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Objective: To investigate the impact of albumin levels on the aspirin efficacy, since aspirin inhibits platelet aggregation (PA) by cyclooxygenase one irreversible acetylation that is less effective in patients with type 2 diabetes mellitus (T2DM).
Patients and Methods: A total of 612 aspirin (100 mg/day)-treated T2DM patients were followed-up for 54.4 ± 7.3 months. The primary endpoint, a composite of cardiovascular events (CVEs) including CV death, myocardial infarction, ischemic stroke and coronary revascularization, was analysed according to baseline values of serum albumin (≥ or < 3.5 g/dL). Serum thromboxane (Tx)B2 was also measured.
Results: 250 (40.8%) patients had serum albumin < 3.5 g/dL; these patients were overweight and had higher values of fibrinogen (p = 0.009), high sensitivity C-reactive protein (p = 0.001) and fasting plasma glucose (p < 0.0001) compared to those with albumin ≥ 3.5 g/dL. During follow-up, 86 CVEs were recorded, 49 and 37 in patients with serum albumin < or ≥3.5 g/dL, respectively (p = 0.001). At multivariable Cox regression analysis, serum albumin < 3.5 g/dL (hazard ratio [HR] 1.887, 95% confidence interval [CI] 1.136–3.135, p = 0.014), age (HR 1.552 for every 10 years, 95%CI 1.157–2.081, p = 0.003), fasting plasma glucose (HR 1.063, 95%CI 1.022–1.105, p = 0.002) and beta-blocker use (HR 0.440, 95%CI 0.270–0.717, p = 0.001) were associated to CVEs. Serum TxB2 levels (n = 377) were 0.32 ± 0.12 and 0.24 ± 0.12 ng/ml in patients with albumin < or ≥ 3.5 g/dL, respectively (p < 0.001).
Conclusion: In T2DM patients, the efficacy of aspirin varies according to albumin levels. Hypoalbuminemia associated with impaired TxB2 inhibition and an increased risk of long-term CVEs.
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INTRODUCTION
Patients with type II diabetes mellitus (T2DM) are at increased risk of atherosclerotic disease and its thrombotic complications (Wright et al., 2020). Several mechanisms contribute to the increased atherothrombotic disease manifestations, such as myocardial infarction and stroke, in patients with T2DM, including their pro-thrombotic status consequent to activation of platelets (Morel et al., 2013).
These observations underscore the importance of antiplatelet therapies to mitigate such risk. Low-dose aspirin (81–100 mg/day), which irreversibly inhibits cyclooxygenase (COX)-1 and preventing the biosynthesis of thromboxane B2 (TxB2), is the most used antiplatelet agent to prevent acute cardiovascular events (Mora and Manson, 2016). Studies conducted in high-risk patients with established atherosclerotic disease have consistently shown that aspirin treatment is associated with a reduced risk of cardiovascular events, albeit at the expense of an increased risk of bleeding (Zheng and Roddick, 2019).
However, the benefit of aspirin is less evident for primary prevention in T2DM patients (Bowman et al., 2018; Capodanno and Angiolillo, 2020; Angiolillo and Capodanno, 2021). Impaired COX-1 inhibition, also referred to as “aspirin resistance”, is detectable in aspirin-treated patients with T2DM and associated with worse outcomes (Eikelboom et al., 2008). However, the mechanisms underlying such “aspirin resistance” in patients with T2DM have not been fully elucidated, and it is not clear if it depends on factors intrinsic or extrinsic to the platelet. Indeed, accelerated platelet turnover rates in T2DM which would hamper the benefits of aspirin, characterized by limited circulating half-life, when given once daily, may have a contributing role (Santilli et al., 2015; Santos-Gallego and Badimon, 2021). These observations have suggested that twice daily administration of aspirin may lead to more effective platelet inhibitory effects, although this has not been tested clinically (Capodanno et al., 2011; Santos-Gallego and Badimon, 2021). However, other factors may also be involved.
