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Abstract
Aspirin is one of the most widely used medicines. Although aspirin is commonly utilized for the treatment of several medi-
cal conditions, its broadest uptake is for the prevention of recurrent ischemic events in patients with atherosclerotic disease. 
Its mechanism of action of inhibiting platelet activation via blockade of thromboxane  A2 production is unique and is not 
covered by any other antiplatelet agents. While plain, uncoated, immediate-release aspirin is used in acute settings to help 
assure rapid absorption, enteric-coated aspirin formulations dominate current chronic use, particularly in North America, 
including for secondary prevention of cardiovascular events. The unmet needs with current aspirin formulations include a 
high risk of gastrointestinal (GI) adverse events with plain aspirin, which enteric-coated formulations are not able to over-
come, and subject to erratic absorption leading to reduced drug bioavailability. These observations underscore the need for 
aspirin formulations with a more favorable safety and efficacy profile. Phospholipid-aspirin complex (PL-ASA) is a novel  
formulation designed to address these needs. It is associated with reduced local acute GI injury compared with plain aspirin, 
and predictable absorption resulting in more reliable platelet inhibition compared with enteric-coated tablets. This review 
explores the rationale and pharmacologic profile of PL-ASA intended to address the unmet needs for aspirin therapy.

1 Introduction

The first mention of the use of certain natural medicines 
such as willow bark—later to be found as sources of salicy-
lates—occurred 5000 years ago [1]. In more recent history, 
salicylate medications have been in use as analgesic, antipy-
retic, and anti-inflammatory agents since the mid-19th cen-
tury. In 1897, Felix Hoffman acetylated the phenol group of 
salicylic acid, and in 1899, as the first commercially viable 

formulation, this compound was registered as ‘aspirin’ [2]. 
The dose-dependent inhibition of prostaglandin synthesis 
by aspirin was first described by Vane in 1971 [3]. Aspirin 
remains one of the most thoroughly studied and well-char-
acterized drugs in use today [2].

Within the past several decades, aspirin’s antiplatelet 
effects were recognized and its potential to prevent throm-
botic events in patients with cardiovascular (CV) disease or 
those with multiple risk factors was established in multiple 
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clinical studies. In the late 1990s, the Antithrombotic Tri-
alists Collaboration summarized the clinical evidence and 
established that doses of aspirin as low as 75–100 mg were 
sufficient to provide significant protection from CV events 
[4]. Aspirin was subsequently broadly prescribed in patients 
with known atherosclerotic cardiovascular disease (ASCVD) 
to prevent recurrent events, but was also embraced as a strat-
egy to prevent a first event in those without a history of 
ASCVD. Current guidelines continue to recommend aspirin 
for patients with ASCVD (secondary prevention) but have 
retracted previous recommendations for preventive use in 
people without known ASCVD (primary prevention) based 
on more recent studies that suggested that the ischemic ben-
efit does not outweigh the risk of bleeding in this setting [5]. 
Today, aspirin is still a foundational therapy for secondary 
ASCVD prevention and may also be considered for primary 
prevention in certain high-risk patient groups [5–8].

Although aspirin is one of the most widely used medica-
tions, the major pitfall of this ubiquitous drug is its associ-
ated upper gastrointestinal (GI) adverse effects, ranging from 
dyspepsia to gastric ulceration. The last innovation in aspirin 
therapy occurred over 50 years ago with the development 
of enteric-coated formulations meant to reduce GI adverse 
effects while still delivering CV protection; however, studies 
have not consistently shown a protective effect of enteric-
coated or buffered aspirin formulations with regard to GI 
injury [9]. Furthermore, coated aspirins have also been asso-
ciated with high rates of treatment failure termed ‘aspirin 
resistance’ due to unpredictable bioavailability secondary 

to impaired absorption, an issue that may be exaggerated in 
specific populations such as patients with diabetes or obe-
sity [10]. Therefore, the unmet need remains for new aspirin 
formulations with reliable bioavailability and reduced risk 
of gastric effects, for an optimized benefit-to-risk profile.

2  Structure and Mechanism of Action 
of Aspirin

2.1  Structure

Aspirin is the common name for acetylsalicylic acid (Fig. 1), 
which, based on its properties, is further classified as a 
non-steroidal anti-inflammatory drug (NSAID). Following 
absorption in the GI tract, acetylsalicylic acid rapidly binds 
to and acetylates a serine residue in its target enzyme family, 
the cyclooxygenases (COXs). The rapid metabolism of ace-
tylsalicylic acid results in salicylic acid, an active metabolite 
with residual anti-inflammatory activity [11].

2.2  Indications and Mechanism of Action

Aspirin is an ‘over-the-counter’ (OTC) medication used 
for fever and pain relief; however, aspirin is overwhelm-
ingly used in physician-directed CV indications to prevent 
recurrent CV events. Table 1 shows the indications and 
uses. Aspirin has been, and continues to be, studied in con-
ditions such as colorectal cancer, pre-eclampsia, and most 
recently as preventive treatment for thrombotic microan-
giopathy in hospitalized patients with coronavirus disease 
2019 (COVID-19) [12–16].

COX, also known as prostaglandin endoperoxidase 
synthase, is a membrane-bound glycoprotein with three 
isoforms (COX-1, -2, and -3) [2]. COX-1 is expressed in 
various cell types, including endothelial cells and platelets. 
On COX-1, which produces prostaglandin G2/H2 from 
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Acetylsalicylic acid (Aspirin)

Fig. 1  Structure of aspirin.

Key Points 

Although aspirin has been the foundational therapy for 
the prevention of cardiovascular events for decades, in 
recent years the role of aspirin in primary prevention or 
as part of dual antiplatelet therapy has been challenged, 
largely due to its gastrointestinal (GI) adverse effects.

