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Abstract 
Abdominal aortic aneurysm (AAA) is often associated with vascular calcification, the calcium-phosphate crystal deposition 
in the aortic wall, which could impact aneurysm progression and/or stability. Tissue-nonspecific alkaline phosphatase (TNAP) 
hydrolyzes pyrophosphate—a natural inhibitor of calcification—thereby promoting calcium deposition. This study analyzes 
phosphatase activity and pyrophosphate dynamics in the plasma of AAA patients, randomly selected from the whole VIVA 
cohort, including controls (n = 48, aortic diameter in < 30 mm) and small AAA patients (n = 96, aortic diameter 30–55 mm), 
which were stratified by growth rate (low < 2 mm/year or high > 2 mm/year, n = 48 in each group), initially adjusted by aortic 
diameter. The phosphatase activity was assessed at physiological (7.4) and optimal (10.5) pH levels. Phosphatase activity 
was significantly higher in AAA patients at physiological pH, a pattern absent at optimal pH, suggesting disease-specific 
alterations. Small AAA patients showed notably higher phosphatase activity and pyrophosphate hydrolysis than controls at 
physiological pH. An inverse correlation was also observed between phosphatase activity and aortic growth rate.

Key messages
• �Increased alkaline phosphatase activity was detected in heparin-plasma samples from patients with abdominal aortic 

aneurysm at physiological pH (7.4), but not under optimal experimental conditions (pH 10.5), suggesting a disease-related 
effect that may reflect processes occurring in vivo.

• �Concentrations of tissue-nonspecific alkaline phosphatase in heparin-plasma samples remained unchanged, despite 
increased hydrolysis of pyrophosphate, a key inhibitor of vascular calcification.

• �Pyrophosphate hydrolysis in heparin-plasma samples correlated inversely with aortic growth rate in abdominal aortic 
aneurysm patients.
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Introduction

Abdominal aortic aneurysm (AAA) is a chronic dilatation 
of the aorta (> 30 mm) in its infrarenal portion, accounting 
for 80–90% of all types of aneurysms [1]. Among cardio-
vascular risk factors, advanced age (over 65 years), male sex 
(75%), smoking (85% past/present smokers), and increased 
body mass index (BMI) have been associated with AAA 
[2]. Rupture of AAA has a mortality rate of approximately 
80% [3]. The sole treatment capable of preventing rupture 
is surgical or endovascular repair. In the case of AAA, this 
is indicated if the diameter exceeds 55 mm. Thus, for those 

patients with an aortic diameter between 30 and 55 mm, 
surveillance by imaging techniques to check for aortic diam-
eter expansion is the only guide for clinicians. However, 
the progression of AAA towards rupture is non-linear, with 
alternating periods of acceleration and stability [4].

The pathophysiology of human AAA is a complex 
interplay of circulating and resident cells with systemic 
molecules. Proteolysis of elastin and other extracellular 
matrix (ECM) proteins has been proposed as a main driver 
of aortic wall dilatation. Another pathogenic mechanism 
potentially involved in AAA includes immune-inflam-
matory responses, angiogenesis, and fibrosis [5]. More 
recently, the vascular smooth muscle cells (VSMCs) 
phenotypic switch has gained interest as a mechanism 
involved in AAA progression [6]. Under pathological Extended author information available on the last page of the article
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conditions, contractile VSMCs can dedifferentiate into dif-
ferent phenotypes, including synthetic, inflammatory, and/
or osteo/chondrogenic. Phenotypic switching of contractile 
VSMCs into osteo/chondrogenic VSMCs is accompanied 
by expression of bone-specific proteins that regulate ECM 
mineralization, such as RUNX2 (Runt-related transcrip-
tion factor 2) [7–10]. Interestingly, the levels of RUNX2 
are increased in human AAA [11]. More recently, the pres-
ence of (micro)calcification in human AAA tissues was 
described [12]. Localized calcification within the aneurys-
mal wall can create a stiffened, hardened layer, potentially 
reinforcing the vessel and slowing AAA progression. This 
reinforcement may act as a biological “scaffold,” helping 
to bear some of the mechanical load and mitigate further 
dilation. However, excessive or widespread calcification 
can reduce the vessel’s natural elasticity, making the aorta 
more brittle and less capable of withstanding pulsatile 
blood flow. This reduced flexibility can increase the like-
lihood of rupture, particularly in areas where calcification 
may coexist with underlying weak spots in the arterial wall 
[13]. In this respect, previous studies described increased 
calcification in symptomatic and ruptured AAA [14], as 
well as a positive association with AAA progression [15]. 
In contrast, other studies reported negative correlations 
with AAA expansion and rupture [16–19]. By compari-
son, in occlusive arterial disease, heavy calcification is 
often present without vessel dilation, highlighting a dif-
ferent pathophysiological context compared with AAA. 
This distinction underscores that calcification may exert 
divergent effects depending on the vascular disease setting. 
However, potential mediators involved in the calcification 
process of AAA patients are unknown.

