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ABSTRACT

Antimicrobial resistance (AMR) is a growing global health crisis, emphasizing the urgent need for new antibiotics. Despite 
high costs and long development timelines, several novel antibiotics were approved by the U.S. Food and Drug Administration 
(FDA) between 2022 and 2025. This review summarizes the antibiotic discovery process, the FDA approval pipeline, and high-
lights key novel agents including Voquezna, Xacduro, Orlynvah, Zevtera, Exblifep, and Blujepa. These therapies employ diverse 
strategies to achieve selective toxicity, such as inhibition of bacterial cell wall synthesis, β-lactamase activity, and DNA replica-
tion, as well as modulation of host-pathogen environments, while limiting damage to host tissues. This review highlights their 
mechanisms of action, approved clinical indications, and safety profiles, and evaluates their clinical relevance in treatment of 
infections caused by multidrug-resistant pathogens. Lastly, we discuss the implications of these recent approvals for the future 
of antibiotic development and emphasize the continued need for sustained investment and innovation to address the growing 
AMR crisis.
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INTRODUCTION – THE URGENT NEED FOR 
NOVEL ANTIBIOTICS:

Antimicrobial resistance (AMR) is a major global health 
problem that makes antibiotics less effective against infec-
tions. Almost every variant of human pathogenic bacteria has 
developed resistance to or become less susceptible to current 
antibiotic treatments (10). The excessive and improper use of 
antibiotics in healthcare and agriculture has contributed to 
the rapid emergence and spread of antibiotic-resistant bacteria 
(54). According to the CDC, the U.S. experiences over 2.8 
million antimicrobial-resistant infections each year, leading to 
over 35,000 deaths (3). Globally, antibiotic-resistant bacteria 
are responsible for over 700,000 deaths annually (11). With-
out major advances in antibiotic development, deaths from 
resistant infections could reach 10 million annually by 2050 
(5).

 Epidemiological studies show that antibiotic resistance 
places a major economic burden, causing around 11 million 
extra hospital stays and more than $20 billion in additional 
healthcare and social costs each year in Europe and the United 
States (15), (20). Therefore, reducing the unnecessary use of 
antibiotics is crucial for preserving the effectiveness of existing 
drugs, while strengthening research and development of new 
medications is also essential to address the growing problem 
of antibiotic resistance (10).

The rise in bacterial resistance calls for global cooperation 
among governments, pharmaceutical companies, biotech 
firms, and academic institutions to develop new antibacterial 
drugs (24). In this effort, researchers are focusing on creating 
novel, powerful, long-lasting, and broad-spectrum antimi-
crobial agents from diverse sources (8), (16). While antibi-
otic development has slowed, there have still been notable 
advancements, such as the discovery of new antibiotics, the 
revival of older treatments, and the creation of new semi-syn-
thetic forms (24).

MODERN ANTIBIOTIC DISCOVERY:

Worldwide, groups of scientists are taking different 
approaches for finding antibiotic compounds. One approach 
involves evaluating bacteria for their ability to make antimi-
crobial compounds. A recent paper identified a Streptomyces 
thinghirensis strain called MSA1 with antibacterial properties 
against multiple significant bacterial pathogens (21). This was 
done through screening bacterial isolates for their ability to 
inhibit the growth of prevalent pathogens like S. aureus and P. 
aeruginosa. They then went on to optimize the conditions that 

would cause MSA1 to produce the antimicrobial compound 
and assessed the necessary concentrations to inhibit growth 
of various pathogens. The group did not identify what this 
compound was chemically.

Another approach identifies chemical compounds directly 
through in silico screening. A recent paper evaluated potential 
small molecule drug targets for LcpASA, which is a member of 
the LytR-CpsA-Psr (LCP) family of enzymes in S. aureus (27). 
This protein is part of the cell membrane and  essential for 
the synthesis of the cell wall (56). The LCP family of enzymes 
have potential to be a strong therapeutic target. The research-
ers virtually screened libraries of chemical compounds to look 
at compounds that had strong binding affinity for LcpASA and 
that could act as inhibitors (27). Through further screening 
they identified seven compounds that bound effectively. These 
compounds also possessed characteristics that would make 
them effective drugs. The study did not test the compounds 
in vitro or in vivo.

Despite research like the examples above, conventional 
antibiotic development has significantly slowed in recent 
decades due to the high financial burden, lengthy timelines 
averaging over a decade, and low success rates of candi-
date molecules (20). In response, artificial intelligence (AI) 
technologies, particularly machine learning (ML) and deep 
learning (DL), have emerged as powerful tools to revitalize the 
antibiotic discovery pipeline (20), (29). Various AI approaches 
have demonstrated significant potential in accelerating the 
identification of novel antimicrobial agents. For example, ML 
combined with high-throughput Fourier-transform infrared 
spectroscopy successfully predicted antibiotic mechanisms of 
action and potency, while random forest models were used to 
assess phenotypic changes and predict antibacterial activity 
(50), (71). Deep learning and neural networks identified hali-
cin, a compound with potent activity against drug-resistant 
pathogens (62). Similarly, ML algorithms have been used to 
identify β-lactamase inhibitors, predict and classify bacterio-
cins, and design bacteriocin-derived peptides with significant 
antimicrobial activity (45), (56), (71). These applications 
underscore the versatility and efficiency of AI in reducing 
the time, cost, and uncertainty associated with early-stage 
antibiotic development, offering a promising path forward in 
addressing the growing crisis of antimicrobial resistance (15).