Enteric-coated aspirin is the current standard of care, 
however its clinical performance is limited by erratic 
absorption and GI injury.

An unmet need exists for an aspirin formulation that 
delivers reliable antiplatelet activity while minimizing 
the risk of GI injury.

The predictable pharmacokinetic and pharmacodynamic 
properties of phospholipid-aspirin complex (PL-ASA) 
compared with enteric-coated tablets, coupled with the 
reduced risk of acute gastric injury, represent an impor-
tant advancement to address the unmet needs for aspirin 
therapy.
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arachidonic acid, aspirin acetylates the hydroxyl group of the 
serine 530 residue in the active binding site of the enzyme. 
The bulky acetyl group blocks arachidonic acid access to the 
active binding site of COX-1, leading to irreversible inhibi-
tion of the enzyme’s activity. Aspirin is the only COX inhibi-
tor that results in irreversible inhibition.

When COX-1 on platelet membranes is acetylated by 
aspirin, the inhibition lasts for the life of the platelet, i.e. 
7–10 days. Blocking COX-1 and the production of pros-
taglandins also inhibits the eventual production of both 
thromboxane A2 (TxA2) and prostacyclin (Fig. 2).  TxA2 is 
a platelet activator, thus, aspirin’s utility in prevention of CV 
events stems from the ability to inhibit platelet aggregation. 
However, blocking of the production of prostaglandins also 
produced by COX-1 leads to an increase in the permeability 
of the gastric barrier, leading to direct, acute injury.

The clinical benefits of all antiplatelet agents in prevent-
ing CV events are directly linked to their ability to deliver 
effective platelet inhibition. However, it is important to 
emphasize that aspirin’s mechanism of action is distinct 
among antiplatelet agents, which is why aspirin is commonly 
used in combination with platelet  P2Y12 receptor inhibitors 
that work by inhibiting adenosine diphosphate (ADP)-
induced platelet activation, but do not inhibit platelet pro-
duction of thromboxane [17]. Specific platelet function tests 
have been developed that provide the ability to measure the 
antiplatelet effects of different classes of antiplatelet agents. 

Aspirin inhibits the COX-1 enzyme and downregulates the 
production of  thromboxane. Therefore, since the production 
of thromboxane is COX-1 dependent, measurements of lev-
els of thromboxane are used to extrapolate aspirin effect. 
Specifically, complete response to aspirin is defined either 
by demonstration of complete (> 99%) inhibition of throm-
boxane production or absolute circulating levels < 3.1 ng/
mL with the latter having been correlated with recurrent CV 
events [18].  TxA2 is very unstable and is rapidly converted 
to thromboxane B2 (TxB2), which is used for measurements 
of aspirin effect. Additionally, pharmacodynamic (PD) 
effects can be demonstrated by measuring platelet aggrega-
tion, specifically the response of platelet samples (with or 
without drug) to arachidonic acid as agonist, as measured 
by light transmittance aggregometry [19].

Aspirin is a potent inhibitor of COX-1 and can potentially 
achieve complete inhibition with a ‘low dose’ of < 100 mg. 
However, since about one-seventh of the platelet population 
is replaced every 24 h, approximately 30% of platelets in 
circulation will be new and uninhibited within 48 h, which 
underscores the rationale for daily dosing [20] and why it 
is essential to have consistent bioavailability and complete 
platelet response with every aspirin dose. On the other hand, 
COX-2 is upregulated by inflammatory mediators, resulting 
in the production of prostaglandins, such as cytokines, which 
are involved in response to these mediators [21]. Inhibition 
of COX-2 underlies aspirin’s beneficial effects on pain, fever, 

Table 1  Over-the-counter uses and professional prescribing information for aspirin [16, 17]

CABG coronary artery bypass grafting, MI myocardial infarction, PTCA  percutaneous transluminal coronary angioplasty, RA rheumatoid arthri-
tis, SLE systemic lupus erythematosus, TIA transient ischemic attack.

Over-the-Counter Uses
 For the temporary relief of minor aches and pains associated with: Headache

Backache
Muscular aches
A cold
Toothache
Minor pain of arthritis
Premenstrual and menstrual cramps

 Temporarily reduces fever
Physician prescribing information
 Vascular indications (ischemic stroke, TIA, acute MI, prevention of 

recurrent MI, unstable angina pectoris, and chronic stable angina 
pectoris)

Aspirin is indicated to (1) reduce the combined risk of death and 
non-fatal stroke in patients who have had ischemic stroke or transient 
ischemia of the brain due to fibrin platelet emboli; (2) reduce the 
risk of vascular mortality in patients with a suspected acute MI; (3) 
reduce the combined risk of death and non-fatal MI in patients with 
a previous MI or unstable angina pectoris; and (4) reduce the com-
bined risk of MI and sudden death in patients with chronic stable 
angina pectoris

 Revascularization procedures (CABG, PTCA, and carotid endarterec-
tomy)

Aspirin is indicated in patients who have undergone revascularization 
procedures (i.e., CABG, PTCA, or carotid endarterectomy) when 
there is a preexisting condition for which aspirin is already indicated.

 Rheumatologic disease indications (RA, juvenile RA, spondyloar-
thropathies, osteoarthritis, and the arthritis and pleurisy of SLE)

Aspirin is indicated for the relief of the signs and symptoms of rheu-
matoid arthritis, juvenile rheumatoid arthritis, osteoarthritis, spondy-
loarthropathies, and arthritis and pleurisy associated with SLE
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and inflammation. In contrast with the COX-1 pathway that 
only requires low aspirin doses for complete inhibition, 
much higher doses are required to attain the clinical benefits 
of COX-2 pathway inhibition [3].