Key biochemical players in the calcification process 
are tissue-nonspecific alkaline phosphatase (TNAP) and 
pyrophosphate, a natural inhibitor of calcification [20–23]. 
TNAP hydrolyzes pyrophosphate, breaking it down and 
thereby reducing its availability [20, 24]. With less 
pyrophosphate present to inhibit mineralization, calcium 
deposition within the vessel wall is promoted, facilitat-
ing calcification [25–27]. TNAP activity thus serves as a 
regulatory factor in vascular calcification, with elevated 
TNAP activity enhancing the calcification process [23, 
27]. Since human AAA tissues can be only obtained after 
surgery, which is performed in patients with aortic diame-
ter > 55 mm, we focus on systemic mediators, which could 
shed some light on the positive or negative impact of vas-
cular calcification during AAA progression. Specifically, 
this study investigates the role of phosphatase activity, 
specifically TNAP, in the progression of AAA. By analyz-
ing TNAP activity under physiological conditions, we aim 
to gain insight into the mechanisms by which TNAP and 
pyrophosphate interact to influence calcification within the 
aneurysmal wall.

Materials and methods

Human plasmas

This study examined heparin-plasma samples randomly 
selected from the whole VIVA cohort [28], including 
controls (n = 48, aortic diameter < 30 mm). Small AAA 
patients (n = 96, aortic diameter 30–55 mm) were strati-
fied according to aneurysm growth rate (low, < 2 mm/year; 
high, > 2 mm/year; n = 48 each group), with initial adjust-
ment for baseline aortic diameter. A growth rate cut-off of 
2 mm/year was used to differentiate stable from expanding 
AAAs, in line with previous studies reporting this value 
as a clinically relevant marker of progression [29, 30]. 
The control group represented a random subsample of a 
larger pool of eligible individuals from the VIVA cohort. 
Clinical characteristics are shown in Table 1. In brief, con-
trol subjects had a mean age of 69 ± 2.6 years, a BMI of 
26.9 ± 4.2 kg/m2, and a mean systolic blood pressure of 
145.8 ± 15.3 mmHg. Regarding medication, 30.4% were 
on statins and 24% used aspirin. Trained project nurses 
performed ultrasound scans of the aorta and collected 
plasma samples at baseline, which were stored at –80 °C 
and subsequently thawed only once immediately prior to 
analysis. All subjects provided informed consent, and the 
study was approved by the local ethics committee of the 
Viborg Hospital (M20080025), registered at ClinicalTri-
als.gov (NCT00662480), and performed in accordance 
with the Helsinki Declaration.

Table 1   Clinical characteristics of control individuals and AAA 
patients (n = 48 per group). Asterisks indicate significance levels rela-
tive to the control group: *P < 0.05; **P < 0.01; ***P < 0.001. The 
symbols “##” denote significance (P < 0.01) comparing the high vs. 
the low group (HG vs. LG) in AAA patients

Control Small AAA​
Low growth

Small AAA​
High growth

Continuous variables
Age (years) 69.4 ± 2.6 70.2 ± 2.8 69.6 ± 2.6
BMI (kg/m2) 26.9 ± 4.2 27.9 ± 3.4 26.8 ± 3.4
SBP (mm Hg) 145.8 ± 15.3 157.3 ± 21.4* 157.3 ± 18.2*
DBP (mm Hg) 79.7 ± 8.6 86.3 + 10.3* 87.5 ± 10.8*
Cholesterol (mM) 4.9 ± 1.3 4.7 ± 0.9 4.8 ± 1.0
Aortic diameter (mm) 18.1 ± 2.3 32.7 ± 2.2* 32.6 ± 3.5*
Growth (mm/year) - 0.9 ± 0.4 3.8 ± 1.3##