Albumin is an acute phase reactive protein with antioxidant and antiplatelet activity in vitro (Belinskaia et al., 2020). We have previously reported that albumin dose-dependently inhibits platelet aggregation with a Nox2-related oxidative stress mechanism in vitro and that its supplementation in human impairs platelet aggregation (Basili et al., 2019). Also, previous studies reported that serum albumin <3.5 g/dL is associated with an increased risk of arterial and venous thrombosis (Chi et al., 2019; Pignatelli et al., 2020; Ronit et al., 2020) but the biological plausibility of this association as well as its impact with the clinical efficacy of antiplatelet drugs such as aspirin has not been elucidated. Based on these observations, we assessed if COX-1 inhibition mediated by aspirin could be impaired in the presence of hypoalbuminemia resulting in lower clinical efficacy. We performed an observational cohort study to assess the relationship between albumin serum levels and cardiovascular events in aspirin-treated T2DM patients.
METHODS
Study Population
From the entire study cohort of the CATAnzaro Metabolic RIsk factors (CATAMERI) Study, an ongoing longitudinal observational study assessing cardio-metabolic risk in individuals, recruited at the University Hospital of Catanzaro. Recruitment mechanisms include word-of-mouth, fliers, and newspaper advertisements. All subjects were consecutively recruited according to the following inclusion criteria: age >18 and positivity for one or more cardio-metabolic risk factors including family history of diabetes, dysglycemia, hypertension, dyslipidemia, and overweight/obesity (Andreozzi et al., 2007). Patients recruited between January 2006 and December 2014 (n = 1,658) completed a 5-years follow-up visit. Of these, 612 patients had T2DM, without a previous cardiovascular event, on treatment with low-dose-aspirin and with available serum albumin levels.
All patients underwent an assessment of their past medical history to assess the presence of cardiovascular risk factors and medical treatment. Moreover, complete anthropometrical assessment and measurement of height, weight, and body mass index (BMI) was performed.
At baseline, subjects were excluded if they had previous diagnosis of type 1 diabetes, a history of cardiovascular disease, chronic gastrointestinal or autoimmune diseases, history of any malignant disease and alcohol or drug abuse, liver, or kidney failure. At baseline all subjects had an estimated glomerular filtration rate (e-GFR) > 60 ml/min/1.73 m2 and none had a diagnosis of nephrotic syndrome.
T2DM was defined according to the American Diabetes Association (ADA) criteria: HbA1c ≥ 6.5% (48 mmol/mol), fasting plasma glucose (FPG) ≥126 mg/dL (7 mmol/L), 2-h post-load glucose ≥200 mg/dL (11.1 mmol/L) or use of glucose-lowering medications (American Diabetes Associa, 2015).
The study was approved by the local Institutional Ethics Committees of University “Magna Graecia” of Catanzaro. Written informed consent was obtained from each subject in accordance with principles of the Declaration of Helsinki.
Laboratory Determinations
All laboratory measurements were performed after at least 12 fasting hours. Serum albumin was measured with a colorimetric spectrophotometric method (Bromocresol green), ALT and AST by pyridoxal phosphate activated (liquid reagent) and γ-GT was evaluated by standardized against Szasz (COBAS Integra 800—Roche Diagnostics GmbH, Mannheim, Germany).
Plasma glucose was determined by the glucose oxidase method (Glucose analyzer, Beckman Coulter, Milan). Triglycerides, low and high-density lipoprotein (LDL, HDL) and cholesterol concentrations were measured by enzymatic methods (Roche Diagnostics GmbH, Mannheim, Germany). Plasma insulin was determined by a chemiluminescence-based assay (Immulite®, Siemens Healthcare, Italy).
Insulin Resistance was estimated by calculation of homeostasis model assessment (HOMA) index, derived from the fasting glucose and insulin concentrations according to the formula: HOMA = [insulin (μU/mL) × glucose (mmol/L)]/22.5.
High sensitivity C reactive protein (hsCRP) levels were measured in plasma samples with an automated instrument by a quantitative method through the use of mouse monoclonal antibodies (CardioPhase® hsCRP, Siemens Healthcare, Italy).
Serum creatinine was evaluated by the Roche Creatinine Plus assay (Ho_man-La Roche, Basel, Switzerland) on a clinical chemistry analyser (Roche/Hitachi Modular Analytics System, P Module). Renal function, assessed by e-GFR, was calculated according to the equation suggested by the Chronic Kidney Disease Epidemiology (CKD-EPI) Collaboration group (Levey et al., 2009). Serum uric acid was measured by the URICASE/POD method on an automated analyser (Boehringer Mannheim, Mannheim, Germany).
