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Abstract Non-peptide macrocyclic drugs possess unique structural advantages that allow them to

target various biomolecules of interest and thus show therapeutic potential against various diseases such

as cancer, infectious diseases, etc. This review article examines 34 non-peptide macrocyclic

drugs approved between 2000 and 2024, with a particular focus on the optimization process of represen-

tative macrocyclic drugs such as natural macrocycles, natural product-inspired macrocycles, and de

novo-designed macrocycles. We discuss their structural characteristics, highlighting how conformational

rigidity and enhanced target specificity contribute to their efficacy. Design details of these new macrocy-

clic drugs are illustrated through successful examples, offering insights for optimizing macrocycles. Of

note, macrocyclization of U-shaped lead structures represents a novel molecular skeleton editing strategy

in de novo macrocycle drug design.
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1. Introduction

Small molecules have long dominated the drug discovery land-
scape due to their favorable oral bioavailability and pharmaco-
logical profiles, which allow for high potency and selectivity in
therapeutical applications1,2. However, they face significant limi-
tations when targeting large and flat binding site, as well as
undruggable targets like proteineprotein interactions3. This has
led to a renewed interest in exploring alternative structural classes,
particularly macrocyclic compounds characterized by 12- or
more-membered ring architecture4. These macrocycles have
drawn significant attention in medicinal chemistry due to their
unique structural properties and therapeutic potential4,5. In addi-
tion, macrocyclic natural products, such as erythromycin, rapa-
mycin, and vancomycin, have demonstrated considerable
therapeutic efficacy6,7. However, macrocycles have relatively been
underexplored, largely due to challenges related to synthetic
intractability and perceived non-drug-like properties8.

From a structural perspective, macrocyclic compounds have a
high degree of conformational rigidity compared to linear coun-
terparts, and this architecture enables a molecule to achieve a
degree of structural pre-organization, allowing key functional
groups to interact across extended binding sites in proteins without
a major entropic loss upon binding9,10. This pre-organization can
result in high affinity and selectivity, which are key parameters for
new drug design. Because of their rigid structural properties,
macrocyclic compounds provide a balance between pre-
organization and flexibility. This enables them to adapt to target
surfaces and enhance binding interactions5. Moreover, cyclization
can convert linear peptides or small molecules into a more rigid
and constrained structure, effectively locking them into a specific
conformation that enhances their ability to bind biomolecules11-13.
As macrocyclic drugs continue to advance rapidly, understanding
how they interact with biomolecules will greatly enhance the
design and discovery of these drugs1,14.

Among macrocyclic drugs, there are two significant subclasses:
peptide macrocyclic macrocycles and non-peptide macrocycles.
Peptide macrocycles, composed of amino acids linked in a cyclic
structure, have been extensively studied for their unique ability to
mimic natural peptides and their potential in therapeutic applications.
However, they often face challenges regarding stability and
bioavailability, particularly suffering from poor bioavailability due to
rapid degradation by proteolytic enzymes. In contrast, non-peptide
macrocycles have gained particular attention due to their diverse
therapeutic applications and structural versatility. Constructed from a
wide range of building blocks, non-peptide macrocycles offer greater
structural diversity and the ability to tailor the properties of the
molecules to achieve desired pharmacological outcomes1,8. These
non-peptide macrocycles can interact with a variety of biological
targets, including proteins and nucleic acids, enabling them to disrupt
proteineprotein interactions, module enzymatic activity, and affect
cellular pathways in ways that traditional small molecules might
not7,15,16.

The landscape of non-peptide macrocyclic drugs has expanded
significantly, with some macrocycles receiving regulatory
approval for clinical use17. These drugs have demonstrated effi-
cacy in a broad range of therapeutic areas, including oncology,
infectious diseases, and autoimmune disorders, etc. The purpose
of this Perspective is to highlight the non-peptide macrocyclic
drugs approved from 2000 to 2024, including natural macrocycles,
natural product inspired macrocycles, and de novo designed

macrocycles, while macrocyclic peptides, metal-based macro-
cycles and diagnostic reagents have been extensively reviewed and
thus are not discussed here in details18-20.

2. Overview of approved non-peptide macrocyclic drugs
from 2000 to 2024

The therapeutic potential of macrocyclic drugs is underscored by the
increasing number of approved macrocyclic drugs over the past two
decades. By searching scientific literatures and manually examining
drugs approved by regulatory agencies including the United States
Food and Drug Administration (FDA), China’s National Medical
Products Administration (NMPA), European Medicines Agency
(EMA), and Pharmaceuticals and Medical Devices Agency of Japan
(PMDA),we have analyzedmacrocyclic drugs to provide a landscape
of macrocyclic drug discovery (Table 1).

Fig. 1A depicts the annual approval trend of non-peptide
macrocyclic drugs along with small molecule drugs from 2000
to 2024. In this period, 34 non-peptide macrocyclic drugs were
approved, significantly fewer than the 649 small molecule drugs
approved. The peak years were 2011 and 2018, with four ap-
provals each, followed by three in both 2017 and 2022. These non-
peptide macrocyclic drugs span various therapeutic areas
(Fig. 1B). Oncology is the leading therapeutic area, accounting for
38.2%. The drugs within this category mainly target tubulin
(Ixabepilone, Eribulin, and Mirvetuximab Soravtansine), CXC
chemokine receptor type 4 (CXCR4, Plerixafor), activin A re-
ceptor type I (ACVR1, Pacritinib) and kinases such as anaplastic
lymphoma kinase (ALK, Lorlatinib), mammalian target of rapa-
mycin (mTOR, Temsirolimus and Everolimus), neuro trophin re-
ceptor kinase (NTRK, Repotrectinib), and epidermal growth
factor receptor (EGFR, Icotinib). Besides, two porphyrin-derived
drugs such as Temoporfin and Haematoporphyrin are utilized in
photodynamic therapy for cancer treatment. These drugs highlight
the broad target space of macrocycles in oncological in-
terventions. In addition, antivirals account for about 20.6% of the
indications. They primarily focus on the treatment of hepatitis C
virus (HCV) by targeting HCV NS3/4A protease, with represen-
tative drugs including Simeprevir, Vaniprevir, Paritaprevir, Gra-
zoprevir, Voxilaprevir, Glecaprevir, and Danoprevir. Antibiotics
represent 11.8% of the indications. These drugs mainly interfere
with the classic ribosomes and RNA polymerase, with examples
being Telithromycin, Rifaximin, Fidaxomicin, and Rifamycin. In
addition, diagnostic agents (Gadobutrol, Dotarem, Padeliporfin,
and Gadopiclenol), characterized by metal complex structures,
hold a share of 11.8%, highlighting the emerging role of macro-
cycles in diagnostic applications. The remaining 17.6% of in-
dications encompass a diverse array of therapeutic utilizations
such as eye diseases (Verteporfin), skin conditions (Pimecrolimus
and Hemoporfin), blood disorders (Hydroxocobalamin), parasitic
infections (Spinosyn A and Moxidectin), cardiovascular disease
(Zotarolimus). These distributions underscore the versatility and
potential of non-peptide macrocyclic drugs in addressing a wide
range of medical conditions, showing their significance in modern
drug discovery and development efforts.

Fig. 1C shows the structural classification of these non-peptide
macrocyclic drugs, categorizing them into natural products, nat-
ural product derivatives, metal complexes, and de novo designed
macrocycles. Notably, natural product inspired macrocycles and
de novo designed macrocycles stand out as the predominant
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categories, representing 38.2% and 35.3% of the total, respec-
tively. On the other hand, natural products constitute 11.8% of the
structural classification, indicating the continued relevance of
naturally occurring compounds in macrocyclic drug discovery.
Additionally, metal complex-based macrocyclic drugs account for
about 14.7% of the total. The prominence of natural product
inspired macrocycles and de novo designed macrocycles suggests
an advancement in leveraging both nature inspired compounds and
innovative rational design to develop macrocyclic therapeutics.

3. Natural non-peptide macrocyclic drugs

Natural products are a valuable source for drug discovery21,22.
Their structural novelty and diverse biological activities make

them promising leads for developing new macrocyclic drugs.
Between 2000 and 2024, there are four natural macrocycles
approved for therapeutic use.

Spinosyn A is a natural insecticide found in the soil bacterium
Saccharopolyspora spinosa (Fig. 2). It is characterized by its
complex tetracyclic macrolide structure. The core structure is
derived from polyketides and consists of a unique arrangement that
includes a 12-membered lactone fused with tricyclic moiety. In
addition, spinosyn A features an aglycone with two prominent
saccharide substituents: a neutral saccharide and an aminosugar23.
Originally known for its effectiveness in agricultural pest control,
spinosyn Awas approved by the FDA in 2011 for medical use in the
topical treatment of head lice in patients aged 4 years or older23,24.
The main mechanism of spinosyn A was proposed to target the

Table 1 Approved macrocyclic drugs from 2000 to 2024.

Drug Therapeutic indication Mechanism of action or Target Company Approval date Regulatory

authority

Verteporfin Eye disease Photo-induced apoptosis QLT PhotoTherapeutics, Inc.

and CIBA Vision Co.