Categorical variables
Smoking (%) 17.4 29.8 57.7##

Statins (%) 30.4 58.7 38.7##

Previous CVD 13 17 20
Aspirin 24 52 34
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Phosphatase activity and inhibition assay

Alkaline phosphatase (ALP) activity was assessed using 
para-nitrophenyl phosphate (pNPP; N4645, Sigma-Aldrich) 
as the substrate. In this assay, 50 µL of human plasma was 
incubated with 150 μL of Tris-HCl buffer (adjusted to the 
specified pH) containing 10 mmol/L pNPP for 12 h. The 
absorbance of each sample was measured at 405 nm at 
30-min intervals (37 °C). Activity and slope values were 
calculated through linear regression using GraphPad Prism 
software. To evaluate the inhibitory effect of SBI425 
(SML2935, Sigma-Aldrich) on TNAP activity, 50 µL of 
plasma was incubated with Tris-HCl buffer containing 
10 mmol/L pNPP and various concentrations of SBI425. 
Fold change was determined by normalizing each individual 
measurement to the mean value of the 48 controls, thus set-
ting the average control activity to 1 while retaining the vari-
ability of the data.

Quantitative determination of alkaline phosphatase 
(ALP) activity

ALP activity was quantitatively measured using a stable 
p-nitrophenol phosphate substrate with the QuantiChrom™ 
Alkaline Phosphatase Assay Kit (DALP-250, Bioassay Sys-
tems, Hayward, CA, USA).

Quantitative determination of TNAP levels

Plasma TNAP levels were quantified using a specific ELISA 
kit (SEB091Hu, Wuhan USCN Business Co., Ltd., Houston, 
TX) according to the manufacturer’s instructions and proce-
dures from previous studies [27].

Pyrophosphate hydrolysis in plasma samples

Pyrophosphate hydrolysis was assessed by incubat-
ing plasma samples (15 µL) in 45 µL of Tris-HCl buffer 
(adjusted to the specified pH) containing 5 µmol/L pyroph-
osphate (S6422, Sigma-Aldrich, St. Louis, MO) and 10 µCi/
mL [32P]pyrophosphate (Perkin Elmer, Boston, MA). After 
4 h, orthophosphate was separated from pyrophosphate as 
previously described [9, 25, 27]. Briefly, 20 µL of the sam-
ple was mixed with 400 μL of ammonium molybdate solu-
tion (to bind orthophosphate; 09913, Sigma-Aldrich) and 
0.75 mol/L sulfuric acid (258,105, Sigma-Aldrich). The 
mixture was then extracted with 800 µL of isobutanol/petro-
leum ether (4:1) to isolate phosphomolybdate from unre-
acted pyrophosphate (Sigma-Aldrich; 77,379 for petroleum 
ether and 360,465 for isobutanol). A 400 µL aliquot of the 
organic phase containing phosphomolybdate was transferred 

to liquid scintillation fluid (UltimaGold™, 6013329; Perkin 
Elmer), and radioactivity was measured using a Tri-Carb 
2810TR liquid scintillation analyzer (Perkin Elmer).

Cell culture of human aortic smooth muscle cells

Human aortic smooth muscle cells (ASMCs, Lonza, Walk-
ersville, USA) were cultured in SmGM-2 medium (Lonza) 
following the manufacturer’s protocol. The cells were main-
tained at 37 °C in a humidified atmosphere with 5% CO₂. To 
sustain culture growth, a 1:3 split ratio was applied during 
each trypsinization step.

