur AB. Nanoparticle systems as tools to 
improve drug delivery and therapeutic efficacy. J Biomed Mater Res A 
2013;101(12):3646–3660. doi:10.1002/jbm.a.34642.

 [39] Arsenault BJ, Perrot N, Puri R. Therapeutic Agents Targeting Car-
diometabolic Risk for Preventing and Treating Atherosclerotic 
Cardiovascular Diseases. Clin Pharmacol Ther 2018;104(2):257–268. 
doi:10.1002/cpt.1110.

 [40] Ekladious I, Colson YL, Grinstaff MW. Polymer-drug conjugate ther-
apeutics: advances, insights and prospects. Nat Rev Drug Discov 
2019;18(4):273–294. doi:10.1038/s41573-018-0005-0.

 [41] Dou Y, Li C, Li L, et al. Bioresponsive drug delivery systems for the 
treatment of inflammatory diseases. J Control Release 2020;327:641–
666. doi:10.1016/j.jconrel.2020.09.008.

 [42] Newman CB, Preiss D, Tobert JA, et al. Statin Safety and Associated 
Adverse Events: A Scientific Statement From the American Heart 
Association. Arterioscler Thromb Vasc Biol 2019;39(2):e38–e81. 
doi:10.1161/ATV.0000000000000073.

 [43] Zhu L, Xu W, Chatterjee E, et al. Anti-inflammation nanomedicine 
shots through atherosclerotic plaques for targeted treatment and 
precise diagnosis. Mater Des 2023;231:112005. doi:10.1016/j.mat-
des.2023.112005.

 [44] Becares N, Gage MC, Voisin M, et al. Impaired LXRα Phospho-
rylation Attenuates Progression of Fatty Liver Disease. Cell Rep 
2019;26(4):984–995.e6. doi:10.1016/j.celrep.2018.12.094.

 [45] Hoste E, Haufroid V, Deldicque L, et al. Atorvastatin-associated myo-
toxicity: A toxicokinetic review of pharmacogenetic associations to 
evaluate the feasibility of precision pharmacotherapy. Clin Biochem 
2024;124:110707. doi:10.1016/j.clinbiochem.2024.110707.

How to cite this article: Rawat V, Dewangan S, Sarwa KK, et al. Innova-
tive Conjugation Strategies in Atherosclerosis: Charting New Pathways in 
Lipid-Lowering Therapies From a Pharmacological Perspective. Cardiol 
Discov 2025;5(3):215–224. doi: 10.1097/CD9.0000000000000163