3  Gastrointestinal (GI) Effects

3.1  Molecular and Biophysical Basis of the Barrier 
Properties of the GI Tract

One of the major drawbacks associated with all NSAIDs, 
including aspirin, is GI adverse effects, which may span 
symptoms of gastroesophageal reflux and dyspepsia, to 
ulceration and GI bleeding [22, 23]. The use of aspirin (and 
other NSAIDs), due to its vast exposure, is recognized as 
causing substantial GI effects, which lead to considerable 
morbidity, patient non-compliance, and increased healthcare 
costs [24]. Although the overall incidence of GI complica-
tions is relatively low, the widespread use of aspirin (and 
other NSAIDS) results in a ‘considerable clinical problem’.

Aspirin therapy, even in low doses (≤ 325 mg) has long 
been recognized to frequently result in gastric mucosal dam-
age [25–29], and, specifically, doses as low as 10 mg daily 
have been observed to reduce gastric mucosal prostaglandin 
levels [25]. GI effects can manifest in a broad spectrum of 
clinical symptoms, ranging from dyspepsia to ulceration and 
bleeding. The clinical significance of ulcers is unquestiona-
ble and when they develop they may require GI consultation 
and specific treatment. Dyspeptic symptoms are much more 

frequent and usually tend to be self-managed by patients. 
Frequently, patients take aspirin with food in an effort to 
minimize bloating and dyspepsia, and may also use antacids 
or gastric acid-reducing agents. However, patients may also 
skip doses to avoid dyspepsia and this may be an explanation 
for the high rates of non-compliance that are reported for 
aspirin therapy [30]. This is an important concern for physi-
cians because non-adherence with daily aspirin therapy can 
lead to an increased risk for thrombotic events [30].

Gastric injury is caused by a combination of local and 
systemic factors. Although the exact contribution of each 
mechanism is unclear, it appears that local, direct injury by 
aspirin has an important role in the pathogenesis of gastric 
damage [31], independent of systemic factors. The gastric 
mucosa has hydrophobic (non-wettable) properties due to 
its ability to secrete a surfactant-like phospholipid, which 
is ‘fortified’ by prostaglandins [32] (Fig. 3). Prostaglandins 
also inhibit gastric acid secretion [33]. Aspirin and other 
NSAIDs may reduce surface hydrophobicity by chemically 
associating with (in a pH-dependent manner) and destabi-
lizing the phospholipid barrier coating the gastric mucosa. 
Accordingly, NSAIDs can induce changes in the fluidity, 
permeability, and biomechanical properties of the gastric 
mucosal cell membranes. The changes make the mucosa less 
hydrophobic and disrupt the integrity of the protective gel 
barrier with underlying tissues susceptible to direct injury 
by gastric acid.

Along with direct injury, there are systemic contributors 
to gastric damage associated with aspirin (and other NSAID) 
use. Prostaglandins are important components of the gastric 
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Fig. 2  Mechanism of action of aspirin and COX inhibition. Prosta-
glandins (thromboxane and prostacyclin) are produced from arachi-
donic acid via the action of the COX-1 and COX-2 enzymes. Aspirin 

blocks both of these pathways by acetylating the COX enzyme. COX 
cyclooxygenase, ADP adenosine diphosphate
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defense mechanism. Systemic prostaglandin depletion by 
inhibition of the COX enzyme can lead to both qualitative 
and quantitative decreases in the mucosal barrier function 
[24]. Prostaglandins also play a role in regulating acid secre-
tion. Therefore, prostaglandin depletion impairs the mucosal 
barrier and increases acid secretion, which may result in 
a barrier that is more susceptible to injury and ulceration. 
Additionally, if a gastric ulcer bleeds, because aspirin inter-
feres with hemostasis (the ability of platelets to aggregate), 
the bleeding may become a serious event.

3.2  Current Approaches to Mitigate Aspirin Gastric 
Injury

Aspirin’s direct effects on the gastric epithelial lining 
together contribute to the risk for proximal GI tract injury 
and the resultant GI adverse effects. Therefore, the ability to 
bypass the stomach and deliver aspirin in the intestine is a 
logical approach to limit this injury. Enteric-coated aspirin 
was developed with exactly that goal in mind. The coating 
remains intact in the low pH environment of the stomach and 
begins degrading and releasing aspirin only after it reaches a 
pH of 7 in the duodenum. Theoretically, this pH-dependent 
release mechanism would protect the proximal GI tract from 
local injury by delivering aspirin directly to the less acidic 
environment of the duodenum. However, it is not clear from 
several studies that enteric coating actually protects against 
such ulceration and bleeding. Multiple reports have con-
firmed the lack of difference in GI damage between for-
mulations, and some have even suggested that enteric or 
sustained-release formulations may increase exposure to 
the drug, thereby increasing adverse effects evidenced by 
drops in hemoglobin [34–36]. Importantly, the delivery 

mechanism of coated aspirin results in impaired bioavail-
ability and delayed and unpredictable absorption (charac-
terized by the US FDA as ‘erratic’). Several studies have 
determined that coated aspirin has a very different pharma-
cokinetic (PK)/PD profile than plain aspirin [37–42]. Coated 
aspirin is not bioequivalent to plain aspirin and therefore 
different formulations must be considered separately.