Calcification assays in human aortic smooth muscle 
cells (ASMCs)

Human ASMCs were cultured to confluence and then 
subjected to a quiescence step by overnight incubation in 
medium containing 0.1% fetal bovine serum (FBS). For cal-
cification assays, the cells were incubated for 5 days in mini-
mum essential medium (MEM) supplemented with 2 mM 
L-glutamine, 100 IU/mL penicillin, 100 µg/mL streptomy-
cin, 0.1% FBS, and 10 µCi/mL calcium-45 (Perkin Elmer, 
Boston, MA) as a radiotracer. MEM was supplemented 
with the specified calcium concentration and recombinant 
human alkaline phosphatase/ALPL protein, CF (2909-AP-
010; R&D Systems) to create a controlled environment for 
the calcification assay.

To quantify the calcium content in ASMCs, the wells 
were washed five times with 9 g/L NaCl and treated with 
200 µL of 0.6 M HCl and incubating overnight at 4 °C to 
release calcium. Then, 50 µL of the HCl solution contain-
ing calcium-45 was transferred to liquid scintillation fluid 
(UltimaGold™, 6013329; Perkin Elmer), and radioactivity 
was measured using a Tri-Carb 2810TR liquid scintillation 
analyzer (Perkin Elmer).

Statistical analysis

The Shapiro-Wilk test was used to assess data normal-
ity. Depending on the distribution assumptions, statistical 
analyses were performed using either the student’s t-test or 
one-way ANOVA followed by Tukey’s multiple comparison 
post hoc test for normally distributed data. For non-normally 
distributed data, the Mann-Whitney test or Kruskal-Wallis 
test with Dunn’s post hoc test was applied. All statistical 
analyses were conducted using GraphPad Prism software, 
and the significance was determined accordingly.

Differences between AAA patients and controls or 
between AAA patients with low and high growth rate were 
assessed by the chi-square test (categorical variables) and the 
Kruskal-Wallis test with Dunn’s post hoc test (continuous 
variables) to identify potential confounders. Associations 
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with a probability below 0.10 were considered to be poten-
tial confounders and used in the multivariate analyses. The 
association between pyrophosphate hydrolysis and AAA 
growth was studied by Pearson correlation analysis. Mul-
tivariate linear regression analysis was performed to assess 
the association between pyrophosphate hydrolysis and AAA 
growth, adjusting for the potential identified confounders.

Results

Phosphatase activity is significantly elevated 
in the plasma of patients with AAA​

To evaluate enzyme function in human plasma at different 
hydrogen ion concentrations (pHs) reflecting physiological 
and pathological states, we sought to elucidate phosphatase 

activity in human plasma over a physiological range of pHs. 
As shown in Fig. 1A, the phosphatase activity gradually 
increased at successive pH levels. Although direct meas-
urements of pH at the aneurysm site are scarce, ischemic 
or inflammatory microenvironments could theoretically 
lead to localized alterations in hydrogen ion concentration. 
Importantly, Fig. 1A shows that below pH 7.5, phosphatase 
activity does not differ, supporting the use of pH 7.4 as a 
physiologically relevant condition for our analyses.

Clinically, alkaline phosphatase is typically assessed at 
a highly alkaline pH of 10.5, which maximizes its cata-
lytic activity. However, human plasma is maintained at a 
physiological pH of approximately 7.4. To better understand 
phosphatase activity under both optimal and physiological 
conditions, we measured phosphate activity at an alkaline 
pH of 10.5 (optimal conditions) and at a physiological pH 
of 7.4. At a physiological pH of 7.4, AAA patients presented 

Fig. 1   Phosphatase activity in the plasma of patients with abdominal 
aortic aneurysm (AAA). A Phosphatase activity in human plasma 
samples across varying hydrogen ion concentrations (pH). B Phos-
phatase activity measured at an optimal pH of 10.5, and at a physi-
ological pH of 7.4. Activity was evaluated in plasma from controls 
and AAA patients stratified by aortic growth rate, including low and 
high growth. C Phosphatase activity shown as fold change relative 