From these examples, it is clear that there are many tech-
nologies and techniques that can be applied to discovering  
novel antibiotics, which must undergo rigorous testing before 
FDA approval for human use.
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DRUG DEVELOPMENT AND APPROVAL BY 
THE FDA:

Developing a drug and getting it to market is costly. On 
average, this process can cost around $800 million, covering 
expenses related to research, development, and clinical trials 
(14). Turning a promising antibiotic into a product that pa-
tients can use is a long and difficult process, often taking over 
ten years from discovery to final approval (14). The process 
begins with discovery and preclinical studies assessing antimi-
crobial activity, toxicity, and pharmacokinetics, followed by 
phased clinical trials to evaluate safety and efficacy in humans. 
Phase I trials focus on safety and dosing in healthy volunteers, 
phase II trials assess preliminary efficacy and optimal dosing 
in patients, and phase III trials confirm clinical effectiveness 
and monitor adverse effects in larger patient populations (66).

If clinical trials are successful, the drug sponsor submits 
a New Drug Application (NDA) to the FDA, initiating a 
comprehensive review process that typically takes one to two 
years. During this period, the FDA evaluates the drug’s safety, 
clinical efficacy, manufacturing quality, pharmacokinetics, and 
benefit-risk profile, as well as compliance with Good Man-
ufacturing Practices (GMP) and labeling requirements (41), 
(66). Following approval, post-marketing (Phase IV) studies 
continue to monitor long-term safety, effectiveness, and the 
emergence of rare adverse events (63).

Together, this regulatory framework shapes which anti-
biotic candidates ultimately reach clinical use and provides 
important context for understanding the limited number of 
antibiotics approved each year.

REVIEW OBJECTIVES:

The rigorous research, development, and testing process 
required for FDA approval is necessary to ensure that only 
safe and effective drugs can be used for treating patients. With 
the high cost of developing drugs, pharmaceutical companies 
tend to place resources that will result in the most profits. For 
this reason, novel antibiotics are not as high priority as drugs 
that would be used long-term. This results in low amounts 
of antibiotics that are FDA approved each year compared to 
other drug types. This review aims to discuss antibiotic treat-
ments that have not been previously approved in the United 
States. At the same time, we aim to bring awareness to the 
critical need for the development of novel antibiotics.

NOVEL ANTIBIOTICS APPROVED BETWEEN 
2022-2025

VOQUEZNA AS A COMBINATION TREATMENT FOR H. 
PYLORI

Voquezna Triple Pak contains three drugs, Vonoprazan, 
amoxicillin, and clarithromycin to serve as a combination 
treatment for Helicobacter pylori infections in adults (42). It 
was approved by the FDA on May 3, 2022. Voquezna is taken 
orally in a capsule or tablet with 500 mg amoxicillin, 500 mg 
clarithromycin, and 20 mg Vonoprazan fumarate. There is 
also the Voquezna Dual Pak which contains only Vonoprazan 
and amoxicillin that was approved alongside the Triple Pak. 
Vonoprazan itself is not an antibiotic but is part of a combi-
nation regimen with amoxicillin only for the Dual Pak and 
also clarithromycin for the Triple Pak. Amoxicillin inhibits 
bacterial cell wall synthesis and clarithromycin binds the 50S 
ribosome inhibiting protein synthesis (2), (46). These antibi-
otics are not newly approved drugs, so we will focus on the 
function of Vonoprazan and how it improves the efficacy of 
the antibiotics it is dosed with.

Vonoprazan is part of a class of drugs known as po-
tassium-competitive acid blockers (PCAB) and is the only 
member of its class currently approved for use in the United 
States (55). Vonoprazan is able to reversibly bind to the H+-
K+-ATPase pump in the stomach (Figure 1) (36). This pump 
is essential for the secretion of stomach acid. When Vono-
prazan binds to this pump, acid secretion is reduced because 
the H+-K+-ATPase enzyme is inactivated. This is beneficial for 
treating H. pylori infections. 

At a gastric pH of approximately 6-7 H. pylori actively 
replicates and is susceptible to antibiotic treatment, whereas at 
lower pH values (approximately 3-6) the bacterium transi-
tions into a coccoid, dormant form that is largely resistant to 
antimicrobial therapy (31), (32). Vonoprazan increases gastric 
pH by inhibiting acid secretion, which keeps H. pylori in its 
replicative, antibiotic-susceptible state and enhances the ef-
fectiveness of co-administered agents such as amoxicillin and 
clarithromycin (Figure 1). The selective toxicity is achieved 
indirectly through host gastric acid modulation, which shifts 
H. pylori into its replicative, antibiotic-susceptible state while 
minimizing direct toxicity to host tissues.