2000 FDA

Pimecrolimus Skin disease Calcineurin Novartis Pharma AG 2001 FDA

Temoporfin Head and neck

squamous

cell carcinoma

Photo-induced necrosis

and apoptosis

Biolitec Pharma Ltd. 2001 EMA

Haematoporphyrin Cancer Photo-induced apoptosis Chongqing Milelonge Pharma. 2003 NMPA

Telithromycin Antibiotic Ribosomes Aventis Pharma 2004 FDA

Rifaximin Antibiotic RNA polymerase Salix Pharma., Inc. 2004 FDA

Hydroxocobalamin Pernicious anemia Not available EMD pharmaceuticals Inc. 2006 FDA

Ixabepilone Cancer Tubulin Bristol-Myers Squibb Co. 2007 FDA

Temsirolimus Renal cancer mTOR Wyeth pharmaceutical Co., Ltd. 2007 FDA

Plerixafor Cancer CXCR4 Genzyme Corp. 2008 FDA

Zotarolimus Coronary artery

restenosis

mTOR Medtronic Inc. 2008 FDA

Everolimus Cancer mTOR Novartis Pharma AG 2009 FDA

Eribulin Breast cancer Tubulin Eisai & Co 2010 FDA

Gadobutrol Contrast agent Not available Bayer HealthCare

pharmaceuticals Inc.

2011 FDA

Spinosyn A Head lice nAChRs, GABA ParaPRO LLC 2011 FDA

Fidaxomicin Diarrhea RNA polymerase Optimer pharmaceuticals 2011 FDA

Icotinib NSCLC EGFR Betta pharmaceuticals Co., Ltd. 2011 NMPA

Hemoporfin Port-wine Stain Photo-induced apoptosis Shanghai Fudan Zhangjiang Bio

pharmaceutical Co., Ltd.

2012 NMPA

Simeprevir Hepatitis C HCV NS3/4A protease Janssen research &

development, LLC.

2013 FDA

Dotarem Contrast agent Not available Guerbet LLC 2013 FDA

Vaniprevir Hepatitis C HCV NS3/4A protease Merck & Co., Inc. 2014 PMDA

Paritaprevir (a part

of Viekira Pak)

Hepatitis C HCV NS3/4A protease AbbVie Inc. 2014 FDA

Grazoprevir Hepatitis C HCV NS3/4A protease Merck & Co., Inc. 2016 FDA

Voxilaprevir Hepatitis C HCV NS3/4A protease Gilead Sciences,Inc. 2017 FDA

Glecaprevir Hepatitis C HCV NS3/4A protease AbbVie Inc. 2017 FDA

Padeliporfin Prostate cancer Vascular-acting

photosensitizer

Steba Biotech Ltd. 2017 EMA

Rifamycin Travelers diarrhea RNA polymerase Cosmo technologies Ltd. 2018 FDA

Moxidectin Oncocerciasis Glutamate-gated chloride

ion channels

Medicines development

for global health

2018 FDA

Danoprevir Hepatitis C HCV NS3/4A protease Ascletis Pharma Inc. 2018 NMPA

Lorlatinib NSCLC ALK, ROS1 Pfizer 2018 FDA

Pacritinib Myelofibrosis JAK, FLT3 CTI BioPharma Corp. 2022 FDA

Mirvetuximab

Soravtansine

Ovarian cancer FRa, tubulin ImmunoGen Inc. 2022 FDA

Gadopiclenol Contrast agent Not available Guerbet LLC. 2022 FDA

Repotrectinib NSCLC ROS1/TRK/ALK Bristol-Myers Squibb Co. 2023 FDA
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insect nervous systems through its indirect interaction with nico-
tinic acetylcholine receptor (nAChR) and gamma-aminobutyric
acid (GABA), although the precise modes of action remain not
fully understood25-28. Due to its low toxicity, high efficacy, and low
residual properties, spinosyn A is considered an environmentally
friendly biopesticide. The most common adverse effects of spino-
syn A include application site reactions such as erythema, irritation,
and ocular hyperemia. Serious side effects are rare29. Beyond its
insecticidal activity, spinosyn A has also demonstrated significant
anti-tumor activity. Studies conducted by Zou et al. showed that
spinosyn A can selectively activate expression of argininosuccinate
synthase (ASS1), a key enzyme involved in arginine synthesis in the
urea cycle that is commonly downregulated in various cancers
including breast, melanoma, liver, and prostate cancers, while the
low expression ofASS1 is closely related to the occurrence and poor
prognosis of multiple tumors30-33.

Mirvetuximab Soravtansine is an antibodyedrug conjugate
(ADC) specially targeting folate receptor-alpha (FRa)-positive
ovarian cancer (Fig. 2). This drug received accelerated approval
from the FDA in 202234. The cytotoxic component of Mirvetux-
imab Soravtansine is DM4, also known as ravtansine which be-
longs to the maytansinoid class. DM4 is a complex polycyclic
macrocycle, featuring a fused ring system and a C3 ester side
chain. Key functional groups include a dimethyl hindered thiol
substituent at the C3 position, which improves reactivity and
binding affinity35. DM4 is a potent antitubulin regulator to inhibit
division and growth of tumor cells36-38. FRa is highly expressed in
up to 90% of ovarian patients and maintains a relatively stable
expression level even after chemotherapy39. This stability makes
FRa a reliable biomarker for both diagnosis and disease pro-
gression, thereby establishing it as an effective therapeutic target
for platinum-resistant ovarian cancer. Mirvetuximab Soravtansine

Figure 1 An overview of approved from 2000 to 2024. (A) Annual numbers of approved non-peptide macrocycles and small molecules;

Macrocyclic drugs classified by therapeutic indications (B) and origins (C).

Figure 2 Examples of approved natural non-peptide macrocyclic drugs.
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has demonstrated significant anti-tumor activity in ovarian cancer,
particularly in cases resistant to platinum-based chemotherapy40.
Although this medication presents a targeted therapeutic option
for ovarian cancer but comes with a range of potential adverse
effects, particularly ocular toxicities. In clinical trials, 61% of
patients reported ocular adverse effects, and other safety concerns
include peripheral neuropathy (36%) and pneumonitis (10%).
Additionally, as a CY93A4 substrate, mirvetuximab soravtansine
is at risk for drug interactions with strong CY93A4 inhibitors,
necessitating close monitoring. These safety issues underscore the
importance of ongoing collection of long-term safety data and
continued research efforts in this area41.

Rifamycin is a polyketide belonging to the ansmycin family of
antibiotics, extracted from the fermentation products by Amyco-
latopsis rifamycinica (Fig. 2)42. It features a large 24-membered
macrocycle that includes a naphthoquinone framework and an
ansa bridge. Rifamycin exhibits broad-spectrum antimicrobial
activities against both Gram-positive bacteria and a subset of
Gram-negative bacteria43. Rifamycin was approved by the FDA in
2018 for the treatment of adult patients with travelers’ diarrhea,
specifically those caused by non-invasive strains of Escherichia
coli44. Its mechanism of action involves direct steric blocking of
transcription elongation by selectively binding to b-subunit of
bacterial RNA polymerase, effectively inhibiting bacterial DNA-
dependent RNA polymerase and preventing the synthesis of
messenger RNA. This specificity allows rifamycin to have potent
inhibitory activity against prokaryotic RNA polymerase
(Kb Z 10�2 mmol/L), with minimal effects on eukaryotic RNA
polymerases (Kb Z 10e100 mmol/L). Furthermore, rifamycin
does not exhibit cross-resistance with other clinically used anti-
biotics45-47. Despite its efficacy against bacteria resistant to other
antibiotics, rifamycin itself is subject to a considerable resistance,

and thereby it is typically administered in combination with other
antimicrobial agents48,49.

Fidaxomicin, an 18-membered macrolide antibiotic, was
approved by the FDA in 2011 for the treatment of Clostridioides
difficile (Cdiff) infections (Fig. 3)50. This compound is a
fermentation byproduct of Actinoplanes deccanensis and Dacty-
losporangium aurantiacum. Fidaxomicin selectively targets path-
ogenic Cdiff populations (MIC90 Z 0.12 mg/mL) while exerting
minimal impact on a diverse array of healthy intestinal flora51,52.
The study conducted by Cao et al.53 revealed the molecular basis
of fidaxomicin’s selective action on Cdiff. Their results showed
that fidaxomicin formed unique interaction with the RNA poly-
merase of Cdiff, particularly involving the formation of a crucial
salt bridge between the b0K84 residue and phenolic ring of
fidaxomicin. The positive state at b0K84 is essential for fidax-
omicin sensitivity in gram-positive bacteria such as Cdiff, while
neutral or negative charged residues at this position in gram-
negative bacteria are associated with resistance to the antibiotic.
Additionally, fidaxomicin interacts with other key residues in
Cdiff RNA polymerase, such as Lys86, Asp237, Arg326, and
Arg1121. These residues contribute to a network of interactions to
stabilize the binding of fidaxomicin, thereby enhancing its inhib-
itory effect on transcription initiation. These findings not only
disclose the mechanistic basis of fidaxomicin’s action but also
offer a new framework for the development of novel antimicrobial
agents. In clinical trials, adverse effects were reported at similar
rates for fidaxomicin and vancomycin, with 68.3% and 65.5% of
subjects experiencing at least one adverse effect, respectively.
Regarding hematologic safety, anemia was reported in 2% of
subjects, while leukopenia occurred in 2.5% of fidaxomicin, with
no apparent bone marrow toxicity observed in the nonclinical
studies. The overall findings suggest that fidaxomicin presents a

Figure 3 Fidaxomicin and its complex structure with Cdiff EsA (PDB: 7L7B). 3D visualizations were performed using PyMOL (Pymol.org).
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favorable tolerability profile among patients, particularly due to its
minimal absorption from the gastrointestinal tract54.