Serum Thromboxane
Blood samples to measure biomarkers of platelet activation were obtained within 24 h of admission. Samples were taken from patients who had fasted for at least 12 h. Serum was separated by centrifugation and frozen at −80°C until use. Serum TxB2 was measured using an enzyme-linked immunosorbent assay commercial kit (R and D Systems, Inc., Minneapolis, Minnesota) and expressed as nanograms per millilitre. Intra- and inter-assay coefficients of variation for the TxB2 assay kit were 5.9 and 8.9%, respectively.
Follow-Up and Cardiovascular Events
Clinical follow-up was performed by outpatient clinical visits or hospitalization and by a telephone questionnaire. Complete data were available for all participants. At the time of the follow-up visit, none of the patients reported a history of bleeding. Regarding clinical events a validation by source data (hospital records, death certificates or other original documents) was required. Fatal and non-fatal acute myocardial infarction (AMI) and stroke, unstable angina, coronary revascularization procedures performed not in emergency conditions (percutaneous interventions and bypass graft surgery), cardiovascular death or death for any cause were considered as clinical events. Adjudication of events was performed by three investigators (FA, ES, and AS) who were unaware of baseline serum albumin. AMI occurrence was defined according to the criteria of the European Society of Cardiology/American College of Cardiology Foundation/American Heart Association/World Heart Federation (Thygesen et al., 2007). Stroke diagnosis was based on the sudden onset of a new neurological deficit persisting for at least 24 h and confirmed by radiological findings (Adams et al., 2007). The primary endpoint was defined as the occurrence of cardiovascular events (CVEs), including cardiovascular death, AMI, ischemic stroke, and coronary revascularization procedure.
Statistical Analysis
Unpaired Student’ t-test was utilized to test the differences between clinical and biological data when expressed as continuous variables and the χ2 test was considered for categorical variables. Data are expressed as mean ± standard deviation (SD) or as percent frequency. Event rate is reported as the number of events per 100 patient-year, in this context the date of censorship was defined as the first clinical event for patients who experienced multiple events and as the last contact for patients without. Survival curves according to serum albumin levels cut-off value were estimated by using the Kaplan–Meier product-limit method and compared by using the Mantel (logistic rank) test.
The effect of several prognostic factors on CVEs was evaluated by using a Cox regression model, considering the following variables: serum albumin as dichotomous value (<3.5 or ≥3.5 g/dL), age, BMI, HDL-cholesterol, hs-CRP, sex, smoking, FPG, fibrinogen, diabetes duration and the different pharmacological treatments. The multiple Cox regression model was built by considering all variables significantly associated with the incident risk of CVEs at univariable Cox regression analysis. We provided a Cox model of adequate statistical power (at least 10 events for each variable included in the final model). Data are expressed as hazard ratio (HR) and p value. In two-tailed tests, a value of p < 0.05 was considered statistically significant. The statistical analysis was performed using the statistical package SPSS 20.0 for Windows (SPSS Inc., Chicago, Illinois, United States).
RESULTS
The mean age of the overall study population was 60.4 ± 10.3 years and 44.4% were women (Table 1). The mean duration of diabetes was 5.1 ± 1.3 years. Mean serum albumin was 4.0 ± 0.8 g/dL. Serum levels of albumin <3.5 g/dL was encountered in 250 (41%) patients. Table 1 reports clinical characteristics of the study cohort according to serum albumin levels (<or ≥3.5 g/dL). Patients with low serum albumin were more frequently obese (p < 0.0001), with lower HDL cholesterol (p = 0.043), higher fibrinogen (p = 0.009) and hs-CRP (p = 0.001) (Table 1). No differences between the two groups were observed in metabolic control, as assessed by HbA1c levels, HOMA insulin resistance index, eGFR or liver enzymes. Overall, nearly 70% of patients were treated with anti-hypertensive drugs, 58.5% were on oral antidiabetic drugs, 17% on insulin and the remaining 24.5% of the diabetic patients were on diet therapy. Of interest, even though enrolled patients showed a high CV risk, only 54% were on statin therapy at baseline. However, there were no differences in treatment with statin in the two groups in study (Table 2). Diabetic patients in study were on treatment only with metformin or sulfonylureas and there were no differences in distribution of oral hypoglycemic drugs or cardioprotective drugs in the two groups (Table 2).
TABLE 1 | Baseline characteristics of the study population according to serum albumin levels.
[image: Table 1]TABLE 2 | Drug treatment of the study population according to serum albumin levels.