The traditional standard of care for H. pylori infection 
involves treatment with a proton pump inhibitor (PPI) (31). 
This method has lost effectiveness over time and takes about 
three days to effectively and stably suppress the secretion of 
gastric acid (69). Vonoprazan effectively blocks acid secretion 
within the first day of use (37). A recent meta-analysis of 
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Vonoprazan dual or triple regimen clinical data from multiple 
western and eastern countries showed that overall efficacy of 
86% and 88%, respectively (7). The same study also deter-
mined that overall efficacy of treating H. pylori infections in 
treatment naïve patients was increased when using regimens 
with Vonoprazan compared to PPIs (87% vs 70%). 

Vonoprazan is considered safe when compared to other 
treatments for H. pylori infection (69). When comparing the 
safety of a Vonoprazan and amoxicillin regimen to a PPI and 
amoxicillin regimen this study found that adverse reactions 
were significantly lower for the group treated with Vono-
prazan and amoxicillin. Compliance for the treatment was 
also significantly higher for the Vonoprazan and amoxicillin 
treatment group. 

While they are considered safe, both the triple Pak and 

dual Pak treatments can cause unintended side effects. The 
Vonoprazan-associated side effects include abdominal pain, 
abdominal bloating, diarrhea, headache, and dysgeusia (36). 
These side effects are common among antibiotic-containing 
treatment regimens. Upon treatment termination, these side 
effects are resolved. There is a current gap in our understand-
ing of long-term adverse side effects of Vonoprazan use. In the 
context of its use of improving antibiotic function, long-term 
use should not be relevant since Voquezna is not a drug meant 
for long-term use.

Voquezna is an example of using new drugs to amplify 
the efficacy of existing antibiotics. Without the Vonoprazan 
component, both amoxicillin and clarithromycin would likely 
be less effective due to the biology of H. pylori. It is possible 
that in the future new PCABs could be developed that target 

Infection clearance 

H+-K+-ATPase pump

Vonoprazan binds and stomach 
pH increases, increasing the  
antibiotic component activity

Amoxicillin and Clarithromycin
disrupt cells wall synthesis and 
protein synthesis, respectively  

FIGURE 1

Voquezna Triple Pak mechanism of action.

Voquezna consists of Vonoprozan, amoxicillin, and clarithromycin used for the treatment of Helicobacter pylori. Vonoprozan 
is a new class of drug known as a potassium-competitive acid blocker (PCAB). Vonoprozan reversibly binds to the H+-K+-
ATPase pump in the stomach. This results in a pH increase within the stomach causing H. pylori to be more susceptible to the 
well-established antibiotics, amoxicillin and clarithromycin also found within Voquezna. Amoxicillin disrupts cell wall synthe-
sis and clarithromycin disrupts protein synthesis, clearing the H. pylori infection.
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other cell-specific H+-K+-ATPase along the GI tract that could 
impact the microbiota or help clear infections of the GI tract.

XACDURO AS A TREATMENT FOR PNEUMONIA 
CAUSED BY ACINETOBACTER BAUMANNII-CALCOACE-
TICUS COMPLEX

Xacduro is approved for administration intravenously for 
the treatment of hospital- and ventilator-acquired bacterial 
pneumonia (42). Xacduro is a combination drug containing 
Sulbactam and Durlobactam. It was approved by the FDA 
on May 23, 2023. Xacduro is dosed over the course of three 
hours as 1.0 g of Sulbactam and 1.0 g of Durlobactam. While 
this combination is considered to have a broad spectrum of 
susceptible bacteria, it should only be used to treat strains 
of Acinetobacter baumannii-calcoaceticus (ABC) that are 
shown to be susceptible to the drug (33), (42). For non-ABC 
infections, use of Xacduro should be guided by susceptibility 
testing, as its approval and demonstrated efficacy are limited 
to ABC pathogen.

Sulbactam has been used in the past in combination with 
ampicillin to treat a variety of infections (9). These infections 
include skin and skin structure infections, intra-abdominal 
infections, and as an alternative treatment for gynecologi-
cal infections caused by Neisseria gonorrhoeae or Chlamydia 
trachomatis. The other bacteria found to be susceptible to Sul-
bactam in combination with ampicillin include Haemophilus 
influenzae, Escherichia coli, Acinetobacter, Klebsiella, Staphylo-
coccus aureus, Enterobacter, and anaerobes.  

 Sulbactam is a first generation β-lactam-β-lactamase 
inhibitor that resembles penicillin (33). It can inhibit Am-
bler class A serine beta-lactamases (1), (18). This allows it to 
improve the function of other β-lactam antibiotics that could 
otherwise be degraded by β-lactamase producing pathogens. 
In combination with amoxicillin, Sulbactam serves as a β-lact-
amase inhibitor to allow for amoxicillin to be effective. 

ABC was once directly susceptible to Sulbactam. Sul-
bactam can bind multiple penicillin-binding proteins (PBPs) 
found in ABC. They include PBP1a, PBP1b, and PBP3 (47). 

Infection clearance 

Intravenous administration 
of Xacduro leads to entrance
into lung tissue.

Durlobactam
inhibits beta-
lactamases found 
in ABC

Sulbactam acts on 
PBPs preventing cell 
wall synthesis 
leading to cell lysis 

FIGURE 2.