to the control group. D Percentage of phosphatase activity at physi-
ological pH (7.4), relative to the optimal activity observed at pH 
10.5. The data are presented as mean ± SEM (C) or Scatter plot (B, 
D). Statistical analyses were performed using the Kruskal-Wallis 
test with Dunn’s post hoc test. Asterisks indicate significance levels: 
**P < 0.01; ***P < 0.001
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significantly greater phosphatase activity (2.36 ± 0.89 IU/L 
in low growth; 2.12 ± 1.08 IU/L in high growth) than con-
trols (Fig. 1B, C; 1.51 ± 0.68 IU/L). In contrast, there were 
no significant differences in phosphatase activity between 
patients with AAA and control subjects under optimal 
conditions (Fig.  1B, C; 87.81 ± 25.18  IU/L in control; 
88.99 ± 23.46 IU/L in low growth; 84.59 ± 24.58 IU/L in 
high growth). In addition, phosphatase activity as a percent-
age of total activity at physiological (pH 7.4) vs. optimal 
alkaline pH conditions (pH 10.5) was markedly elevated in 
AAA patients (Fig. 1D).

The elevated phosphatase activity is consistent 
with the presence of alkaline phosphatase

To confirm that the observed activity was due to alka-
line phosphatase, a specific alkaline phosphatase inhibitor 

(SBI425) was used [31, 32]. First, the inhibition of phos-
phatase activity in the plasma of healthy individuals with 
increasing concentrations of the inhibitor was shown 
(Fig. 2A). The study found that SBI425 is a highly effec-
tive inhibitor of plasma phosphatase activity, with an 
IC50 of 698.8 nmol/L and complete inhibition achieved at 
100 µmol/L. To further explore its efficacy, we assessed 
phosphatase inhibition at pH 7.4 using 200 µmol/L SBI425 
across three experimental groups, with EDTA serving as a 
benchmark for maximum inhibition. SBI425 significantly 
suppressed phosphatase activity in all groups, with no 
notable differences compared to EDTA, confirming com-
plete inhibition at physiological pH (Fig. 2). These results 
strongly suggest that plasma phosphatase activity at pH 
7.4 primarily reflects the activity of TNAP.

Fig. 2   Inhibition of plasma phosphatase activity by a specific alka-
line phosphatase inhibitor. A Inhibition of phosphatase activity in 
human plasma samples was evaluated at various concentrations of 
the specific alkaline phosphatase inhibitor, SBI425. B–D Phosphatase 
activity, with or without SBI425 or EDTA, was measured in plasma 

from healthy controls and in groups stratified by aortic growth rate 
(low vs. high). The data are presented as the mean ± SD. Statisti-
cal analyses were conducted using the Kruskal-Wallis test followed 
by Dunn’s post hoc test (B–D). Asterisks denote significance levels: 
***P < 0.001
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Tissue‑nonspecific alkaline phosphatase 
is unchanged in plasma samples

To ensure that phosphatase activity remains stable under 
standard clinical testing conditions (optimal for alkaline 
phosphatase activity), three strategies were employed. 
First, TNAP levels were quantified using an ELISA kit. 
No significant differences in plasma TNAP levels were 
observed between AAA patients and control subjects 
(Fig. 3A).

Second, phosphatase activity was measured under opti-
mal standard clinical testing conditions using a commer-
cial alkaline phosphatase assay kit. As shown in Fig. 3B, 
phosphatase activity levels did not differ significantly 
between control subjects and AAA patients. As expected, 
TNAP protein levels correlated significantly with phos-
phatase activity under these optimal conditions, confirm-
ing that the enzymatic activity observed directly reflects 
the enzyme concentration (Fig. 3C).

Third, alkaline phosphatase activity was measured 
using another, and in fact the natural substrate, pyroph-
osphate, which is an inhibitor of vascular calcification 
[24, 25]. Pyrophosphate hydrolysis remained consistent 
between the control group and AAA patients at optimal 
pH, regardless of stratification by aortic diameter or 
growth rate (Fig. 4A). These findings further support 
that phosphatase activity is stable across all groups, even 
when measured with a biologically relevant substrate 
under optimal conditions.