Additional strategies used in clinical practice to limit the 
GI adverse effects include the recommendation to take aspi-
rin with food to minimize dyspepsia, and prescription of 
proton pump inhibitors (PPI) to limit gastric acid production 
and reduce ulceration [24]. Although it is unclear whether 
aspirin taken with food results in fewer dyspeptic symptoms, 
physicians do routinely recommend taking aspirin with food 
[43, 44]. It has been shown however that taking coated aspi-
rin with food results in even more erratic absorption, raising 
the concern for lower bioavailability and reduced clinical 
effect [39]. Additionally, there is insufficient evidence to 
support that enteric-coated aspirin reduces the risk of GI 
injury compared with other formulations [40].

3.3  What is Phospholipid‑Aspirin Complex 
(PL‑ASA)? Rationale for Pre‑Association 
with Lipidic Excipients

Phospholipid-aspirin complex (PL-ASA; Vazalore, PLx 
Pharma, Sparta, NJ, USA) is a novel aspirin formulation 
with a unique delivery mechanism specifically designed to 
reduce GI injury while maintaining full aspirin bioavailabil-
ity. PL-ASA is the first FDA-approved NSAID utilizing the 
proprietary PlxGuard™ drug delivery platform following 
considerable scientific investigation over the past 2 decades 
[23, 33, 45]. PL-ASA capsules contain a pre-associated 

Fig. 3  Mechanism of gastric 
injury. The graphic depicts the 
gastric epithelial layer, with its 
normal hydrophobic layer that 
protects against acid injury. 
When the phospholipid layer is 
disrupted, the protective mecha-
nism is compromised, allowing 
acid diffusion and injury to 
the epithelial layer. NSAIDs 
non-steroidal anti-inflammatory 
drugs

Aspirin/NSAIDs bind to surface 
phospholipids and change barrier 
properties, promoting acid injury
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liquid complex formed by the non-covalent association 
of aspirin and lipidic excipients. The stability of the non-
covalent bond is inversely related to pH, keeping the lipidic 
excipients and aspirin as a complex when pH is low and 
allowing separation when pH rises [46]. Therefore, rather 
than using a mechanical barrier such as a polymer coating, 
the PlxGuard™ system uses the chemical properties of the 
complex to ensure that free aspirin is not available to associ-
ate with the phospholipids of the proximal GI mucosa, and 
to ensure targeted delivery of aspirin to the duodenum. This 
protects the stomach from coming into direct contact with 
aspirin while also ensuring fast and predictable absorption 
in the duodenum and preserved bioavailability.

There are obvious similarities between coated aspirin 
formulations and PL-ASA, but there are also two distinct 
differences. Both formulations aim to bypass the stomach 
and deliver aspirin to the intestine, and both leverage the pH 
gradient to accomplish this goal. The first important differ-
ence however is that enteric-coated tablets rely on a static 
barrier while the PL-ASA capsules rely on a dynamic chemi-
cal association (Fig. 4) [47]. This could be an important 
difference in the context of reflux of duodenal contents back 
to the low pH of the stomach where the PL-ASA complex 

could self-assemble again providing bidirectional protection 
from direct gastric injury, while this is not possible with 
enteric-coated tablets once the polymer (i.e., static barrier) is 
dissolved. Spontaneous re-assembly has been demonstrated 
in in vitro experiments [47]. The second difference relates 
to the predictability and reliability of aspirin delivery. As 
previously mentioned, coated formulations have reduced 
bioavailability and are not bioequivalent to plain aspirin, a 
difference that may also be extended by food and in patients 
with certain comorbid conditions (e.g., diabetes, obesity) 
[10]. PL-ASA on the other hand is bioequivalent to plain 
aspirin and does not have a clinically relevant food effect, 
ensuring reliable aspirin absorption and predictable bioavail-
ability [48, 49]. These differences distinguish PL-ASA from 
existing coated formulations and suggest that this new for-
mulation may be able to address some of the current unmet 
needs associated with aspirin therapy.

3.4  Evidence of Less Acute GI Injury with PL‑ASA

An endoscopic study using established methodology was 
performed to determine whether PL-ASA caused less GI 
injury compared with plain (i.e. non-coated) aspirin. Cryer 

Fig. 4  Mechanism of action of 
PL-ASA. (1) In the stomach, 
the PL-ASA capsule rapidly 
dissolves, releasing the liquid 
lipid-aspirin complex. (2) In the 
duodenum, the rising pH leads 
to dissociation of the lipid-
aspirin complex. (3) The aspirin 
is now free for absorption. Data 
from in vitro experiments, data 
on file, PLx Pharma. PL-ASA 
phospholipid-aspirin complex

Liquid lipid–aspirin  
complex

PL-ASA
capsule

Duodenum
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et al. conducted a randomized, blinded study with an active 
control looking at rates of endoscopically assessed upper GI 
injury [50]. The study was performed in 204 healthy sub-
jects (aged 50–74) years following 7 days of 325 mg study 
drug once daily. Overall, 42.2 % of aspirin-treated subjects 
developed multiple erosions and/or ulcers compared with 
22.2 % of the patients treated with PL-ASA (p = 0.0027). 
According to a prespecified standardized definition, gas-
troduodenal ulcers were detected in 17.6% of plain aspirin-
treated subjects compared with only 5.1% of subjects treated 
with PL-ASA (p = 0.0069). Compared with plain aspirin, 
PL-ASA use was associated with significantly lower rates 
of acute upper GI injury, as evidenced by lower rates of 
erosions and ulcers. Based on the 7-day duration of study 
drug exposure, the authors also commented that the risk for 
aspirin-induced upper GI injury begins early in the course 
of treatment. Importantly, this study also demonstrated that 
compared with plain aspirin, the PLXGuard delivery plat-
form (i.e. pre-association of aspirin and surface-active lipids 
into a liquid complex) was able to significantly reduce acute 
aspirin-induced gastric mucosal damage. However, it is not 
known if this reduction in acute GI injury would translate 
into less GI bleeding, or how PL-ASA would compare with 
enteric-coated formulations.