Xacduro mechanism of action

Xacduro is a combination of Sulbactam and Durlobactam used to treat pneumonia caused by Acinetobacter baumannii-calco-
aceticus complex. After intravenous administration, Xacduro enters the infected lung tissue. While Durlobactam is acting as 
a beta-lactamase inhibitor, Sulbactam can effectively act and penicillin binding proteins (PBPs) to prevent cell wall synthesis. 
Cell lysis follows resulting in the clearance of the infection.
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When these proteins are bound, they are unable to facilitate 
the synthesis of the bacterial cell wall. Treating ABC with 
Sulbactam as a β-lactam antibiotic is now ineffective because 
ABC has developed very efficient hydrolysis of Sulbactam 
(59). Another mode of resistance for ABC against Sulbactam 
are in strains that have a rare PBP3 mutation. This mutation 
was generated in a lab from a clinical isolate and significantly 
increased resistance to Sulbactam (38). Clinical isolates that 
contain PBP3 mutations that confer resistance to Sulbactam 
and Durlobactam remain rare (40). When Sulbactam is used 
to treat ABC infections in combination with Durlobactam, 
then Sulbactam regains its ability to interfere with cell wall 
synthesis (Figure 2).

Durlobactam is a novel diazabicyclooctane class β-lact-
amase inhibitor. It is considered broad spectrum because it is 
active against Ambler class A, C, and D serine β-lactamases, 
all of which are produced by ABC (33), (59). It does not 
inhibit class B metallo-β-lactamases, which are also found in 
ABC, but rarely (58), (59). Durlobactam has strong activity 
against Ambler class D β-lactamases which is not common 
in other β-lactamase inhibiting drugs (44). The Durlobactam 
portion of Xacduro is able to inhibit the many β-lactamas-
es found in ABC so the Sulbactam β-lactam antibiotic can 
directly work towards inhibiting cell wall synthesis of ABC 
(Figure 2). Selective toxicity is achieved by targeting bacterial 
β-lactamases and penicillin-binding proteins unique to Acine-
tobacter baumannii, thereby restoring antibacterial activity 
while sparing mammalian cells.

The FDA prescribing information reported that 36 
patients (40%) experienced serious adverse reactions when 
treated with Xacduro (19). Notably this was lower than the 
colistin (control) treatment group where 49% of patients had 
serious adverse reactions. The three most common adverse 
reactions were liver test abnormalities (19%), diarrhea (17%), 
and anemia (13%). Like many antibiotics, Xacduro treatment 
can also lead to the development of Clostridioides difficile-as-
sociated diarrhea and the prescribing information states to 
evaluate for this pathogen if diarrhea occurs during or after a 
Xacduro regimen.

Like Voquezna, Xacduro exemplifies the importance 
of developing novel drugs that can improve the efficacy of 
existing treatments. This highlights that there are many types 
of approaches for drug development and that for drugs to 
be effective they do not have to work alone. Simultaneously, 
this demonstrates the difficulty of finding a molecule that can 
work alone as an effective antibiotic amid the MDR crisis. 
Since ABC is steadily gaining new resistance traits, it is possi-
ble Xacduro will lose effectiveness against ABC in the future. 
This also highlights the importance of continual development 

of antibiotics.

ORLYNVAH AS A TREATMENT FOR UNCOMPLICATED 
URINARY TRACT INFECTIONS

Orlynvah is a combination of Sulopenem etzadroxil and 
probenecid that is approved for oral prescription use of un-
complicated female UTIs (42). It was approved by the FDA 
on February 25, 2024. Sulopenem etzadroxil is an antibiotic 
component and probenecid is a renal tubular transport inhibi-
tor. 

Sulopenem etzadroxil is a novel ester prodrug (68). Ester 
prodrugs are an inactive version of a drug which can then be 
activated once they enter the body and are further processed. 
In the case of Sulopenem etzadroxil, it is hydrolyzed by 
intestinal esterases to make the active form, Sulopenem. Once 
active, Sulopenem functions as a β-lactam. The β-lactam ring 
of the drug alkylates the peptidoglycan-binding protein (PBP) 
serine residues which inhibits peptidoglycan cross linkage to 
form the cell wall (Figure 3) (68). This combination demon-
strates selective toxicity through β-lactam-mediated inhibition 
of bacterial cell wall synthesis, a pathway absent in human 
cells, while probenecid enhances antibiotic exposure without 
intrinsic antibacterial activity.

Probenecid is a uricosuric agent that was originally devel-
oped to decrease the kidney’s ability to clear penicillin from 
the body (51). It was developed in 1949 and approved by the 
FDA under the brand name Benemid on April 21, 1951 (42), 
(51). It later was approved and widely used for the treatment 
of gout because of its ability to decrease uric acid levels in the 
blood. It became the standard of care for many years until it 
was determined that decreasing uric acid in the blood did not 
necessarily improve gout symptoms. Its ability to enhance an-
tibiotic presence in blood was revitalized in the FDA with the 
approval of Orlynvah. The purpose of dosing Sulopenem and 
probenecid together is to promote retention of Sulopenem in 
the blood by limiting renal tubular secretion with probenecid.