Increased pyrophosphate hydrolysis in the plasma 
of AAA patients

Finally, pyrophosphate hydrolysis was also determined 
in three experimental groups to determine phosphatase 
activity under both optimal and physiological condi-
tions. Pyrophosphate hydrolysis in optimal conditions 
(pH = 10.5) was similar in all experimental groups 

Fig. 3   Tissue-nonspecific alkaline phosphatase contents of the 
plasma samples were unchanged. A Levels of tissue-nonspecific alka-
line phosphatase (TNAP) in plasma from controls (C) and patients 
with AAA, including low aortic growth (LG) and high aortic growth 
(HG). B Alkaline phosphatase (ALP) activity measured with a com-
mercial assay kit in plasma from healthy subjects and aneurysm 

patients. C Correlation between TNAP protein levels and ALP activ-
ity, indicating a strong positive relationship. The data are presented 
as scatter plot (A, B). Statistical analysis was conducted using the 
Kruskal-Wallis test with Dunn’s post hoc test. No statistically signifi-
cant differences were observed between the groups assessed. Aster-
isks denote statistically significant differences: ***P < 0.001
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(Fig.  4A). Moreover, pyrophosphate hydrolysis in 
physiological conditions (pH = 7.4) was significantly 
higher in AAA patients compared to the control group 
(Fig. 4B). At the same time, different aortic growth rates 
also differed significantly in pyrophosphate hydrolysis. 
Notably, as the aortic growth rate increased, pyrophos-
phate hydrolysis—and consequently phosphatase activ-
ity—tended to decrease, suggesting a potential inverse 
relationship between the aortic growth rate and plasma 
pyrophosphate hydrolysis.

The impact of increased alkaline phosphatase activ-
ity on aortic calcification, which is linked to increased 
pyrophosphate hydrolysis and its subsequent reduction in 
availability, was further investigated. Calcium accumula-
tion in human smooth aortic muscle cells was significantly 
greater in the presence, than in the absence, of TNAP 
(Fig. 4C). These findings suggest that elevated TNAP 
activity may promote vascular calcification by reducing 
pyrophosphate levels, thereby facilitating calcium deposi-
tion in aortic smooth muscle cells.

Fig. 4   Elevated pyrophosphate hydrolysis in the plasma of AAA 
patients. Hydrolysis of 5  µmol/L pyrophosphate, using 10  µCi/mL 
pyrophosphate-32 (32PPi) as a radiotracer, was measured in plasma 
from both control subjects (C) and AAA patients, including low aor-
tic growth (LG) and high aortic growth (HG). Hydrolysis of 32PPi 
was further analyzed at two pH values: pH 10.5 (A) and physiological 
pH 7.4 (B). The data are presented as a scatter plot. Statistical analy-
sis was performed using the Kruskal-Wallis test with Dunn’s post hoc 

test. C Calcium deposition in human aortic smooth muscle cells incu-
bated in MEM for 5 days with 2.5 mmol/L calcium, 0.9 mmol/L mag-
nesium, 1  mmol/L phosphate, and 10  μCi/mL.45Ca as a radiotracer, 
in the absence or presence of recombinant human tissue-nonspecific 
alkaline phosphatase (+ALP). The results are presented as box-and-
whisker plots (E). Statistical analyses were conducted using t-tests. 
Asterisks denote statistically significant differences: ***P < 0.001
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Inverse correlation between plasma pyrophosphate 
hydrolysis and aortic growth of AAA​

The correlation between aortic growth rate of AAA and phos-
phatase activity and pyrophosphate hydrolysis in both optimal 
and physiological pH was also assessed. A significant inverse 
correlation was observed between aortic growth and pyroph-
osphate hydrolysis under physiological conditions (pH 7.4). 
In contrast, no significant differences were found in the other 
comparisons (Fig. 5). Notably, the significant inverse cor-
relation observed between aortic growth and pyrophosphate 
hydrolysis under physiological conditions remained independ-
ent of potential confounding factors (Table 2).

Fig. 5   Pyrophosphate hydrolysis in plasma under physiological con-
ditions inversely correlates with AAA growth. This figure presents 
the correlations between aortic growth rate and A pyrophosphate 

hydrolysis at pH 7.4, B pyrophosphate hydrolysis at pH 10.5, C phos-
phatase activity at pH 7.4, and D phosphatase activity at pH 10.5. 
Asterisks denote statistically significant differences: *P < 0.05

Table 2   Multivariate linear regression analysis in AAA patients (LG 
vs HG)