4. Natural product-derived macrocyclic drugs

In addition to naturally occurring macrocyclic drugs, modifica-
tions of macrocyclic natural products include adding/changing
functional groups or simplifying complex structures. Semi-
synthetic methods enable the enhancement of drug properties
while preserving the essential structural features that are respon-
sible for biological activities.

4.1. From complexity to simplicity: the discovery of eribulin
from halichondrin B

Structural simplification is crucial in the discovery and synthesis
of complex natural products. This approach simplifies intricate
natural compounds into their basic components, which helps
identify core structures related to biological activity and aids in
lead optimization, therefore accelerating the development of drug
candidates from complex natural compounds55. Eribulin is a
chemotherapeutic drug that was approved by the FDA in 2010 for
the treatment of metastatic breast cancer, and it was the first
monotherapy drug approved for this indication. Eribulin is derived
from a marine natural product Halichondrin B, a complex poly-
ether macrolide compound isolated from a rare Japanese sponge
Halichondria lkadai (Fig. 4)56. While Halichondrin B shows
promising results in preclinical studies, the compound itself is not
used as a treatment due to challenges in isolating and large-scale
synthesis for clinical use. In contrast, eribulin, a synthetic

derivative based on the total synthesis of Halichondrin B, was
found to show improved antitumor activity and good metabolic
stability with a long half-life of 40 h. Eribulin was then developed
as an approved chemotherapy drug for cancers. Eribulin works by
sequestering tubulin into non-productive aggregates to prevent
tubulin assembly (IC50 Z 6 mmol/L) within tumor cells57. Unlike
other microtubule inhibitors such as colchicine and paclitaxel,
eribulin shows a unique binding preference, primarily associating
with a limited number of high-affinity sites at the plus ends of
preexisting microtubules, thereby setting it apart from other in-
hibitors in this class. This mechanism of action may reduce the
likelihood of resistance development, offering a more reliable
treatment option in oncology58,59. Its safety profile is considered
manageable, with common treatment-related adverse events
including neutropenia (58.6%), alopecia (50.4%), nausea (35.7%),
peripheral neuropathy (30.6%), and fatigue (30.4%) as reported in
pooled analyses and real-world studies. In clinical settings, neu-
tropenia and peripheral neuropathy consistently emerge as com-
mon adverse events, highlighting the need for dose adjustments in
patients with hepatic and renal impairments60.

Eribulin is considered as one of the most challenging natural
products to synthesis and manufacture. Its discovery was driven
by a systematic strategy aimed at simplifying the complex struc-
ture of Halichondrin B, which features 32 chiral carbon atoms and
a molecular weight exceeding 1100. In 1992, a landmark total
synthesis of halichondrin B was achieved by Kishi and colleagues,
requiring over 100 synthetic transformations61. However, this
extensive synthetic work laid the foundation for the subsequent
development of eribulin. Deconstruction of the halichondrin B
into simpler fragments resulted in the creation of several key

Figure 4 Chemical structure and discovery of eribulin via simplification of halichondrin B.
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intermediates such as compound A, which retained significant
nanomolar cellular activity while simplifying the original struc-
ture. Subsequent optimization efforts focused on enhancing the
hydrolytic stability and solubility of the derivatives, leading to the
development of compound ER-076349 and ER-086526 with
methylene group in replacement of the lactone and further
simplified side chain62. Both compounds exhibited strong broad-
spectrum cellular activity and anti-microtubule ability. In vivo
experiments revealed that ER-086526 effectively inhibited tumor
growth at doses ranging from 0.05 to 1 mg/kg, with a notably
lower recurrence rate post-treatment compared to ER-076349. In
addition, ER-086526 has a favorable pharmacokinetic profile as it
can form salts with acids to enhance its solubility and absorption,
thus contributing to its overall improved therapeutic window.
These findings underscore the potential of ER-086526 as a more
effective candidate for cancer treatment. Notably, the final syn-
thesis of eribulin represented a complex 62-step process. This
marks an approximate 35% reduction in synthesis steps, molecular
volume, and the number of chiral centers compared to

Halichondrin B. The successful development of eribulin exem-
plify the effective integration of synthetic and medicinal
chemistry63,64.

4.2. Single-site modification of macrolides

Single-site transformation referring to the variation of one func-
tional group, plays a crucial role in the discovery of natural drugs,
as it enables targeted modification at specific position of a
molecule. This approach can significantly enhance the molecule’s
biological activity and selectivity while minimizing side effects,
therefore facilitating the development and clinical transformation
of natural products.

Pimecrolimus is a topical immunomodulatory agent developed
by Novartis for the treatment of mild to moderate atopic dermatitis
(eczema) in individuals without immune deficiency65,66. It is a 23-
membered macrolactam derived from ascomycin by chlorinating
the hydroxyl group of ascomycin, which helps to reduce the
compound’s hydrophilic property (Fig. 5A). Ascomycin, isolated

Figure 5 Chemical structures and discovery of pimecrolimus (A) and moxidectin (B).
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from Streptomyces hygroscopicus var. ascomycetus as a fermen-
tation product, was initially investigated for its antifungal prop-
erties before later exploration into its immunomodulatory
properties67,68. With its higher lipophilicity, Pimecrolimus ex-
hibits a strong affinity for skin, effectively and safely managing
the symptom of facial seborrheic dermatitis. It can provide a rapid
relief from itching for patients with dermatitis and eczema and
reduce the area of skin lesions. Pimecrolimus is a highly potent
non-steroidal calcineurin inhibitor with a Ki value of 117 nmol/L.
Mechanistically, Pimecrolimus can specifically bind to the cyto-
plasmic receptor macrophilin-12 to inhibit calcineurin, a calcium-
dependent serineethreonine phosphatase required for the activa-
tion of T cells. By preventing the activation of nuclear factor of
activated T-cell, it inhibits the transcription of pro-inflammatory
cytokines, thereby preventing the release of inflammatory factors
and exhibiting its anti-inflammatory activity69,70.

Moxidectin is a broad-spectrum anthelmintic drug that belongs
to the macrolide milbemycin family (Fig. 5B). It is well-known for
its efficacy in treating and controlling parasitic infections across a
variety of species, including livestock, pets, and humans71.
Moxidectin is derived from nemadectin, a naturally occurring
fermentation product of Streptomyces cyaneogriseus subsp. Non-
cyanogenus. Nemadectin exhibits strong anthelmintic properties
but displays limited effectiveness as an ectoparasiticide. Modi-
fying nemadectin at C23 oximation gave Moxidectin, which
showed enhanced pharmacokinetic properties, duration of action,
and improved potency. The mechanism of action of moxidectin
primarily involves binding to glutamate-gated chloride channels
and g-aminobutyric acid receptor/adenosine triphosphate (ATP)
binding cassette transporters in the nervous system of parasites,
which increases membrane permeability to chloride ions. This
action leads to hyperpolarization, paralysis, and eventually, the
death of the parasite72. Moxidectin was originally utilized as
veterinary medicine, and was later approved by the FDA in 2018
for the treatment of onchocerciasis (River blindness) in adults and
adolescents aged in 12 and older73. It is effective against
Onchocerca volvulus microfilariae. Although it does not directly
kill adult worms, it blocks embryonic development and micro-
filariae release. Moxidectin exhibits different activity against
various stages of Onchocerca volvulus. It effectively inhibits the
molting of L3 larvae with an IC50 value of 0.654 mmol/L, while it
has a relatively weak inhibitory activity against the molting of L4
larvae (IC50 Z 1.039 mmol/L). In comparison to the FDA-
approved ivermectin (Fig. 5B), moxidectin has a significantly
longer half-life of approximately 40 days and requiring only a
single 8 mg dose regardless of body weight. Clinical trials have
demonstrated that moxidectin achieves more complete and pro-
longed suppression of microfilaridermia compared to ivermectin,
with significantly higher rates of undetectable skin microfilariae at
follow-up intervals. While both drugs can cause Mazzotti re-
actions due to rapid microfilarial death, moxidectin is associated
with a lower incidence of severe adverse events and exhibits less
inter-individual variability in treatment response. Overall, mox-
idectin’s superior efficacy and longer duration of action make it a
promising alternative to ivermectin in treating this condition74,75.