Orlynvah is prescribed for women with uncomplicated 
urinary tract infections caused by E. coli, K. pneumoniae, 
and P. mirabilis who do not have other oral antibiotic treat-
ment options (42). It is not approved for the treatment of 
complicated urinary tract infections. Complicated urinary 
tract infections are those with a high risk of treatment failure 
such as those in immunocompromised individuals, men, 
and UTIs involving the kidneys (53). Complicated UTIs are 
often caused by bacteria that are unlikely to be susceptible to 
Sulopenem (42). Since Sulopenem is considered a new drug, 
the FDA wants to maintain its effectiveness against MDR 
pathogens, so it is not considered suitable for treating compli-
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cated UTIs. Even in uncomplicated UTIs, Orlynvah should 
only be used to treat infections that are proven to be or likely 
to be susceptible to Sulopenem. 

The FDA prescribing information provides data on the 
adverse reactions/side effects from taking Orlynvah. Serious 
adverse reactions only occurred in 6/1932 (0.3%) between 
two Phase 3 clinical trials (19). There were 21/1932 (1%) 
patients who discontinued treatment due to adverse reac-
tions. The most commonly reported side effects were diarrhea 
(10%), nausea (4%), vulvovaginal mycotic infection (2%), 
headache (2%), vomiting (2%), and abdominal pain (1%). 
The prescribing information also warns about potential Clost-
ridioides difficile-associated diarrhea and exacerbation of gout.

Because of its efficacy against multiple pathogens, Orlyn-
vah is a promising and strong therapeutic option for the 
treatment of uncomplicated UTIs that could be reapproved 

at a later date for uses in other types of infections. It is also 
possible that probenecid will continue to regain relevance in 
use with other antibiotics. 

ZEVTERA AS A BROAD-SPECTRUM TREATMENT FOR 
LUNG AND BLOOD INFECTIONS

Zevtera, also known as Ceftobiprole medocaril, is a 
fifth-generation cephalosporin antibiotic and was developed 
to combat the increasing threat of antimicrobial resistance 
(23), (57). It is notable for its broad-spectrum activity against 
both Gram-positive and Gram-negative bacteria, including 
challenging pathogens such as methicillin-resistant Staphylo-
coccus aureus (MRSA) and Pseudomonas aeruginosa (49), (70). 
On April 3, 2024, the U.S. Food and Drug Administration 
(FDA) approved Zevtera for the treatment of adults with 
Staphylococcus aureus bloodstream infections (bacteremia), 

Infection clearance 

Sulopenem etzadroxil is 
hydrolyzed into Sulopenem
in the intestines.

Simultaneously, in the kidneys, 
probenecid is blocking removal of 
Sulopenem from the blood stream

Sulopenem acts on 
PBPs preventing 
cell wall synthesis 
leading to cell 
lysis 

FIGURE 3.

Orlynvah mechanism of action.

Orlynvah is a combination of the antibiotic prodrug, Sulopenem etzadroxil and the renal tubular inhibitor probenecid used 
to treat uncomplicated UTI. Sulopenem etzadroxil and hydrolyzed into Sulopenem in the intestines. Upon circulation to the 
bladder, Sulopenem acts as a beta-lactam antibiotic, acting on penicillin binding proteins (PBPs) preventing cell wall synthesis 
and ultimately bacterial lysis. Probenecid simultaneously acts in the kidney as a renal tubular inhibitor to maintain levels of 
Sulopenem within the body. Image attributions: Bladder icon: Flaticon.com and Intestine icon: Flaticon.com. This figure has 
been designed using resources from Flaticon.com.

http://Flaticon.com
http://Flaticon.com
http://Flaticon.com
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including those with right-sided infective endocarditis; 
adults with acute bacterial skin and skin structure infections 
(ABSSSI); and adult and pediatric patients (ages 3 months 
to <18 years) with community-acquired bacterial pneumonia 
(CABP) (22). The recommended dosing for this drug is 667 
mg of Zevtera by injection. Zevtera has already been approved 
in several countries for the treatment of hospital-acquired 
pneumonia (HAP), including MRSA-associated cases, and 
community-acquired pneumonia (CAP), excluding ventila-
tor-associated pneumonia (VAP) (12).

Ceftobiprole medocaril is a prodrug, meaning it becomes 
active only after it is converted in the body, specifically in 
the bloodstream (70). Once activated into Ceftobiprole, it 
targets penicillin-binding proteins (PBPs), which are essen-
tial for building bacterial cell walls (Figure 4). Ceftobiprole 
exhibits selective toxicity by preferentially binding bacterial 
penicillin-binding proteins, including resistance-associated 
PBPs such as PBP2a in MRSA, which have no counterparts 
in human cells. It binds strongly to PBP2a in methicil-
lin-resistant Staphylococcus aureus (MRSA) and PBP2x in 
Streptococcus pneumoniae (23), (70). Besides treating lung 
infections, Zevtera also shows promise for managing more 
severe infections, such as bloodstream infections caused by 
Staphylococcus aureus (bacteremia) (26). It has also been used 
in cases of right-sided infective endocarditis caused by both 
methicillin-susceptible and methicillin-resistant strains (23). 
This broader use shows its value in situations where quick and 
effective treatment is critical.