3.5  Lipidic Excipients Do Not Interfere 
with the Pharmacodynamic Effect

Lipids in general have not been reported to elicit platelet 
activation and phosphatidylcholine in particular may actu-
ally inhibit platelet aggregation [51–53]. To confirm the 
above observations, an in vitro study was performed to 
determine whether the lipidic excipients used to formulate 
PL-ASA influence platelet function and/or the PD effects of 
aspirin [54]. PL-ASA uses a consistent ratio of excipients to 
aspirin that is maintained across the 81 and 325 mg doses. 
In the aforementioned experimental study, excipients were 
tested at double the concentration/ratio as that present in the 
PL-ASA formulation to increase the likelihood of detect-
ing any potential interference with the antiplatelet effects 
of aspirin. The experiments were performed with multi-
ple aspirin concentrations ranging from those that exerted 
only limited inhibition to those exerting maximal inhibition 
of platelet aggregation. Two methods were used to assess 
potential PD interactions between the excipients and aspi-
rin. Standard light transmittance aggregometry using arachi-
donic acid as an agonist was performed using platelet-rich 
plasma samples containing no excipients or aspirin (control), 
added excipients, added aspirin at multiple concentrations, 
or the combination of aspirin and excipients. Flow cytom-
etry is a sensitive method for detecting platelet activation 
(P-selectin expression), and samples with or without excipi-
ents, study drug, and the combination of both (as in the light 

transmission aggregometry [LTA] experiments above) were 
assessed. The results demonstrated that the excipients did 
not have any direct effects on platelets and did not interfere 
with the PD effects of aspirin.

4  Pharmacokinetics

4.1  Bioavailability of Aspirin Formulations

Following ingestion of plain non-enteric-coated tablets, 
aspirin is rapidly absorbed, but only about 70% is intact as 
acetylsalicylic acid due to first-pass hydrolysis in the liver, 
and thus the portal circulation is where most platelet inhibi-
tion has an opportunity to occur [20, 55]. Once in the cir-
culation, aspirin is rapidly hydrolyzed (half-life of about 
10 min) to salicylic acid, a more stable metabolite with a 
longer half-life [56]. Accordingly, bioequivalence studies 
of aspirin have traditionally relied on the measurement of 
salicylic acid levels to compare aspirin delivery between 
different formulations.

In the case of coated formulations, absorption of aspirin 
is both delayed and erratic [16]. Absorption rates are further 
delayed and reduced in the presence of food. Multiple stud-
ies have shown that coated aspirin formulations are not bio-
equivalent to plain uncoated aspirin, and, in some patients 
taking enteric-coated aspirin with food, plasma salicylate 
levels were undetectable [19, 39–41]. The clinical implica-
tions of the differing bioavailability of aspirin formulations 
for patients receiving chronic aspirin therapy remain unclear, 
however a substantial number suffer breakthrough events, 
which is typically termed ‘aspirin resistance’, or, more accu-
rately, persistent platelet reactivity despite aspirin treatment 
[57].

There is considerable discussion around the definition and 
potential mechanisms underlying aspirin resistance. Reports 
of aspirin resistance vary widely; the differences may be 
due to the different definitions employed to characterize the 
apparent resistance. Of the many proposed causes, the most 
frequent seems to be simply related to patients either not 
taking the drug (non-adherence) or taking it but not absorb-
ing it (non-response, low bioavailability) since true ‘genetic’ 
resistance to aspirin is exceedingly rare. One study looked 
at subjects who were initially classified as resistant to aspi-
rin [58]. Upon re-challenge with either immediate-release 
or enteric-coated formulations, no subjects were found to 
be resistant to immediate-release aspirin, while some sub-
jects still exhibited low responses to enteric-coated aspirin. 
Importantly, studies have shown that patients with incom-
plete response to aspirin do experience higher risk for recur-
rent thrombotic events. In one study, discontinuation of low-
dose aspirin was associated with a > 30% increased risk of 
CV events [59]. The ability of a novel formulation to deliver 
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predictable levels of aspirin and consistently achieve full 
(> 99%) inhibition of thromboxane production would be 
helpful in addressing the issue of aspirin resistance.

4.2  PL‑ASA Pharmacokinetic Studies

Separate PK clinical studies have shown complete and reli-
able aspirin absorption with PL-ASA and established bio-
equivalence to immediate release aspirin.

Bioequivalence of PL-ASA to Plain Immediate-Release 
Aspirin [48] A bioequivalence study formed part of the FDA 
approval process with a new drug application (NDA). This 
study was a randomized, open-label, crossover study com-
paring PL-ASA with plain immediate-release aspirin (Gen-
uine  Bayer® Aspirin, Bayer, Whippany, NJ, USA) at 325 
and 650 mg doses. This bioequivalence study demonstrated 
that PL-ASA is equivalent to immediate-release aspirin 
from a PK and PD perspective. The 81 mg dose format was 
included in additional regulatory submissions but was not 
evaluated in this PK/PD study. Further studies will provide 
more information about dose-effect relationships.

Healthy volunteers (n = 32) were randomized to treat-
ment with either plain immediate-release aspirin or PL-ASA 
at one of two doses (325 mg or 650 mg). After completion 
of the first treatment and a minimum of a 2-week washout 
period (14–21 days), all but two subjects were crossed over 
and received two treatments w at the same dose level. Serial 
PK measurements were taken at baseline, 5, 10, 15, 20, 25, 
30, 40, 50, 60, 75, and 90 min post-dose, and 2, 3, 4, 6, 8, 
10, and 24 h.