4.3. Single-atom transformation of macrolides

In addition to the single-site transformation, the single-atom
change also plays an important role in the discovery of macro-
cyclic drugs. For instance, conversion of a macrolide into a lactam
by replacing the oxygen atom with nitrogen atom, usually does not

alter the binding conformation of the compound, while improving
the stability and pharmacological properties. For example, ixa-
bepilone, a semi-synthetic analog of epothilone B, was first
identified for its antifungal and cytotoxic properties76,77. Despite
its promising anti-cancer activity, epothilone B faced challenges
due to poor metabolic stability and pharmacokinetic properties,
having a half-life of less than 5 h. Converting the lactone ring of
epothilone B into the lactam ring yielded ixabepilone, which
showed significant advantages over epothilone B, particularly in
metabolic stability, efficacy, and susceptibility to multidrug
resistance (MDR) (Fig. 6A). Ixabepilone exhibits a dramatically
increased half-life of 52 h, as well as a remarkable metabolic
stability with a hydrolysis rate of only 0.01 nmol/min/mg,
compared to epothilone B’s rate of 1.02 nmol/min/mg. In terms of
efficacy, ixabepilone shows a log cell kill (LCK) of 2.1 in pre-
clinical models, significantly higher than epothilone B’s LCK of
0.4, indicating a superior antitumor activity. Additionally, ixabe-
pilone has a lower MDR susceptibility ratio of 7.77, compared to
paclitaxel’s ration exceeding 100. This profile enables ixabepilone
to effectively target tumors that are resistant to standard therapies,
including those expressing P-glycoprotein and bIII-tubulin,
therefore offering a promising treatment option for patients with
limited alternatives. In addition, Ixabepilone surpasses taxane in
several areas including a wider range of anticancer effects,
increased antitumor activity, favorable safety profile, and
enhanced water solubility78,79. Furthermore, a crystallographic
analysis reveals that ixabepilone and epothilone B share a sig-
nificant overlap in their binding conformations (Fig. 6B and C).
Both compounds bind to tubulin at the same site and establish
favorable hydrogen bonds with nearby residues including Gln279,
Thr274 and Asp224. These findings suggest that the trans-
formation from lactone to lactam did not change the compound’s
binding conformation with tubulin but improved its antitumor
efficacy and pharmacokinetic characteristics80. Ixabepilone was
approved by the FDA in 2007 for use alone or in combination with
capecitabine for the treatment of primary and metastatic breast
cancer. It has demonstrated effectiveness in patients facing the
common challenge of multidrug resistance in microtubule-
targeting agents81. The most common adverse effects include
sensory neuropathy and hematological abnormalities, particularly
neutropenia. Peripheral neuropathy occurs frequently, with an
incidence ranging from 31% to 67% for any grade and up to 24%
for grades 3 and 4. Moreover, the tolerability of ixabepilone can
vary, with high rates of toxicity when used in combination with
drugs such as trastuzumab and cetuximab. Thus, it is significantly
important to consider its potential adverse effects and drug in-
teractions, particularly when co-administered with other
therapies82.

4.4. Macrocyclic ketolide, a productive scaffold in drug
development

In addition to the aforementioned macrolide and macrolactam
natural drugs, the macrocyclic ketolide structures characterized by
functional groups like ketones and ethers, represent a significant
variation within the natural antibiotic class. Ketolides play a
crucial role in enhancing the antibacterial spectrum and resistance
of these drugs by targeting bacterial ribosomes. Telithromycin is a
macrocyclic ketolide antibiotic derived from erythromycin, and it
was approved for the treatment of mild to moderate community-
acquired pneumonia83,84. Telithromycin is a semi-synthetic de-
rivative of erythromycin (Fig. 7)85. The first modification site is
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the 3-cladinose sugar moiety, which is replaced with a keto group.
This change may enhance activity against erythromycin-resistant
strains86. The second modification involves adding a cyclic
carbamate group to the C11eC12 position, enhancing teli-
thromycin’s affinity for binding to the ribosome. The third
modification takes place at the C6 position of telithromycin, where
the hydroxyl group is changed to a methoxyl group to improve
telithromycin’s acid stability and prevent internal hemi-
ketalization63,87. Telithromycin exhibits a binding affinity up to 10

times higher (Kd Z 1.3 nmol/L) than erythromycin
(Kd Z 14 nmol/L), which is attributed to improved interactions
between its alkyl-heteroaryl chain and the hairpin loop in domain
II of rRNA. Even with the A2058G mutation, telithromycin
maintains a strong binding affinity of 7.9 mmol/L, significantly
higher than erythromycin’s 190 mmol/L. Telithromycin has a dual
targeting mechanism by interacting with two domains of the 23S
rRNA (domains II and V), enhancing its efficacy and reducing the
likelihood of resistance development88. Moreover, telithromycin

Figure 6 (A) Design strategy for ixabepilone based on epothilone B; (B) Comparison of the active site overlap between ixabepilone (PDB:

7DAF, shown in green) and epothilone B (PDB: 7DAE, shown in cyan) on Tubulin. (C) Analysis of the binding interaction between ixabepilone

and Tubulin. Hydrogen bonds are highlighted in red dash lines. MDR (IC50 R/S), the ratio of IC50 values in MDR resistant versus sensitive cell

lines. 3D visualizations were performed using PyMOL (Pymol.org).

Figure 7 Chemical structure and discovery of telithromycin derived from erythromycin.
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has a longer half-life of 9.7 h and higher bioavailability at 57%, in
contrast to erythromycin which has a shorter half-life of 1.8 h and
lower bioavailability at 19.8%. However, the clinical use of teli-
thromycin was limited because it caused severe side effects like
liver failure, visual disturbances, and worsening of myasthenia
gravis. These effects are likely due to its pyridine-containing side
chain acting as an antagonist on different nicotinic acetylcholine
receptors (nAChRs)89,90.

Moreover, macrocyclic ketolides are also of interest in drug
research of cancer and immune related diseases. Rapamycin, also
known as sirolimus, was originally isolated from Streptomyces
hygroscopicus (Fig. 8)91,92. It exhibits a range of pharmacological
activities such as antifungal, immunosuppressive, anticancer
properties, primarily through its potent inhibition of the
mammalian target of rapamycin (mTOR) with an IC50 value of
0.1 nmol/L93,94. The mechanism of action involves the formation
of a complex between rapamycin and FK506-binding protein 12
(FKBP12), which then binds to the FKBP12-rapamycin binding
(FRB) domain on mTOR. The resultant rapamy-
cineFKBP12emTOR complex disrupts mTOR signaling path-
ways, thereby leading to its pharmacological effects on cellular
signaling pathways95,96. The crystal structure of rapamycin and
mTOR reveals that rapamycin binds specifically to FKBP12 by
establishing multiple hydrogen bonds between its polyketide
segment (highlighted in bule in rapamycin) and residuals
including Try82, Asp37, Ile56, and Glu54, while its polyene
segment effectively interacts hydrophobically within specific re-
gions of mTOR. The cyclohexane ring is located on the outer
surface of the pocket, providing opportunities for further structural
modifications97,98.

Zotarolimus (ABT-578, Fig. 8), a rapamycin derivative, fea-
tures an C42 tetrazole substitution99. As an immunosuppressant,
zotarolimus indirectly binds to mTOR by forming a complex with
the immunophilin FKBP12100, leading to an effective blockade of

mTOR activity (IC50 Z 2.8 nmol/L) and inhibition of the phos-
phorylation of certain key proteins involved in cell prolifera-
tion101. In 2008, the FDA approved zotarolimus for use in drug-
eluting stents (DES) to prevent coronary artery restenosis, owing
to its several advantageous properties: a shorter in vivo half-life of
35 h compared with 46e78 h of rapamycin, which reduces local
adverse effects; high lipophilicity that facilitates its penetration
across lipid-rich arterial barrier, as well as sustained and
controlled drug release from stents99,102. These attributes make
zotarolimus particularly effective in reducing neointimal hyper-
plasia and maintaining vessel patency post-angioplasty, thereby
positioning it as an important therapeutic option in the manage-
ment of coronary artery disease. Additionally, everolimus and
temsirolimus are additional two rapamycin derivatives and exert
pharmacological effects by interfering with the PI3K-Akt-mTOR
signaling pathway103. Compared to rapamycin, everolimus has a
hydroxyethyl group at the C42 position and exhibits high selec-
tivity for mTORC1. It has an IC50 of 1.6 nmol/L against FKBP12,
a half-life of approximately 30 h, and a relatively low bioavail-
ability of 20%. Everolimus was approved by the FDA in 2009 for
the treatment of various malignancies, including advanced renal
cancer, breast cancer, and progressive neuroendocrine tumors104.
In contrast, temsirolimus bearing the dimethylolpropionic ester
has improved water solubility and bioavailability105. While its
IC50 for mTOR is significantly lower at 1.76 mmol/L than rapa-
mycin, it has a favorable half-life of 9e27 h and shows excellent
bioavailability when given intravenously. Temsirolimus was
approved in 2007 for advanced renal cell carcinoma106. In addi-
tion, beyond the established roles in cancer treatment, these
macrocyclic mTOR inhibitors also exert potential in neurode-
generative diseases such as Alzheimer’s disease and Parkinson’
diseases107. These studies highlight the versatile therapeutic po-
tentials of rapamycin and its derivatives, expanding their clinical
applications in diverse disease therapy108.