Ceftobiprole has a wide spectrum of activity. Among 
Gram-positive bacteria, it works against Staphylococcus aureus 
(both MSSA and MRSA), Streptococcus pneumoniae, Strep-
tococcus pyogenes, and Enterococcus faecalis (23). It also covers 
Gram-negative bacteria like Escherichia coli, Klebsiella pneu-
moniae, and Pseudomonas aeruginosa (23). However, it is less 
effective against bacteria that produce extended-spectrum 
β-lactamases (ESBLs) or carbapenem-resistant strains, which 
may limit its use in those cases (23), (48).

Zevtera is generally well tolerated (64). Common ad-
verse effects include nausea, diarrhea, vomiting, headache, 
rash, injection site reactions, and elevated liver enzymes (64). 
Patients with known severe hypersensitivity to Ceftobiprole 
or other cephalosporins should avoid Zevtera (22), (23). Key 
safety considerations include the potential for hypersensitiv-
ity reactions, central nervous system effects such as seizures, 
Clostridioides difficile-associated diarrhea, and an observed in-
crease in mortality among patients with ventilator-associated 
bacterial pneumonia (22). The FDA granted Zevtera Priority 
Review, Fast Track, and Qualified Infectious Disease Product 
designations for treating Staphylococcus aureus bacteremia 

(SAB), ABSSSI, and CABP (22). These designations highlight 
its value in addressing urgent medical needs related to severe 
and drug-resistant bacterial infections.

EXBLIFEP AS A TREATMENT FOR COMPLICAT-
ED URINARY TRACT INFECTIONS 

Exblifep (Cefepime/Enmetazobactam) is a novel intrave-
nous antibiotic approved by the FDA on February 22, 2024, 
for the treatment of complicated urinary tract infections (cU-
TIs), including pyelonephritis, in adults (17). It is specifically 
indicated to treat these infections caused by susceptible strains 
of Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeru-
ginosa, Proteus mirabilis, and Enterobacter cloacae (35). This 
fixed-dose combination pairs cefepime, a fourth-generation 
cephalosporin, with Enmetazobactam, a novel β-lactamase 
inhibitor.  

Cefepime interferes with bacterial cell wall synthesis 
and is effective against many Gram-negative and Gram-pos-
itive pathogens (Figure 5) (35). This includes Pseudomonas. 
It binds with PBPs and is stable against some β-lactamases. 
While cefepime is effective across a broad-spectrum of patho-
gens, its combination with Enmetazobactam is only approved 
for Gram-negative infections at this time. Both cefepime 
and Enmetazobactam are zwitterions, meaning they have a 
net neutral charge. This improves the ability of cefepime to 
penetrate the bacterial cell wall. For Enmetazobactam, being 
a zwitterion increases its potency as a β-lactamases inhibitor 
compared to other drugs in the same class. As a combination 
treatment, Enmetazobactam can improve the effectiveness of 
cefepime against isogenic E. coli strains of bacteria expressing 
class A β-lactamases and shows limited inhibition of select 
class D β-lactamases, while remaining inactive against class B 
and C β-lactamases. Selective toxicity is maintained through 
targeted inhibition of bacterial penicillin-binding proteins 
and β-lactamases, enhancing activity against Gram-negative 
pathogens while minimizing effects on host cellular processes.

For the treatment of susceptible pathogens, Exblifep is 
recommended to be dosed as 2.0 g cefepime and 0.5 g En-
metazobactam intravenously every eight hours (17). The dos-
ing is recommended to be altered for patients with estimated 
glomerular filtration rates that fall outside of 60-129 mL/min. 
This regimen should be continued for at least seven days, but 
it is not recommended to go beyond 14 days. Following the 
regimen, patients generally tolerated Exblifep well. The most 
common side effects were increased transaminases (20% of 
patients), increased bilirubin (7%), headache (5%), infusion 
site reactions (5%) and diarrhea (4%).
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MRSA or another indicated 
pathogen establishes infection in 
or on and indicated tissue site

Within the 
pathogen, 
Ceftobiprole, 
binds PBPs, 
preventing cells 
wall synthesis 
leading to cell 
lysis 

Ceftobiprole medocaril is converted 
into the active form, Ceftobiprole in the 
bloodstream

Infection clearance 

FIGURE 4.

Zevtera mechanism of action. 

Zevtera starts as the prodrug Ceftobiprole medocaril. Within the bloodstream it is converted into the active Ceftobiprole. This 
antibiotic is indicated for multiple types of infections including lung, skin, and blood infection. Within the infected tissue, 
Ceftobiprole, a beta-lactam antibiotic is able to bind bacterial penicillin binding proteins (PBPs). This binding prevents cell 
wall synthesis leading to cell lysis and infection clearance.
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In a randomized clinical trial comparing Cefepime and 
Enmetazobactam to piperacillin and tazobactam, 79.1% of 
patients receiving Cefepime and Enmetazobactam cleared 
their infections by day 14 which was higher compared to 
58.9% in the piperacillin and tazobactam group, a difference 
of 20.2% (34). Piperacillin in combination with tazobactam 
combines an extended-spectrum penicillin, piperacillin, with 
tazobactam, a β-lactamase inhibitor that protects piperacillin 
from degradation by β-lactamases. Notably, among patients 
with infections caused by extended-spectrum β-lactamase 
(ESBL)–producing pathogens, the clinical cure rate was 
73.7% with Cefepime and Enmetazobactam versus 51.5% 
with piperacillin and tazobactam.