The salicylic acid plasma concentration parameters for 
both PL-ASA and immediate-release aspirin at each of the 
dose levels were comparable (Fig. 5). There was a consist-
ent dose-relationship between the two doses (325 mg or 
650 mg). Values of the log-transformed PK parameters area 
under the concentration-time curve from time zero to the last 
measurable concentration (AUC 0-t), AUC from time zero to 
infinity (AUC 0-∞), and peak plasma concentrations (Cmax) 
for the ratio PL-ASA to immediate-release aspirin were used 
to determine whether the two formulations were bioequiva-
lent according to FDA guidance standards.

In this study, the 325 mg and 650 mg doses of PL-ASA 
were both bioequivalent to immediate-release aspirin, with 
the mean log-transformed salicylic acid values for AUC 0-t, 
AUC 0-∞, and Cmax and 90% confidence intervals (CIs) for 
each were within the 80–125% range required by the FDA 
(Table 2). These data were the basis of PL-ASA approval as 
an immediate-release aspirin product.

PK analysis of acetylsalicylic acid levels performed for 
bioequivalence showed that the 90% CIs for the mean log-
transformed acetylsalicylic acid ratio for AUC 0-t and AUC 
0-∞ were within the 80–125% range for both the 325 and 

650 mg doses, although the 90% CI for Cmax for both dosing 
regimens was outside this range.

Slight differences in PK parameters reflected a difference 
in the rate of absorption between PL-ASA and immediate-
release aspirin dosing, likely due to differences in the dis-
solution rates of the tablets or capsules of the comparators. 
As noted previously, acetylsalicylic acid is rapidly converted 
to salicylic acid by hydrolysis and first-pass metabolism. 
Therefore, the Cmax of acetylsalicylic acid is extremely sensi-
tive to minor variations in disintegration of the formulations, 
while plasma concentrations of salicylic acid are relatively 
stable. Overall, this PK study supported the finding of PL-
ASA as bioequivalent to immediate-release aspirin.

This study also evaluated bioequivalence with respect 
to PD parameters related to COX-1 inhibition, namely the 
inhibition of TxA2 production. The more stable metabolic 
product of TxA2, TxB2, was measured. TxB2 measure-
ments were taken at baseline and 2, 4, 6, 8, 10 and 24 h; and 
samples for LTA were taken at 6 and 24 h after study drug 
administration. Additionally, samples were taken at base-
line and at 6 and 24 h after study drug administration for 
assessment of inhibition of platelet aggregation induced by 
arachidonic acid and by collagen.

The mean concentration of TxB2 over time following 
dosing with PL-ASA and immediate-release aspirin were 
similar. The minimum plasma concentration (Cmin; TxB2) 
values for both comparators were below 3.1 ng/mL, which 
has been associated with a decreased occurrence of major 
adverse CV events in patients taking aspirin for cardiopro-
tection [18]. The ratios of inhibition parameters for PL-ASA 
and immediate-release (plain) aspirin demonstrate bioequiv-
alence of the two formulations (Table 3).

Light transmittance platelet aggregometry, perfomed at 
baseline and 6 and 24 h after study drug administration, 
found > 99% inhibition for both PL-ASA and plain aspirin 
at both 6 and 24 h, further confirming the PD effect of PL-
ASA compared with plain aspirin.

Therefore, this study found that PL-ASA and immediate-
release aspirin are bioequivalent from both a PD and PK 
perspective.

Study of Food Effect on PL-ASA [49] This study was an 
investigation of the effect of food on the bioavailability of 
acetylsalicylic acid and its more stable metabolite, salicylic 
acid, from a single 650 mg dose of PL-ASA in support of 
the original NDA. At this dose level, food did not affect the 
bioavailability of salicylic acid; there was a modest effect on 
acetylsalicylic acid parameters.

A total of 20 healthy volunteers completed this open-
label, randomized, two-way crossover, single-center study 
that compared the PK of salicylic acid after a single 650 mg 
PL-ASA dose in fed and fasted states. Healthy individuals 
were randomly assigned to receive the first dose in either the 
fed or fasted state. Those assigned to the fed group received 
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PL-ASA 30 min after a high-fat meal (i.e., 50% of the caloric 
content from fat). Subjects assigned to the fasted state 
received treatment after an overnight (10-h) fasting period. 
Plasma samples were collected for 24 h after dosing. After 
a washout period of at least 7 days, individuals were crossed 
over to the alternate treatment.

Administration of PL-ASA with a high-fat meal resulted 
in a small decrease in salicylic acid levels and a later peak 
concentration, but without a significant effect on systemic 
exposure (AUC). Acetylsalicylic acid levels also showed that 
food reduced and delayed the peak concentration, but again 
without impacting the overall exposure (AUC). Overall, 
these results are consistent with the acknowledgement for 
regulatory purposes that the rate of absorption of aspirin 
from the GI tract is dependent on the presence or absence of 
food, among other factors, but requires no change in dosing 

with respect to consumption of a meal (US 21 CFR 343.80). 
This finding is also consistent with the effects of food on 
aspirin bioavailability as reported in the American Hospital 
Formulary Service (AHFS) Drug Information publication, 
which states that food decreases the rate but not the extent 
of absorption.