Figure 8 Structures of rapamycin and its analogs including zotarolimus, everolimus, and temsirolimus. The interaction of rapamycin with

FKBP12 and mTOR (PDB: 1FAP) is indicated. 3D visualizations were performed using PyMOL (Pymol.org).
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5. De novo designed macrocycles

Recent advancements in synthetic chemistry have facilitated the
creation of intricate macrocyclic structures with precision and
efficiency. Designing and synthesizing macrocycles with tailored
structural and functional features has greatly enhanced drug dis-
covery, allowing for the exploration of novel chemical space and
the development of targeted therapies.

5.1. Anti-HCV drugs

Chronic hepatitis C virus (HCV) is a major global health concern,
often resulting in serious complications such as liver cirrhosis,
hepatocellular carcinoma, and liver failure109-111. The virus is
highly variable and classified into multiple genotypes that
complicate treatment. Traditional therapies involving pegylated
interferon (pegIFN) and ribavirin were plagued by low cure rates
and significant side effects, thereby requiring more effective and
better tolerated antiviral treatments112,113. HCV NS3/4A protease
inhibitors target the viral protease essential for HCV replication,
significantly reducing viral load and improving treatment out-
comes, particularly for genotype 1 infections. The first-generation
NS3/4A protease inhibitors such as boceprevir and telaprevir
represent a significant advancement in HCV therapy with

sustained virologic response rates (SVR) compared to previous
regiments. However, their use was accompanied by notable
drawbacks, including side effects such as anemia and skin disor-
ders, as well as complex dosing regiments114. These limitations
underscored the need for newer therapies to enhance cure rates
and tolerability, leading to the development of next generation
inhibitors and combination therapies for HCV treatment115.

5.1.1. Macrocyclization and simplification strategy
Simeprevir is a potent antiviral medication classified as a HCV
protease inhibitor, and it gained the FDA approval in 2013116.
Simeprevir specially targets the most common genotype of HCV,
genotype 1, although its efficacy extends off-label to genotype 4 as
well117. By inhibiting NS3/4A, simeprevir effectively disrupts the
life cycle of viral to reduce viral loads, thereby leading to viral
eradication when used as part of a combination therapy118. While
the first-generation approved inhibitors were linear peptidomi-
metics that reversibly bind to the NS3/4A protease, simeprevir
employed a macrocyclic design for favorable binding profile.
Starting from a potent acyclic compound B with a Ki value of
22 nmol/L against NS3/4A, a multifaceted design strategy
including macrocyclization, reduction of P4 peptidic nature, and
P1 bioisosteric replacements, led to a significantly potent cyclic
compound C with Ki value of 0.41 nmol/L (Fig. 9)111. However,

Figure 9 Chemical structure and discovery of simeprevir. The section marked with the green sphere represents the two points where they

connect to form a ring.
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this compound exhibited a poor rat pharmacokinetic (PK) profile
with low bioavailability of only 2.5% and high plasma clearance
of 2.79 L/h/kg. Subsequent optimization focusing on the phenyl
position in the P2 part, resulted in the generation of iso-
propylthiazol substituted compound D, which maintained com-
parable enzymatic activity (Ki Z 0.84 nmol/L) to compound C,
while also showing improved stability in human liver microsomes
(HLM) with an intrinsic clearance (Clint) of 16 mL/min/mg. To
further enhance both activity and PK profiles, modifications were
made to at position 8 (R group) of the quinoline ring. By intro-
ducing different alkyl and halogen substituents, simeprevir with a
methyl substituent stood out by exhibiting comprehensive ad-
vantages in terms of activity and PK properties. Simeprevir ex-
hibits a potent inhibitory effect, with a Ki value of 0.36 nmol/L. Its
PK reveals approximately 11%e44% oral bioavailability (up to
100% in dogs), a rapid clearance rate of 0.51 L/h/kg, and a volume
of distribution at steady state (Vdss) of 0.49 L/kg, which indicates
effective targeting of the liver, as evidenced by a liver/plasma
concentration ration of 32. In addition, simeprevir’s safety profile
is robust, showing over 1000-fold selectivity for the NS3/4A
protease compared to human serine proteases, along with low
cytotoxicity (CC50 � 10 mmol/L). Clinical outcomes have
confirmed that simeprevir is well tolerated, with only mild in-
creases in bilirubin levels attributed to its inhibition of hepatic
transport proteins119,120. Furthermore, when used in combination
with pegIFN and ribavirin, simeprevir significantly enhances SVR
rates, positioning it as a promising therapeutic option for HCV. Of
note, simeprevir exemplifies molecular chameleonicity through its

conformational flexibility, primarily attributed to N-methylated
amide chain. This flexibility enables simeprevir to adopt various
conformations that influence its solvent-accessible three-dimen-
sional polar surface area, thereby enhancing its PK profiles. The
capacity of transition between polar and nonpolar conformations
further aids in its absorption and effectiveness121. In addition, the
macrocyclization strategy employed during the optimization of
simeprevir reshaped its molecular structure and enhanced its
inhibitory activity against HCV NS3/4A, highlighting the impor-
tance of cyclization strategy in lead discovery and drug
development122.

Given the emergence of resistance and adverse effects asso-
ciated with first-generation NS3 protease inhibitors, there is an
urgent need for research on novel anti-HCV drugs that exhibit
inhibitory activity against broad range of HCV genotypes.
Danoprevir is a highly potent and orally available HCV NS3/4A
protease inhibitor, which was developed through structure-based
drug design and optimization strategies123,124. This compound
exhibits subnanomolar potency, effectively inhibiting multiple
HCV genotypes and key mutant strains. The discovery of dano-
previr began with the design of a virtual chemical library followed
by docking studies to identify potential lead compound G that has
an inhibitory activity against HCV protease with an IC50 value of
210 nmol/L (Fig. 10)124. However, it exhibited poor cellular po-
tency in replicon-based assays, attributed to its high polar surface
area (PSA Z 187 Å2) and multiple hydrogen-bond donors, which
hindered its cell permeability. To address this issue, the re-
searchers initially employed depeptidization strategy to remove

Figure 10 Design strategy of danoprevir and its interactions with wild-type (PDB: 3M5L) and A156T (PDB: 3SU2) NS3/4A proteases.

Danoprevir is highlighted in green and purple sticks, respectively. The section marked with the green sphere represents the two points where they

connect to form a ring. Hydrogen bonds are highlighted in red dash lines. 3D visualizations were performed using PyMOL (Pymol.org).
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the P4 peptide-like elements and macrocyclization approach to
reduce the solvent-exposed PSA. In addition, P1 modifications by
replacing the carboxylic acid group with a bioisostere acylsulfo-
namide, further decreased the PSA and led to dramatic increase in
both enzymatic and cellular potency. Further optimization at P2
tetrahydroisoquinoline through iterative rounds of preparation and
testing, culminated in the development of danoprevir, which
shows significantly enhanced potency against HCV genotypes,
with IC50 values ranging from 0.2 to 3.5 nmol/L. Moreover,
danoprevir also exhibits cellular activity with a CC50 value of
54 mmol/L as well as favorable oral bioavailability of 78% in
monkeys. Additionally, danoprevir retains inhibitory potency
against the A156T mutation that is closely associated with drug
resistance. Released X-ray crystal structures revealed that dano-
previr can adjust its isoindoline cap to avoid steric clashes with
this residual mutation, allowing it to interact effectively with the
mutated NS3 protease (Fig. 10). In 2018, Ascletis received NMPA
approval to market the product125. Common adverse effects of
danoprevir, particularly when combined with ritonavir, pegIFN,
and ribavirin, include anemia, fatigue, fever, and headache.
Furthermore, danoprevir’s metabolism is significantly influenced
by CY93A4, leading to potential drug interactions, especially with
inhibitors and inducers of this enzyme. While initial findings
suggest considerable efficacy, long-term safety data are still being
collected as the HCV therapy landscape shifts towards more
tolerable interferon-free and ribavirin-free regimens126.