Currently in the EU, Cefepime/Enmetazobactam is 
approved to treat additional types of infections aside from 
complicated UTIs. If the United States is to follow in these 
footsteps, it is possible that Exblifep will be approved for ad-
ditional uses in the future. It is also possible due to its general 
broad-spectrum activity Exblifep could be used off-label by 

clinicians for treatment of infections not involving the urinary 
tract. This of course would be after careful consideration and 
input from specialists.

BLUJEPA AS A TREATMENT FOR UNCOMPLICATED 
URINARY TRACT INFECTIONS

Blujepa is also known as Gepotidacin. It was approved on 
March 25, 2025, for the treatment of uncomplicated urinary 
tract infections (19). This drug is the first in its class of atri-
azaacenaphthylenes, a kind of type IIA topoisomerase inhib-
itor. The inhibition of topoisomerase IIAs prohibits DNA 
replication leading to bacterial death (Figure 6) (52). Gepoti-
dacin achieves selective toxicity by inhibiting bacterial DNA 
gyrase and topoisomerase IV, enzymes that are structurally 
distinct from their human counterparts, thereby limiting host 
toxicity. Outside of treating uncomplicated UTIs, Gepoti-
dacin is also showing to be non-inferior to a standard ceftri-
axone and azithromycin combination treatment for treating 

FIGURE 5.

Exblifep mechanism of action

Exblifep is a combination of the Enmetazobactam, a beta-lactamase inhibitor and Cefepime, a beta-lactam. Exblifep is indi-
cated for the treatment of complicated UTI. Enmetazobactam binds to beta-lactamases in the indicated pathogen allowing for 
Cefepime to function. Cefepime binds penicillin binding proteins (PBPs) preventing cell wall synthesis. This leads to cell lysis 
and infection clearance.
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urogenital gonorrhea in a phase III clinical trial. Gepotidacin 
is administered orally as two 750 mg tablet twice daily as in-
dicated for susceptible Escherichia coli, Klebsiella pneumoniae, 
Citrobacter freundii complex, Staphylococcus saprophyticus, and 
Enterococcus faecalis causing uncomplicated UTIs (19). The 
treatment is carried out for five days. The FDA recommends 
taking the regimen after a meal to reduce gastrointestinal side 
effects.

The FDA states that outside of the aforementioned 
clinically susceptible bacteria, there are in vitro data for other 
Gepotidacin-susceptible Gram-negative bacteria (19). They 
include Citrobacter koseri, Klebsiella aerogenes, Klebsiella oxy-
toca/ Raoultella ornithinolytica, Morganella morganii, Proteus 
mirabilis, and Providencia rettgeri. At the time of FDA approv-

al there was no clinical data about the effectiveness of Blujepa 
against these pathogens.

Blujepa is mostly well tolerated in patients (67). There 
were no life threatening or fatal side effects during the clinical 
trials leading up to its approval. The most common side 
effects were categorized as mild to moderate and were most 
commonly reported to be diarrhea (14-18%) and nausea (8-
11%). Blujepa can cause QTc prolongation, a type of irregu-
lar heartbeat, and is therefore not recommended for patients 
with a history of these conditions or in patients with relevant 
cardiac diseases (19). Blujepa is also not recommended for 
patients with liver and kidney impairment. The use of Blujepa 
can also lead dysarthria, a speech disorder caused from weak-
ness in facial muscles, due to acetylcholinesterase inhibition, 

Infection clearance

Single Gepotidacin molecules binds to both
bacterial DNA gyrase and topoisomerase IV during
DNA replication

After oral
administration,
Gepotidacin
enters the UTI site

The replication pre-
cleavage complex is
stabilized by Gepotidacin

Stable, single-stranded breaks
form, leading to replication
failure, and bacterial death

FIGURE 6. 

Blujepa mechanism of action.

Blujepa is the brand name for the drug Gepotidacin. Gepotidacin targets both bacterial gyrase and bacterial topoisomerase IV. 
Gepotidacin stabilizes the pre-cleavage complex that forms during DNA replication. The stabilized complex prevents proper 
supercoiling and unwinding of DNA leading to single stranded breaks. As a result, replication fails and the pathogen dies, lead-
ing to infection clearance. Image attributions: Bladder icon: Flaticon.com. This figure has been designed using resources from 
Flaticon.com

http://Flaticon.com
http://Flaticon.com
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as well as Clostridioides difficile infection, and possible hyper-
sensitivity reactions, including anaphylaxis. 

Not only does Gepotidacin inhibit topoisomerase IV, 
but also gyrase (Figure 6) (19). This new type of drug is 
an attempt at combating antibacterial resistance to fluoro-
quinolone antibiotics (6). While both fluoroquinolones and 
Gepotidacin have the same enzymatic targets, Gepotidacin 
binds different amino acid residues than fluoroquinolones 
(25), (43).