Absorption Compared with Enteric Formulation [10] A 
second PK/PD study evaluated the pharmacologic parame-
ters of immediate-release, enteric-coated, and PL-ASA aspi-
rin formulations in 40 obese patients with diabetes mellitus. 
The study was a randomized, single-blind, triple-crossover 
design. Inclusion criteria included age between 21 and 80 
years, body mass index of between 30 and 40 kg/m2, and 
type 2 diabetes mellitus not requiring insulin, while history 
of CV disease was an exclusion. Subjects received 325 mg 
of one of the formulations, administered for 3 days in each 

Fig. 5  Pharmacokinetic bio-
equivalence study of PL-ASA 
and IR (plain) aspirin. Values 
over time of acetylsalicylic acid 
and salicylic acid in plasma 
after a single dose of 325 or 
650 mg of PL-ASA. Source: 
Angiolillo et al. [48]. PL-ASA 
phospholipid-aspirin complex, 
IR-ASA immediate-release 
aspirin
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treatment period, with a 2-week washout period between 
treatments.

Measurements of drug concentration parameters found 
that enteric-coated aspirin had lower Cmax and AUC t values 
and needed longer to reach Cmax compared with the plain 
aspirin or PL-ASA formulations. The Cmax and AUC 0-t val-
ues for PL-ASA were similar to that of plain aspirin, but 
about 2.3- and 4.5-fold higher than those of enteric-coated 
aspirin (p < 0.0001) (Table 4 and Fig. 6)

This study also evaluated the PD properties of the 
three different aspirin formulations by measuring the time 
required to achieve complete (> 99%) inhibition of TxB2 

production following 3 days of treatment. The main PD find-
ing was that enteric-coated aspirin differed from the other 
two formulations and required significantly longer time to 
achieve a complete response (Fig. 7).

In addition to the longer time to complete response, the 
percentage of patients never achieving a complete response 
was also higher for enteric-coated aspirin compared with 
the immediate-release and PL-ASA formulations (52.8%, 
15.8%, and 8.1%, respectively; p < 0.001 for both com-
parisons vs. enteric-coated aspirin; p = 0.30 for compari-
son between plain aspirin and PL-ASA). When looking at 
absolute serum  TxB2 levels after 3 days of therapy, 56% of 
subjects had > 3.1 ng/mL after taking enteric-coated aspirin, 
compared with 18% and 11% of subjects after administra-
tion of plain aspirin and PL-ASA, respectively (p < 0.0001). 
As Fig. 8 illustrates, there was also marked interindividual 
variability in the response to aspirin over the dosing period.

5  Population Pharmacokinetics/
Pharmacodynamics

5.1  Weight

Two randomized crossover studies that included obese dia-
betic patients who received 325 mg of PL-ASA or enteric-
coated aspirin each day for 3 days were pooled [60]. The 
increased sample size of the pooled dataset allowed a dedi-
cated analysis of the potential impact of weight on the PD 
profile of the two aspirin formulations.

A total of 97 patients were included in the analysis, with 
183 samples (EC-ASA, n = 91; PL-ASA, n = 92). Regres-
sion analysis showed that weight was inversely associated 
with the extent of TxB2 inhibition in the aggregate popula-
tion; the trend line crossed the threshold for complete aspirin 

Table 2  PK bioequivalence ratios of PK parameters for salicylic acid 
concentrations of PL-ASA and (plain) IR-ASA at 325 and 650 mg 
doses

Source: Angiolillo et al. [48]
AUC  area under the concentration-time curve, AUC 0-t  AUC from 
time  0  to the  time t of the last measurable concentration, AUC 0-∞ 
AUC from time zero to infinity, Cmax peak plasma concentration, CI 
confidence interval, IR-ASA immediate-release aspirin,  PK pharma-
cokinetic, PL-ASA phospholipid-aspirin complex
a Ratio = 100 × geometric mean (PL-ASA)/geometric mean (IR-ASA)
b 90% confidence interval on the ratio of PL-ASA to IR-ASA
c ANOVA p-value for the difference in the treatment estimates

Ratio (%)a 90%  CIb p  valuec

Salicylic acid parameters, 325 mg dose (n = 13)
 Cmax, ng/mL 104 92–117 0.59
 AUC 0-t, ng×min/mL 97 89–104 0.43
 AUC 0-∞, ng×min/mL 98 91–106 0.62

Salicylic acid parameters, 650 mg dose (n = 14)
 Cmax, ng/mL 106 97–115 0.25
 AUC 0-t, ng×min/mL 98 93–103 0.44
 AUC 0-∞, ng×min/mL 99 95–103 0.65

Table 3  Summary of the log-
normalized ratio of PL-ASA 
to IR-ASA for statistics based 
on inhibition of TxB2 (325 and 
650 mg doses)

Source: Angiolillo et al. [46]
ANOVA analysis of variance, AUC 0-t area under the curve from time zero to the last measurable concentra-
tion, CI confidence interval, Imax maximum inhibition, inh inhibition, IR-ASA immediate-release aspirin, 
PL-ASA phospholipid-aspirin complex, TxB2 thromboxane B2
a Values are geometric means
b Ratio = 100 × geometric mean (PL-ASA)/geometric mean (IR-ASA)
c 90% confidence interval on the ratio of PL-ASA to IR-ASA
d p value for the difference in the treatment estimates; significant difference is defined as a p value < 0.05

PL-ASAa IR-ASA Ratiob (%) 90%  CIc ANOVA
P  valued

325 mg dose
 AUC 0-t (% inh×min) 125,379.4 125,241.6 100.28 98.88–101.69 0.6702
 Imax (%) 99.9 100.0 99.94 99.81–100.07 0.4281

650 mg dose
 AUC 0-t (% inh×min) 125,078.9 123,921.1 100.56 97.00–104.26 0.7536
 Imax (%) 100.0 100.0 100.0 100.00–100.00 –
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response, that is 99% TxB2 inhibition, at 117 kg. The inverse 
relationship of TxB2 inhibition and weight was present with 
both formulations, however the association was more pro-
nounced with enteric-coated aspirin, where the trend line 
crossed the threshold at 95 kg compared with PL-ASA, 
when that did not occur until a much higher weight of 131 
kg (p < 0.001).