5.1.2. Drug repurposing: from toxicity to bioactivity
Paritaprevir (ABT-450) is another potent NS3/4A protease inhib-
itor, and has shown potent inhibitory activity against HCV ge-
notypes 1a and 1b, exhibiting EC50 values of 1 and 0.21 nmol/L,
respectively, while maintaining moderate efficacy against geno-
type 2a (EC50 Z 5.3 nmol/L) and weak activity against genotype
3a (EC50 Z 19 nmol/L) due to common resistance-associated
variants such as D168Q127. Furthermore, it retains high potency
against genotype 4a (EC50 Z 0.09 nmol/L) and 6a
(EC50 Z 0.69 nmol/L), indicating a broad spectrum of antiviral
efficacy. It is often used in combination with ombitasvir, dasa-
buvir, and ritonavir, marketed as Viekira Pak128. Ritonavir serves
as a pharmacokinetic enhancer, boosting paritaprevir levels and
preventing resistance-associated variants to improve the regimen’s
efficacy and reduce virologic breakthrough rates129. Paritaprevir
and simeprevir are both direct-acting antiviral agents, but they are

applied in different ways. While incorporating protease inhibitors
like simeprevir into pegIFN and ribavirin therapy has enhanced
SVR over pegIFN/ribavirin alone, IFN-based treatments are
known for their considerable toxicities that often limit their use. In
contrast, paritaprevir-based regimes have demonstrated high SVR
and a more favorable side effect profile, including less headache
and fatigue compared to older IFN-based treatments129. Clinical
studies have shown that paritaprevir can reduce viral load by
approximately 4 logs in just three days of monotherapy, and
higher doses effectively the emergence of resistance-associated
mutations. When used in combination with ritonavir and riba-
virin for 12 weeks, showing a SVR rate of about 95% in patients
with genotype 1130. Paritaprevir is derived from an anti-HCV
candidate compound ABT-515 that was precluded from further
development due to its toxicity (Fig. 11). The development of
paritaprevir includes the reductive removal of oxime group fol-
lowed by incorporating a phenanthridine moiety, and final trans-
formation into a pyrazine amide from the Boc protecting group131.
The recovery route of ABT-515 not only accelerated the discovery
of paritaprevir but also informed the subsequent development of a
more efficient synthesis route for commercial production. The
optimization of the final synthesis of paritaprevir ultimately ach-
ieved an up to 72% overall yield over the final six steps.

5.1.3. Structure based design strategy: construction of novel
macrocycles
The development of new anti-HCV agents has been a significant
challenge due to the issue of drug resistance and the need for
broad-spectrum anti-HCV medicines. Ciluprevir (BILN-2061)
was an experimental drug developed by Boehringer Ingelheim,
and was the first-in-class NS3/4A protease inhibitor to enter
clinical development, exhibiting potent competitive inhibition of
NS3/4A protease in HCV genotypes 1a and 1b, with Ki values of
0.3 and 0.66 nmol/L, respectively132. However, its development
was halted during Phase Ib clinical trial due to toxic effects133.
Despite this setback, the scaffold of ciluprevir was utilized to
design new macrocyclic inhibitors. With ciluprevir as a starting
point, researchers at Merck & Co. employed a molecular
modeling approach to create a new class of macrocyclic inhibitors
that incorporated a P2 to P4 macrocyclic constraint, leading to the
formation of compound H (Fig. 12). Although this transformation
resulted in an activity reduction (compound H’s Ki value of
8.5 nmol/L), docking analysis indicated that the original P2

Figure 11 Chemical structure and discovery of paritaprevir.
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portion away from the binding surface was positioned closer to a
proposed pocket. This strategic redesign laid the ground for sub-
sequent systematic multi-site optimization and SAR studies, ulti-
mately culminating in the development of Vaniprevir (MK-
7009)134,135. It has shown promising activity against both geno-
type 1a and 1b NS3/4A protease enzymes, with potent inhibition
at subnanomolar concentrations, showing Ki values of 0.07 and
0.05 nmol/L, respectively. It exhibits slightly lower inhibitory
activity against genotype 2a and 2b enzymes, with Ki values of
0.85 and 1.44 nmol/L. In contrast, its activity against genotype 3a
protease is considerably lower, with a Ki value of 54 nmol/L.
Additionally, vaniprevir has shown good plasma exposure,
excellent liver exposure, and favorable half-life of 4e6 h in
multiple species134,136. The drug was approved in Japan in 2014
for the treatment of HCV with the brand name Vanihep.

In addition, the P2 to P4 macrocyclization has also been
applied in the development of several other drugs. For example,
grazoprevir (MK-5172) is a potent quinoxaline-based NS3/4A
protease inhibitor with inhibitory activity across a broad-spectrum
of HCV genotypes, particularly against the genotype 3a enzyme
and genotype 1 mutants137,138. The development of grazoprevir
involves the structural insight of P2 and P4 macrocyclization and
systematic modifications at the P2 position of the quinoline
scaffold (Fig. 13)138,139. Replacement of dimethyl groups of
compound I with small alkyl rings like cyclopropyl is crucial for
its broad activity profile against genotypes and key mutants as
well as liver exposure of grazoprevir. It has demonstrated signif-
icant inhibitory potency with Ki values ranging from 0.01 to
0.9 nmol/L, showing a substantial improvement over compound I
(Ki Z 26 nmol/L). In addition, the introduction of the quinoxaline
heterocycle at P2 effectively addresses issues related the

disproportionation of pharmaceutical salts, thereby improving
solubility and the overall pharmacokinetic profile of grazoprevir,
with a half-life of 31 h. Grazoprevir was approved by the FDA in
2016 as part of the combination therapy Zepatier (elbasvir/gra-
zoprevir) for the treatment of chronic HCV genotypes 1 and 4 in
adults140. Glecaprevir and voxilaprevir, two another quinoxaline-
based protease inhibitors, share structural similarities and exhibit
broad-spectrum activity across HCV genotypes (Fig. 13)141,142.
Specifically, voxilaprevir demonstrates a Ki value of 0.038 nmol/L
against HCV genotype 1b and 0.066 nmol/L against genotype 3a,
while glecaprevir has a Ki value of 0.94 nmol/L for genotype 1b
and 1.9 nmol/L for genotype 3a. Furthermore, voxilaprevir has a
half-life of 33 h, compared to glecaprevir’s shorter half-life of
6e9 h. However, similar to grazoprevir, both glecaprevir and
voxilaprevir face challenges in potency against certain HCV
variants with resistance-associated substitutions at positions A156
and D168143,144. This highlights a common trend among these
quinoxaline-based inhibitors in tacking with specific mutant var-
iants of HCV.

The discovery of anti-HCV drugs highlights the innovative
strategies employed in developing non-peptide macrocyclic in-
hibitors targeting the NS3/4A protease. A key strategy in opti-
mizing these drugs is macrocyclization, which significantly
enhances conformational rigidity and binding affinity. For
example, compounds such as simeprevir, danoprevir and grazo-
previr exhibit activity enhancements ranging from several hundred
to thousands of times greater than that of their original lead
compounds. Additionally, the depeptidization strategy plays an
important role in simplifying the structure, improving drug-like
properties, and enhancing metabolic stability by removing the
functionally non-essential peptide elements. The design of these

Figure 12 Chemical structure and design strategy of vaniprevir. 3D visualizations of NS3/4A protease (PDB: 5ESB) were performed using

PyMOL (Pymol.org).
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drugs effectively addresses HCV variability and the emergence of
resistance, with grazoprevir and danoprevir specially engineered
to maintain potency against resistant variants. Overall, the
development of anti-HCV drugs exemplifies the successful
implementation of macrocyclization, structure-based design, and
other innovative strategies. This has led to the creation of effective
treatments against a complex and variable virus, greatly improving
potency and selectivity while addressing resistance and tolera-
bility challenges. These progress significantly advances the ther-
apeutic landscape for HCV and other related diseases.

5.2. Anti-cancer drugs

5.2.1. Macrocyclization driven by the need for proprietary drug
In the pharmaceutical development, the quest for innovative and
proprietary drugs has led researchers to explore various design
strategies145. One key approach is macrocyclization, which is
essential for creating structurally novel drug candidates. As the
pharmaceutical industry aims to maintain a competitive advan-
tage, utilizing macrocyclization to develop proprietary drugs is a
pivotal strategy for bring novel therapeutics to market.

Pacritinib is a macrocyclic protein kinase inhibitor, approved
in 2022 for the treatment of myelofibrosis146. It targets both Janus
kinase 2 (JAK2) and Fms-like tyrosine kinase 3 (FLT3), which are
key proteins involved in the development of myelofibrosis, a rare
bone marrow disorder characterized by abnormal blood cell pro-
duction147,148. The design of pacritinib began with an acyclic lead
compound J, which had broad kinase inhibition but was limited by
its ubiquitous pyrimidine-based motifs, making it difficult to

develop proprietary compounds (Fig. 14)149. To overcome this,
researchers aimed to create macrocyclic compounds by connect-
ing the open ends of compound J. Through initial linker optimi-
zation, compound K with unsaturated dibenzylic ether chain, was
obtained, demonstrating promising inhibitory activity against
JAK2 with an IC50 value of 70 nmol/L as well as excellent
selectivity over JAK1 and JAK3 (IC50 values are 1900 and
1200 nmol/L, respectively) but low inhibitory activity against
FLT3 (IC50 value is 190 nmol/L). Furthermore, the replacement of
methoxy group of compound K with aminoethylether side-chain
like N-ethyl pyrrolidine, led to significant improvements in both
the inhibitory activity and solubility of the compounds. Compound
L, which incorporated a 5-methyl substitution on the pyrimidine
ring, had a remarkable increase in both potency against JAK2
(IC50 is 7 nmol/L) and solubility (>150 mg/mL), but exhibited
reduced selectivity against JAK3, possibly due to the resultant
torsion angle between the pyrimidine ring and benzene ring.
Additionally, compound M with a methoxy group at R1 position,
generally maintained the inhibitory potency against JAK2 (IC50 is
19 nmol/L) while demonstrating selectivity over JAK1, JAK3 and
CDK2. However, it has decreased solubility (60.83 mg/mL)
compared to that of compound L. The iterative optimization
culminated in the identification of pacritinib, which exhibited
potent inhibitory activity against JAK2, with IC50 values of
23 nmol/L for the wild-type form and 19 nmol/L for the V617F
mutation, and it inhibits FLT3 with an IC50 value of 22 nmol/L.