Beta t P-value

Pyrophosphate hydrolysis  −0.211  −2.073 0.041
AAA diameter 0.040 0.392 0.696
Smoking 0.240 2.236 0.028
Previous CVD 0.047 0.423 0.674
Aspirin  −0.215  −1.801 0.075
Statins  −0.067  −0.560 0.577
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Discussion

Vascular calcification within the context of AAA has a 
complex pathophysiological role, as it may both contrib-
ute to and/or inhibit aneurysm progression [13]. Calcifica-
tion was traditionally associated with weakened structural 
integrity of the aortic wall, promoting AAA expansion and 
increasing the risk of rupture [14]. However, emerging 
evidence suggests that calcification may possess a stabiliz-
ing property in the form of biological “scaffolding,” which 
could strengthen the aneurysmal wall to decrease potential 
dilatation [16–19]. This dual role highlights the influence 
of mineralization in AAAs, where localized calcification 
may act as a protective factor, slowing AAA progression in 
some cases by reducing wall stress and preventing further 
degradation of the aortic tissue. These opposing effects 
must be elucidated to develop specific pathways poten-
tially amenable for targeted interventions; the modula-
tion of calcification could represent a potential strategy to 
either disrupt pathological calcification processes or take 
advantage of its stabilizing properties in the management 
of AAA.

In this retrospective study, we found that both plasma 
alkaline phosphatase activity and pyrophosphate hydrol-
ysis significantly increased at physiological pH (7.4) in 
AAA as compared to controls, but not at an alkaline pH 
(10.5). This underscores the value of examining enzymes 
in physiological milieu to identify changes that occur in 
disease states, which may be masked during traditional 
clinical assays. Although measuring TNAP activity at 
physiological pH rather than at its optimal catalytic pH 
may be viewed as a limitation, since it does not reflect 
maximal enzyme capacity, we also consider it a strength, 
as it allows detection of pathophysiologically relevant 
differences that remain masked under optimal assay con-
ditions. Moreover, the observed increase in phosphatase 
activity in patients with AAA in physiological conditions 
raises critical questions about the underlying regulatory 
mechanisms involved. These could involve deficiencies 
or disruptions in natural alkaline phosphatase inhibitors, 
structural alterations of the enzyme, or post-translational 
modifications that increase its activity in AAA patients.

More importantly, our study revealed an inverse corre-
lation between pyrophosphate hydrolysis and aortic growth 
rate in patients with small AAAs, pointing out the possible 
beneficial effect of calcification contributing to the stabi-
lization of the aneurysmal wall [16, 17]. Pyrophosphate, a 
potent vascular calcification inhibitor, can be hydrolyzed 
by alkaline phosphatase that decreases the availability of 
this compound and thus promotes aortic calcium deposi-
tion [24]. A previous study [33] suggests that systemic 
pyrophosphate, present in plasma and the extracellular 

milieu, may play a more decisive role in inhibiting vascu-
lar calcification than locally synthesized pyrophosphate. 
Nevertheless, direct measurements of pyrophosphate at the 
AAA site are scarce, and future studies assessing tissue-
specific levels will be valuable to clarify its local contribu-
tion to aneurysm pathophysiology.

Finally, the authors acknowledge some significant 
limitations that deserve mention. First, there was a lack 
of imaging data on AAA morphology or calcification in 
our patients, which could have been correlated with the 
serological analysis to further support the conclusions of 
the study. Second, because of the observational nature, it 
would not be possible to make causal inferences between 
increased phosphatase activity and AAA progression. 
Third, the sample is not representative of the full spec-
trum of AAA pathophysiology, as genetic predisposition 
(and environmental effects on phosphatase activity and 
calcification) may vary between patients, but these events 
are likely to be missed from our cohort. In addition, the 
lack of longitudinal data to follow calcification over time 
means that we are limited in understanding how phos-
phatase activity relates to calcification and AAA growth 
or stability across various stages of disease. Furthermore, 
tissue-specific analyses would be highly valuable to clarify 
whether local TNAP activity is directly linked to AAA 
growth; however, obtaining both healthy vascular tissue 
and non-operated AAA samples remains a considerable 
challenge. These limitations are best addressed by larger, 
longitudinal cohorts in future research, as they will pro-
vide a more detailed characterization of the role of phos-
phatase activity and calcification in AAA development 
and/or progression.
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