[image: Table 2]Low Serum Albumin and CVEs
During a mean follow-up of 54.4 months, 86 CVEs were recorded (incidence rate 3.10%/100 patient-year): 49 and 37 in the group of patients with serum albumin < and ≥3.5 g/dL, respectively (Log Rank test p < 0.0001, Figure 1). Table 3 reports the number and type of event in each study group.
[image: Figure 1]FIGURE 1 | Adjusted Kaplan-Meier estimates of the cardiovascular events, according to the cut-off value of serum albumin.
TABLE 3 | Clinical events in the study population according to serum albumin levels.
[image: Table 3]The incidence rates of CVEs (4.39 vs 2.24%/100 patient-year) and of coronary events (fatal/non-fatal AMI and coronary revascularization) (3.31 vs 1.69%/100 patient-year) were nearly doubled in patients with low serum albumin (Table 3).
Mean value of serum albumin was 3.8 ± 0.8 g/dL in patients with and 4.1 ± 0.7 g/dL in patients without CVEs during follow-up (p = 0.011). At univariable (Table 4, Panel A) and multivariable (Table 4, Panel B) Cox regression analysis, low serum albumin was associated with CVEs (HR 1.887, p = 0.014), along with age (HR 1.552 for every 10 years, p = 0.003), FPG (HR 1.063, p = 0.002) and beta-blockers (HR 0.440, p = 0.001).
TABLE 4 | Univariable (panel A) and multivariable (panel B) Cox regression analysis for cardiovascular event occurrence (albumin as dichotomous variable).
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The relationship between platelet biosynthesis of TxB2 and albumin levels was measured in 377 out of 612 patients. There were no differences in baseline characteristics compared with the entire cohort (data not shown). Mean serum TxB2 levels were 0.27 ± 0.12 ng/ml. Serum TxB2 was 0.32 ± 0.12 and 0.24 ± 0.12 ng/ml in patients with albumin < or ≥3.5 g/dL, respectively (p < 0.001). Serum albumin was inversely associated with serum TxB2 values above the median (univariable odds ratio 0.52, 95%CI 0.39–0.69, p < 0.001).
DISCUSSION
The present investigation aimed at assessing the impact of serum albumin levels on long-term outcomes in a cohort of aspirin-treated T2DM subjects without overt cardiovascular disease, showing hypoalbuminemia to be associated with an enhanced risk of cardiovascular events. Furthermore, we found impaired COX-1 inhibition in patients with low serum albumin, as shown by increased serum levels of TxB2 despite aspirin treatment. Interesting, our study showed a prevalence of hypoalbuminemia as high as 41% using a cut-off of 3.5 g/dL in our cohort of T2DM patients. An even higher prevalence, i.e,. 70.4%, has been previously reported in 280 patients affected by T2DM using <40 g/L as cut-off to define hypoalbuminemia (Marlow et al., 2011). The reason for hypoalbuminemia in T2DM may be multiple including loss of albumin for concomitant kidney disease, liver disease or infections (Gupta and Lis, 2010; Lyons et al., 2010). As albumin is an acute reactant protein, it is usually reduced during infections. According with this, respiratory infections activate platelets, increase TxB2, and increase the myocardial infarction risk (Santos-Gallego and Badimon, 2014); however, patients with acute infectious disease were excluded by the present study. Patients with T2DM are also characterized by chronic inflammation (Shoelson et al., 2006) and lower albumin is likely to be an epiphenomenon of inflammatory status as suggested by the significant increase of hs-CRP and fibrinogen in patients with serum albumin <3.5 g/dL. Kidney and hepatic diseases seem to have a minor role as no relationship was detected between hypoalbuminemia, glomerular filtration rate and transaminases. However, further studies are necessary to assess if macro/micro albuminuria, not assessed in the present study, has also a contributing role.
During a follow-up of approximately 54 months, 86 patients experienced CVEs resulting in a 3.1% annualized event rate. However, in patients with hypoalbuminemia the incidence of CVEs was approximately 2-fold higher (4.39%/100 patient-year) compared to those with normal albumin levels (2.24%/100 patient-year). The difference in incidence of CVEs was driven by coronary events while total mortality and stroke were not different between the two groups. The close association between serum albumin and CVEs was supported by the multivariable Cox proportional hazards regression analysis which confirmed an independent association between low serum albumin and CVEs.