Crystallographic analysis of its interaction with the JAK2 ATP
binding site shows the binding mode, including hinge binding be-
tween the amino-pyrimidine moiety and Leu632, and a hydrogen

Figure 13 Chemical structures and design strategy of grazoprevir, voxilaprevir, glecaprevir.
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bond of the cyclic linker with Asp994. Notably, compound J ex-
hibits a characteristic U-shaped conformation, with two phenyl
rings connected to the pyrimidine ring situated within a large cavity
and positioned closely, which facilitates the effective cyclization of
themolecular ends. It is noteworthy that the two phenyl rings exhibit
a certain torsion angel, which presents a challenge in balancing
flexibility and rigidity for the design of the linker. The unsaturated
chain in pacritinib effectively addressed this issue. In addition,
pacritinib exhibits an evident overlapwith the scaffold of compound
J, indicating that the formation of the macrocycle does not alter the
conformation of the aromatic region. Furthermore, the pyrrolidine
moiety is located in an open solvent-exposed area, and the pyrro-
lidine’s basic nitrogen forms a salt bridgewith Asp939, contributing
to its potency against JAK2 and improved drug-like properties.
These insights emphasize the potential of macrocyclic structures in
developing potent and selective compounds. In vivo studies showed
that pacritinib effectively reduced splenomegaly and hepatomegaly
in a Ba/F3eJAK2V617F leukemia model, normalizing spleen and
liver weights. In xenograft studies with MV4-11 cells containing
FLT3-ITD mutations, pacritinib also provided significant survival
benefits at well-tolerated doses. Pharmacokinetically, pacritinib
demonstrated rapid absorption and oral favorable bioavailability
with rates of 39% in mice and 24% in dogs. Pacritinib has
demonstrated promising preclinical and clinical data, ultimately
leading to its approval for clinical use in treating hematological
malignancies. The development of pacritinib from a patented lead
compound to a proprietary macrocyclic inhibitor underscores the
importance of macrocyclization in follow-on drug discovery and
development149,150.

5.2.2. Structure-based macrocyclization leading to the evolution
of anti-NSCLC drugs
Non-small lung cancer (NSCLC) is a prevalent form of lung
cancer, characterized by the presence of specific genetic muta-
tions. Among these, mutations in the EGFR gene play a crucial
role, as they are associated with increased sensitivity to EGFR
tyrosine kinase inhibitors (TKIs) such as gefitinib and erlotinib
known as the first-generation EGFR inhibitors151,152. However,
despite initial responses, many patients eventually develop ac-
quired resistance, often due to secondary mutations like T790M.
Icotinib is a highly selective EGFR TKI that was approved in
China for first-line monotherapy in patients with advanced
NSCLC harboring somatic EGFR mutations153,154. It has shown
comparable efficacy to gefitinib and erlotinib but with potentially
better safety profiles155. A study involving 120 treatment-
experienced patients with advanced NSCLC evaluated the effi-
cacy and safety of icotinib and erlotinib. The results indicated that
icotinib achieved a 30% objective response rate (ORR) and 65%
disease control rate (DCR), while erlotinib had 25% ORR and
56.7%. Median progression-free survival was longer for icotinib at
179 days versus 121 days for erlotinib156. According to the study
by Zhang et al.157 the occurrence of adverse drug reactions
showed a notable decline after 6 months of treatment, with rates
dropping from 65.4% during the initial period to 24.3% in long-
term use. The most frequently observed adverse effects included
rash (16.4%) and diarrhea (5.3%). In elderly patients, these
adverse effects were similarly lower over time, with incidents of
rash at 15.7% and diarrhea at 4.7% in the long-term treatment
phase. This evidence suggests icotinib as a feasible long-term

Figure 14 Chemical structure and design strategy of pacritinib. The diagrams illustrate the interaction between pacritinib (highlighted in green)

and JAK2 (PDB: 8BPV), as well as the overlap of compound J (highlighted in red). Hydrogen bonds are highlighted in red dash lines. 3D

visualizations were performed using PyMOL (Pymol.org).
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therapeutic option for NSCLC, particularly in the aging
population.

Icotinib shares structural similarities with erlotinib, and is a
macrocyclic derivative of erlotinib (Fig. 15)158. Both drugs also
share comparable mechanism of action and clinical efficacy for
treating NSCLC. Erlotinib inhibits EGFR with an IC50 value of
2 nmol/L, while icotinib shows a comparable IC50 of 5 nmol/L.
Besides, both icotinib and erlotinib exhibit similar bioavailability
with values of 52% and 60%, respectively. However, their half-life
differs significantly, with icotinib having a half-life of approxi-
mately 5.5 h compared to erlotinib’s 36.2 h. Furthermore, icotinib
exhibits inhibitory effects against various mutant forms of EGFR,
including EGFRL858L/T790M, EGFRT790M, and EGFRL861Q. As
illustrated in Fig. 15, erlotinib displays a distinct U-shaped
bioactive conformation in its binding to EGFR. The ends of two
ether chains are positioned closely together, at a distance of 3.9 Å,
providing potential sites for cyclization. Additionally, the quina-
zoline skeletons with ethynylbenzene parts of both compounds are
well overlapped at the same site and form tight hydrogen-bond
with the residue Met-769 with bond lengths of 2.0 Å for erloti-
nib and 2.2 Å for icotinib, respectively, indicating that the for-
mation of macrocycle in icotinib did not affect the overall binding
conformation. While there are slight variations in the binding
conformations of the side chains of compounds, these differences
are considered to have a minimal impact on their activity. This is
because the side chains are located in a solvent-exposed region,
leading to little effect on their inhibitory activity against EGFR.
This optimization not only preserves the activity of icotinib but
also enhances its pharmacological profiles with activity against
various EGFR mutant forms. In addition, it also achieves better
safety outcomes compared to erlotinib. The overall success of

icotinib highlights the importance of macrocyclization in drug
development. This technique not only broadens drug structures but
also has the potential to help create more effective drugs for
treating complex diseases14.

Lorlatinib, a macrolactam anti-cancer drug developed by
Pfizer, was approved by the FDA in 2018 for the treatment of
NSCLC159. It effectively inhibits both anaplastic lymphoma ki-
nase (ALK) and c-ROS oncogene 1 (ROS1), two key kinases
involved in cancer development. Lorlatinib has remarkable po-
tency against ALK, ALKL1196M mutation, and ROS1, with IC50

values of <0.07, 0.7 and <0.025 nmol/L, respectively. ALK
rearrangements, point mutations, or amplifications are closely
associated with the initiation and progression of various malignant
cancers like NSCLC160,161. Lorlatinib was developed based on
crizotinib, a first-generation ALK inhibitor approved in 2011 for
treating NSCLC. However, crizotinib is prone to develop resis-
tance and has limited ability to cross the bloodebrain barrier
(BBB)162,163. To tackle these challenges, a combined strategy of
structure-based drug design and macrocyclization was used to
analyze the structureeactivity relationship of crizotinib in detail
(Fig. 16)164. The co-crystal analysis revealed that both lorlatinib
and crizotinib bind to the identical active site and share identical
hydrogen interactions with residues like Glu1197, Leu1198 and
Met1199, showing substantial structural overlap in their pyridine,
benzene, and pyrazole rings. These results suggest that the mac-
rocyclization process does not impact the interaction between the
compounds and target. Additionally, the incorporation of an amide
group into the macrocycle optimizes the lipophilic efficiency of
lorlatinib, leading to an enhancement in potency, while the nitrile
group on the pyrazole greatly improves the target selectivity of
lorlatinib. Clinical outcomes show that lorlatinib exhibits

Figure 15 Chemical structure and design strategy of icotinib. The docking diagram illustrates the overlap of icotinib (highlighted in green) and

erlotinib (highlighted in cyan) with EGFR (PDB: 4HJO). Hydrogen bonds are highlighted in red dash lines. 3D visualizations were performed

using PyMOL (Pymol.org).
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remarkable effectiveness in both preventing and treating brain
metastases in NSCLC because of its superior ability to penetrate
BBB. Moreover, in patients without existing brain metastases,
lorlatinib can effectively prevent their occurrence159,165.