Another difference between the drug classes is that 
fluoroquinolones preferentially target DNA gyrase, whereas 
Gepotidacin targets gyrase and topoisomerase IV equally 
(43). By targeting these enzymes, Gepotidacin enhances the 
stabilization of single stranded DNA breaks over double 
stranded DNA breaks from supercoiled DNA (28), (43). 
While fluoroquinolones enhance both types of breakage, dou-
ble-stranded breaks are more prevalent with this treatment. 
Overall, Gepotidacin’s mechanistic differences are important 
in overcoming treatment barriers for pathogens that have de-
veloped resistance to fluoroquinolones and could be approved 
for use in treating other infections in the future.

A comparative summary of the recently approved antibi-
otics discussed above is provided in Table 1.

Drug(Brand) Year Active component(s) Class/Primary target Indication

Voquezna 2022 (42)
Vonoprazan*, amoxicillin, 

clarithromycin (42)

PCAB(acid suppression); β-lact-
am(cell wall); macrolide (protein 

synthesis) (55),(2),(46)

H. pylori infection 
(31),(32)

Xacduro 2023 (42)
Sulbactam, Durlobactam* 

(42)
Β-lactam (PBPs); β-lactamase 

inhibitor (33),(1),(18)

Acinetobacter bauman-
nii-calcoaceticus complex 

infections (33)

Orlynvah 2024 (42)
Sulopenem etzadroxil*, pro-

benecid (42)
Β-lactam (cell wall); renal clear-

ance inhibitor (68)
Uncomplicated UTIs (42)

Zevtera 2024 (22) Ceftobiprole medocaril* (70)
Β-lactam (PBPs incl. PBP2a) 

(23),(70)
ABSSSI, CAP (22),(12)

Exblifep 2024 (17)
Cefepime, Enmetazobactam* 

(17)
Β-lactam (PBPs); β-lactamase 

inhibitor (35)
Complicated UTIs (35)

Blujepa 2025 (19) Gepotidacin* (19)
DNA gyrase & topoisomerase 

IV (52)
Uncomplicated UTIs (19)

TABLE 1. 

FDA-approved antibiotics discussed in this review (2022-2025). 

Summary of recently approved antibacterial agents, their active components, primary targets, and clinical indications. Combi-
nation therapies are presented as single entries for clarity. *Denotes a newly approved molecular entity. 

FUTURE DIRECTIONS AND PROSPECTS/CON-
CLUSIONS  

The rising threat of antimicrobial resistance (AMR) 
demands urgent and coordinated global action. While this 
review has highlighted several novel antibiotics approved 
by the FDA between 2022 and 2025, each offering distinct 
mechanisms and improved efficacy against drug-resistant 
pathogens, the frequency of such approvals remains limited 
in comparison to the magnitude of the AMR crisis. Despite 
notable progress, the development of novel antibiotics must 
become a sustained global priority, backed by policies that 
encourage innovation and ensure equitable access to these 
life-saving treatments. Addressing AMR will require not only 
scientific breakthroughs but also systemic changes that focus 
on the responsible development, approval, and widespread 
availability of new antimicrobial therapies.

A key priority is the establishment of sustainable antibi-
otic development pipelines (39). These pipelines must be de-
signed to overcome economic and scientific hurdles that have 
historically limited the commercial viability of antibiotics. 
Incentive structures that reward long-term effectiveness over 
short-term sales volume, such as delinkage models, should be 
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more broadly implemented to align public health goals with 
industry priorities (61).

The role of public-private partnerships and funding initia-
tives cannot be overstated. Initiatives like CARB-X, GARDP, 
Tiny Earth, Small World Initiative, and the AMR Action 
Fund demonstrate the power of collaborative investment in 
early-stage research and clinical development (4), (13), (30), 
(60), (65). These partnerships reduce the risks in antibiotic 
R&D and provide crucial support to small biotech companies 
and universities, which are often leading innovation.

In the post-antibiotic era, where treatment failures be-
come increasingly common, there is growing interest in alter-
native antimicrobial strategies. These include phage therapy, 
antimicrobial peptides, anti-virulence agents, probiotics, and 
microbiome-based therapies. While still in various stages of 
development, these alternatives offer the potential to comple-
ment or even replace traditional antibiotics, particularly for 
multidrug-resistant infections.

Another promising frontier is the use of machine learning 
(ML) and artificial intelligence (AI) in antibiotic discovery. By 
harnessing large datasets and predictive algorithms, ML can 
streamline the identification of potential drug targets, opti-

mize the screening of compounds, and even help repurpose 
existing drugs for new antimicrobial uses (15). Recent break-
throughs in discovering novel antibiotics using AI highlight 
the potential for these technologies to reinvigorate antibiotic 
discovery and accelerate the development of new treatments.

Despite these promising directions, there remains a criti-
cal need for urgent action at both the scientific and policy lev-
els. Governments, global health agencies, and industry leaders 
must treat antibiotic resistance with the same level of urgency 
as other global crises. Comprehensive policy reforms, includ-
ing stronger surveillance systems, stewardship programs, and 
streamlined regulatory pathways, are essential to support both 
innovation and access.
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