Findings from the present study add to previous evidence showing that platelet resistance to aspirin in T2DM is dependent on several factors including the variable recovery of platelet cyclooxygenase activity (Rocca et al., 2012) and oxidative stress-mediated platelet isoprostane overproduction (Cangemi et al., 2012). However, the clinical impact of these functional changes is still unknown. Indeed, our observation that in aspirin-treated patients the coexistence of low albumin levels significantly impairs the clinical efficacy of aspirin, suggests a new mechanism potentially contributing to the aspirin resistance in patients with T2DM (Figure 2). We focused on albumin as previous studies showed that albumin binds arachidonic acid released by PLA2-activation, which, in turn is no longer available for TxA2 biosynthesis or directly binding TxA2 (Maclouf et al., 1980; Porcellati et al., 1995). Our group supported and extended these reports by showing that albumin dose-dependently lowers platelet aggregation with a mechanism related to its antioxidant effect; this finding was substantiated by an interventional study in patients with low serum levels of albumin in whom intravenous administration of albumin significantly reduced platelet aggregation (Basili et al., 2019).
[image: Figure 2]FIGURE 2 | Albumin lowers platelet aggregation. High albumin levels improve the clinical efficacy of aspirin by binding arachidonic acid released by PLA2-activation. This results in a decreased of platelet TxA2 production which in turn is no longer available for platelet activation (AA, Arachidonic Acid; COX-1, cyclooxygenase-1; PLA2, Phospholipase A2; TxA2, Thromboxane A2).
To further address this issue, we analysed serum levels of TxB2, which reflects platelet biosynthesis of TxA2, in samples taken from a sub-group of the entire cohort having serum albumin < or ≥3.5 g/dL. In this cohort, serum levels of TxB2 were 0.27 ng/ml which is consistent with serum TxB2 levels detected in a population of patients with T2DM on chronic treatment with aspirin (Rocca et al., 2012). However, significantly higher levels of serum TxB2 were detected in patients with serum albumin <3.5 g/dL compared with those having albumin ≥3.5 g/dL, suggesting impaired COX-1 inhibition in hypo-albuminemic T2DM aspirin-treated patients. A previous study showed an inverse relationship between platelet activation and serum albumin <3.5 g/dL in patients affected by stable coronary artery disease but data regarding COX-1 inhibition as well as its impact with clinical outcomes was not investigated (Shiyovich et al., 2020).
We cannot also exclude that the efficacy of aspirin may be modified by the serum levels of albumin. Thus, albumin binds many circulating drugs, including non-steroidal anti-inflammatory drugs, potentially modulating their efficacy (Koch-Weser and Sellers, 1976). However, a previous study showed that aspirin efficacy is not modified by protein concentration (Warner et al., 2006). In addition, interactions with strong competitors for albumin binding may also affect aspirin efficacy.
Study Limitation and Implication
The present investigation did not assess the mechanisms of reduced levels of serum albumin, which are likely to be multifactorial in T2DM. The inverse association of albumin with hs-CRP is consistent with the anti-inflammatory properties of albumin and its consumption with chronic inflammation, that may complicate the clinical course of diabetes. Loss of albumin from the kidney or detrimental changes of nutritional status can also contribute to low serum albumin and should be investigated. Our study measured serum albumin levels only at baseline and did not assess whether increasing albumin serum levels could result in an improved response to aspirin and eventually CVEs lowering; this issue deserves further investigations. Compliance to aspirin and other pharmacological treatment was assessed only by telephone contacts and scheduled clinical visits that patients made at the referral center as reported in own medical records. Despite platelet TxB2 reflects platelet activation, we did not measure other markers of platelet activation such as soluble P-selectin, which reflects in vivo platelet activation. Finally, the measurements of albumin levels at the beginning of the study and the lack of a control group are other limitations of the study. Even if our findings cannot be extrapolated to subjects without T2DM, analysis of serum levels of albumin may be proposed as novel tool to assess the antiplatelet activity of aspirin in patients with putative hypoalbuminemia.
CONCLUSION
In conclusion, we provide evidence that a considerable proportion of patients with T2DM exhibits low serum levels of albumin. Importantly, patients with this laboratory feature display impaired COX-1 inhibition by aspirin and experience a higher rate of cardiovascular events. This study gives new insights to the understanding of the reduced effectiveness of aspirin in T2DM and provides a rationale for an interventional trial to assess if albumin supplementation may improve aspirin responsiveness and positively affect the risk of experiencing a future cardiovascular event.
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