Repotrectinib is a next-generation TKI designed to address ac-
quired resistance mechanisms in patients with ALK, ROS1, or
NTRK rearrangements (Fig. 16)166. The development of earlier-
generation TKIs for ALK- and ROS1-rearranged NSCLC high-
lighted the importance of targeting receptor tyrosine kinase fusions
in solid tumors. However, resistance often emerges, particularly
through on-target kinase domain mutations167-169. Repotrectinib
was originally designed as a macrocyclic TKI with high selectivity
and potency against ROS1 (IC50 Z 0.07 nmol/L), TRKA/B/C
(IC50Z 0.83/0.05/0.1 nmol/L), and ALK (IC50Z 1.01 nmol/L). Its
unique structure allows it to effectively inhibit clinically recalcitrant
solvent-front mutations, including ALKG1202R, ROS1G2032R,
D2033N, TRKAG595R, and TRKCG623R. By anchoring itself in the
ATP adenosine binding site with a predefined conformation, repo-
trectinib avoids steric hindrance from solvent-front mutations,
while crizotinib shows evident steric clash with Arg2032 in ROS1.
In preclinical studies, repotrectinib exhibited potent antitumor ac-
tivity and selectivity against both wild-type and mutant fusion
proteins in cellular and animal models. It was approved by the FDA
in 2023 for the treatment of adult patients with locally advanced or
metastatic NSCLC positive for ROS1. As a TKI, repotrectinib in-
hibits ROS1 and TRKs to block the signaling pathways in cancer
cells, thereby curbing their growth and spread. Clinical outcomes
showed that repotrectinib demonstrates remarkable efficacy and
good tolerance, offering a new therapeutic option and hope for
patients with ROS1-positive NSCLC170-172.

5.2.3. From impurity to therapeutic versatility: the discovery of
plerixafor
In addition to the previously discussed structural design of
macrocyclic drugs, the unexpected discovery and optimization of
lead compounds play an important role in the new drugs

development. Plerixafor (AMD3100, Fig. 17A) is a bicyclam
compound that was originally developed as an antagonist for
CXCR4 receptor for the treatment of human immunodeficiency
virus (HIV). Its discovery began with an accidental identification
of an impurity in a cyclam preparation of JM1498. While the
mono cyclam JM1498 exhibited very weak anti-HIV activity, its
impurity named as JM1657, a bislactam demonstrated signifi-
cantly higher potency against the virus, with nearly a 3000-fold
increase in activity against HIV-1 and about a 150-fold increase
against HIV-2173,174. This unexpected finding promoted re-
searchers to explore JM1657 as a leading candidate for further
SAR investigation. Subsequent structural modification by replac-
ing the short alkyl chain with benzyl group led to the development
of AMD3100, which showed a dramatic increase in anti-HIV
potency with the IC50 values of 4.2 nmol/L against HIV-1 and
5.9 nmol/L against HIV-2, respectively. AMD3100 was subse-
quently identified as a specific inhibitor (IC50 value of 44 nmol/L)
for the CXCR4 receptor, a co-receptor for T-lymphotropic HIV
strains. Its unique specificity to target CXCR4 proved to be a
breakthrough, setting the stage for its potential applications in
combating not only HIV but also inflammatory diseases, cancers,
and stem cell mobilization. In 2024, Kei Saotome and colleagues
utilized cryo-electron microscopy to elucidate the structural basis
of CXCR4 modulation and oligomerization, providing significant
insights into the binding mechanism of plerixafor175. Their study
revealed that plerixafor binds to the active conformation of
CXCR4 in a diagonal orientation within the orthosteric pocket,
thereby effectively blocking the binding of its natural ligand
CXCL12 (Fig. 17B). This binding is stabilized by electrostatic
interactions between the two positively charged cyclam rings of
plerixafor and acidic residues including D262 and E288 in the
transmembrane domain of CXCR4. This interaction is crucial for
the antagonist’s efficacy, as mutations in these residues reduce
plerixafor’s affinity for CXCR4176.

While its initial development for the treatment of HIV faced
challenges due to issues related to oral availability and cardiac

Figure 16 Chemical structures and design strategy of lorlatinib and repotrectinib. The binding diagrams display lorlatinib (green sticks) and

crizotinib (cyan sticks) bound to ALK (PDB: 4CLI), as well as repotrectinib (green sticks) and crizotinib (cyan sticks) bound to ROS1 (PDB:

4XUL). Hydrogen bonds are highlighted in red dash lines. 3D visualizations were performed using PyMOL (Pymol.org).
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disturbances, further research endeavors led to a pivotal shift to-
wards its application in cancer treatment177,178. Plerixafor emerges
as an immunostimulant for its role in mobilizing hematopoietic
stem cells into the bloodstream of cancer patients. This process is
crucial for harvesting stem cells for transplantation, and particularly
beneficial for individuals with lymphoma and multiple myeloma.
When combined with granulocyte colony-stimulating factor (G-
CSF), plerixafor enables the enhanced efficacy of peripheral blood
stem cell mobilization, thereby addressing the limitations faced by a
significant portion of patients173,179.

6. Perspectives and conclusions

Macrocycles are endowed with distinct structural features, their
semi-rigid, pre-organized structures enable effective binding to
undruggable targets. This characteristic makes them valuable
contenders for drug development, paving the way for discovering
new and effective treatments. To date, over 30 non-peptide
macrocyclic drugs have been approved since 2000 for treating
various diseases. In addition to naturally occurring macrocycles,
natural product-inspired macrocycles and de novo designed
macrocycles has further expanded the landscape of macrocyclic
drugs. Of note, the macrocyclization of U-shaped structures in de
novo macrocycle drug design presents a novel molecular skeleton
editing strategy that allows for precise control over conforma-
tional properties. This strategy maintains structural integrity while
enhancing binding affinity, thus promoting increased selectivity
and potency in therapeutic applications. By employing structural
data from co-crystal complexes and using computational tools,
researchers can effectively identify suitable connection points for
macrocyclization, leading to enhanced drug-like properties and

innovative scaffolding180. This macrocyclization strategy has
witnessed great success in the discovery of macrocyclic drugs like
pacritinib, icotinib, and lorlatinib.

The advancements of approved non-peptide macrocyclic drugs
over the past two decades highlight their significance in the thera-
peutic landscape. The diverse structures and versatile functions of
these compounds provide valuable inspiration for future drug dis-
covery. By delving into new chemical realms and harnessing the
distinct characteristics of macrocycles, researchers can create
innovative treatments with enhanced effectiveness, selectivity, and
safety profiles. Historically, macrocyclic drugs were typically
discovered by screening of natural and synthetic compounds.
Although these methods have produced some effective treatments,
they are hindered by their unpredictability and inefficiency,
resulting in a slow and expensive drug discovery process. On the
other hand, contemporary drug development relies heavily on
rational design principles that leverage current knowledge of mo-
lecular biology, structural biology, and computational chemistry to
intentionally design macrocyclic compounds tailored to specific
pharmaceutical requirements. One of the most exciting de-
velopments is the de novo creation of new macrocyclic drugs. Ad-
vances in computational chemistry and co-crystallization
techniques have greatly facilitated the design of new macrocyclic
structures with precise targeting and effectiveness. Furthermore, de
novo design, which entails crafting new macrocycles from scratch
without using natural templates, has resulted in potent compounds
that target previously inaccessible sites.

Additionally, the idea of molecular chameleons introduces an
important dimension to the design of macrocyclic drugs181,182.
These compounds exhibit conformational flexibility, allowing them
to dynamically shield or exposure polar functionalities in response
environment. This adaptability is crucial for enhancing cell

Figure 17 Chemical structure and development of plerixafor derived from JM1498 (A) and the crystal structures of CXCR4 (PDB: 8U4P) with

plerixafor. Hydrogen bonds are highlighted in red dash lines. 3D visualizations were performed using PyMOL (Pymol.org).
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permeability and aqueous solubility which are important for drug
action. The ability of molecular chameleons to adopt different
conformations can lead to improved interactions with biological
targets, particularly those that are large and featureless, which are
often challenging for traditional small molecules to engage.

Developing macrocyclic drugs presents challenges due to the
complexity and labor-intensive nature of their synthesis, which
often involves multiple steps and specialized techniques. Pre-
dicting and controlling the desired conformational rigidity and
stability crucial for biological activity is difficult. Additionally,
optimizing pharmacokinetic properties such as solubility, perme-
ability, and metabolic stability remains a significant obstacle.
Researchers have employed various strategies including privileged
scaffolds, conformational constraints like intramolecular hydrogen
bonds and steric hindrance, as well as hybrid macrocyclic struc-
tures that combine peptidic and non-peptidic elements to address
these challenges. The development of macrocyclic drugs relies on
combining different fields such as synthetic chemistry, computa-
tional modeling, and biological screening. Further investigation
into natural products and their derivatives will provide valuable
insights into novel macrocyclic structures and mechanisms of
action. Moreover, utilizing advanced technologies like artificial
intelligence and machine learning will revolutionize the design of
macrocyclic drugs, accelerating the discovery of new treatments.
While this perspective touches on the synthesis of non-peptide
macrocycles, a more critical examination of these challenges and
potential solutions is needed. Incorporating recent advances in
synthetic methodologies that tackle these challenges would be
beneficial. Several published review articles have systematically
discussed these issues in detail180,183-186.

In conclusion, macrocyclic drugs represent a promising and
rapidly advancing therapeutic category capable of tackling med-
ical challenges. Their distinctive structural and functional char-
acteristics, combined with advancements in synthetic and
computational techniques, have resulted in the successful creation
of several FDA-approved macrocyclic drugs. By leveraging these
accomplishments and overcoming existing challenges, researchers
can unleash the complete potential of macrocycles for future
effective treatments.
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