Predictable absorption greatly mitigates the impact of 
weight for the vast majority of patients by driving the risk 
of incomplete platelet inhibition to the left by about 30 kg 
(i.e. the problem is evident with patients over 90 kg with 
enteric-coated aspirin but not until > 120 kg with PL-ASA. 
This has important epidemiological implications as it affects 
a very large portion of the target patients [61].

5.2  PL‑ASA: Limitations and Future Directions

Studies to date have used PL-ASA mostly at the 325 mg 
dose. However, the most commonly used dose for secondary 
prevention of CV events is 81 mg. Although the pharmaco-
logic profile is expected to be the same for both doses, future 
studies for PL-ASA are needed to confirm the PK and PD 
profile discussed in this review (NCT04811625). Moreover, 
the available evidence on the degree of GI injury associated 
with PL-ASA is limited to short-term treatment, and the 
GI effects associated with long-term use remains unknown. 
Additional studies could include registries to explore the 
impact of this new formulation on gastric symptoms such 
as dyspepsia, which is a common reason for non-adherence.

Table 4  Comparison of acetylsalicylic acid PK parameters

Source: Bhatt et al. [10]
Data are expressed as mean (N) or mean ± SD (N)
AUC 0-t area under the curve from time zero to the time t of last measurable concentration, Cmax peak plasma concentration, EC enteric-coated, 
LS least squares, PL-ASA phospholipid-aspirin complex, SD standard deviation, Tmax time to maximum acetylsalicylic acid concentration
a The p values were assessed by using a mixed-effects model, with sequence, period, and treatment as fixed effects and patient as a random effect

Plain aspirin 
325 mg
[n = 35]

PL-ASA 
325 mg
[n = 37]

EC aspirin 325 mg
[n = 36]

p  valuea

PL-ASA vs. 
EC aspirin

p  valuea plain vs. 
EC aspirin

p  valuea 
PL-ASA vs. 
plain

Cmax, ng/mL Geometric LS 1442.47 (35) 1803.18 (37) 538.93 (29) < 0.0001 < 0.0001 0.2538
AUC 0-t,
ng×h/mL Geometric LS

1963.7 (35) 2523.1 (37) 455.8 (29) < 0.0001 < 0.0001 0.1375

Tmax, h 1.1 ± 0.4 (35) 1.3 ± 0.6 (37) 3.5 ± 1.2 (29) < 0.0001 < 0.0001 0.3275

Fig. 6  Pharmacokinetics of 
plain aspirin, enteric-coated 
aspirin, and PL-ASA. Values 
over time of acetylsalicylic 
acid in plasma for plain aspirin, 
PL-ASA, and enteric-coated 
aspirin. P-values for the com-
parison at each time point of 
pharmacokinetic curves were 
calculated by using the ‘p value 
from the two-sample Student’s 
t test. Source: Bhatt et al. [10]. 
EC enteric-coated. PL-ASA 
phospholipid-aspirin complex

2500

2000

1500

1000

500

0
0 1 2 3 9

Pl
as

m
a 

A
ce

ty
ls

al
ic

yl
ic

 a
ci

d(
ng

/m
l)

PL- ASA, 325 mg, N=37
Plain Aspirin, 325 mg,N=35
EC Aspirin, 325 mg, N=36

*
*

*

4 5 6 7 8

Time (Hr)

*Time points at which plasma acetylsalicylic acid (ASA) levels associated with EC aspirin were  significantly
different (p<0.0001) from those after dosing of PL-ASA and plain aspirin.



476 D. J. Angiolillo et al.

Fig. 7  Time to complete  TxB2 
inhibition. PL-ASA and plain 
aspirin had faster times to >99% 
inhibition of  TxB2 formation 
compared with enteric-coated 
aspirin. P-values were calcu-
lated using a mixed-effects 
model. In the event a given 
patient did not reach the 99% 
inhibition within 72 h after 
the initial dose, time to 99% 
inhibition was imputed as 
72 h. Source: Bhatt et al. [10]. 
PL-ASA phospholipid-aspirin 
complex, TxB2 thromboxane 
B2, EC enteric-coated, LS least 
squares
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6  Conclusions

Aspirin remains the cornerstone therapy for the lifelong 
prevention of recurrent CV events. While plain, uncoated 
aspirin may be used in acute settings to help assure rapid 
absorption, enteric-coated aspirin formulations dominate 
current chronic use, including for secondary prevention of 
CV events. The unmet needs with current aspirin formula-
tions include a high risk of GI adverse events with plain 
aspirin, which enteric-coated formulations are not able to 
overcome. Enteric-coated formulations are also subject to 
erratic absorption leading to reduced drug bioavailability. 
These observations indeed underscore the need for aspirin 
formulations with a more favorable safety and efficacy pro-
file. PL-ASA is a novel formulation, recently approved by 
the FDA, designed to address these needs. The combination 
of predictable aspirin delivery and effective platelet inhi-
bition compared with enteric-coated aspirin with reduced 
acute direct GI injury compared with plain aspirin makes 
PL-ASA a potentially attractive treatment option. Future 
clinical studies are warranted to assess the comparative phar-
macologic effects of PL-ASA at the 81 mg dosing regimen 
with the most commonly utilized enteric-coated formulation 
at the same dose. An understanding of the long-term safety 
profile, particularly at the GI level, is also important as cur-
rent data are limited to acute assessments. Future studies 
should evaluate whether the advantages of this novel for-
mulation can translate into improved clinical outcomes for 
the tens of millions of patients who require lifelong aspirin 
therapy.
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